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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin sulfate proteoglycans (CSPGs) are glycoproteins that carry
at least one chondroitin sulfate (CS) chain. In the early studies, CSPGs
isolated from the cartilage were widely analyzed because the cartilage con-
tains a large amount of CSPGs, mainly aggrecan. In subsequent studies, over
10 species of CSPG have been isolated from various tissues such as vascular
tissues, muscles, skins, and nervous tissues. Proteoglycans (PGs) are
extracted from tissues with a saline usually containing denaturing agents
and/or detergents, then they are separated from other proteins by a combi-
nation of separation methods including ultracentrifugation, ion‐exchange
chromatography, and gel chromatography. Antibodies are also useful tools
to purify the corresponding PGs. Many antibodies are now available for
particular domains of CS and core proteins of individual CSPGs. There are
some CS lyases with different specificities. These CSPG‐related antibodies
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and CS lyases are both powerful tools for identification, structural charac-
terization, and quantification of CS/CSPGs. In addition, since CSPGs usually
attachN‐ andO‐linked oligosaccharides, lectins are used to characterize the
oligosaccharide moiety. In this chapter, we explain widely applicable proce-
dures for purification and characterization of CSPGs, using several typical
CSPG species as examples.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CSPGs have been isolated from various tissues such as connective tis-
sues, nervous tissues, and vascular tissues. Using those CSPGs, it has been
shown that CS chains exert important biological activities. For example, the
affinities of some brain CSPGs to their binding partners become less after
removal of their CS side chains (Maeda et al., 1996; Milev et al., 1998a,b).
Further, the structural differences of their CS chains often correlate well with
functional difference of CSPGs (Maeda and Noda, 1998). Although modern
molecular biology technologies have made it possible for E. coli and animal
cells to express CSPG‐core proteins in a large amount (Iozzo, 2001), the core
protein expressed in E. coli does not attach CS chains. Even though it is
expressed in animal cells, the structure of CS chains is not necessarily the
same as that of a native PG isolated from tissues. Therefore, to examine the
structure and function of CS chains of native CSPGs, it is necessary to purify
them from tissues. In this chapter, we describe several typical examples to
isolate, purify, and characterize CSPGs.
III. Preparation of Tissues for CSPGs Extraction ____________________________________________________________________________________________________________________________________________________________________________________________________________

To extract CSPGs in an intact form, inhibition of core protein degrada-
tion is essential. Therefore, tissues should be excised on ice and should be
quickly frozen and kept in a deep freezer or in liquid nitrogen. However,
in the case of extraction of CSPGs associated with membranes, usually
membrane fractions are prepared from the freshly excised tissues because
freezing and thawing disrupt cell membranes. In some cases, tissue‐specific
pretreatments should be done before extraction of PGs. For example, miner-
alized tissues need to be frozen and grinded (Fedarko, 2001). To extract
CSPGs from hard tissues, an efficient method to smash the tissue should be
determined beforehand.

We often encounter a problem of the starting materials being limited.
To trace a small amount of PG through purification steps, metabolic radio-
labeling is useful (Hascall et al., 1994). However, a facility to deal with
radioisotopes is necessary for radiolabeling of CSPGs. Another option to
detect a small amount of sample is immunological detection using specific
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antibodies. Various methods that amplify a weak immunological signal have
been developed, and some of them are described in Section VI. Because
dealing with a small amount of material often makes the recovery rate
smaller and amplification of a weak signal tends to result in a higher
background, collecting a sufficient amount of material is the best solution.
IV. Extraction of CSPGs _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CSPGs are roughly divided into two groups; secretory CSPGs that exist
in the extracellular matrix (ECM) and membrane‐bound CSPGs that are
intercalated into the cell membrane or tightly associated with the surface
of cell membrane. Secretory CSPGs are easily extracted from soft tissues,
such as the brain, with phosphate buffered saline (PBS). However, for
relatively hard tissues, such as cartilage, solutions containing protein‐
denaturing reagents are usually used to solubilize CSPG effectively, even
though the target CSPG itself is soluble with PBS. To extract membrane‐
bound CSPGs from membrane fractions or tissues, solutions need to contain
detergents. A mixture of protease inhibitors should be included in extraction
buffers to minimize proteolysis of CSPG core proteins during the solu-
bilization procedure. In this section, we describe three examples of proto-
cols to extract CSPGs; brain secretory CSPGs, cartilage CSPGs, and brain
membrane‐bound CSPGs.
A. Extraction of Brain CSPGs with PBS Solution
We first describe a protocol to extract secretory CSPGs from rat brains
with a PBS solution (Oohira et al., 1988). About 0.1 mg protein of a soluble
CSPG mixture (¼ about 1 mmol uronic acid) is obtained from 10 brains
(about 10 g wet weight) of a postnatal‐day‐10 rat.

1. Stock solutions

a. 10� PBS: Store at room temperature.
b. 0.2 M neutralized ethylenediaminetetraacetic acid (EDTA) as a

metalloprotease inhibitor: dissolve EDTAwith deionized water,
neutralize with NaOH, and add deionized water to make 0.2 M
EDTA. Store at room temperature.

c. 0.2 M phenylmethylsulfonyl fluoride (PMSF)–1 M N‐ethylma-
leimide (NEM) as inhibitors for serine‐ and SH‐proteases:
dissolve PMSF and NEM with ethanol. Store at �20�C.
2. Chill a tight‐fitting glass‐Teflon homogenizer and tubes on ice.
3. Mix 5 ml of 10� PBS, 5 ml of 0.2 M neutralized EDTA, and 0.5 ml

of 0.2M PMSF–1MNEM tomake 50 ml of PBS–20 mMEDTA–10
mM NEM–2 mM PMSF (PBS‐inhibitors).

4. Pour 40 ml of PBS‐inhibitors into the homogenizer.
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5. Homogenize 10 fresh or frozen brains of the postnatal‐day‐10 rat.
If the frozen brain is too big and hard, cut with a blade before
homogenization.

6. Pour the homogenate into tubes.
7. Wash the homogenizer with 10 ml of PBS‐inhibitors, and combine

with the homogenate.
8. Centrifuge at 27,000� g for 1 h at 4�C.
9. Transfer a supernatant to a new tube, and rehomogenize the pellet

in 20 ml of PBS‐inhibitors.
10. Centrifuge the second homogenate at 27,000� g for 1 h at 4�C.
11. Combine the first and second supernatants. Store at �80�C.
B. Extraction of Cartilage CSPGs with 4 M
Guanidine‐HCl
Here, we describe a protocol to extract CSPGs from the cartilage with
4 M guanidine‐HCl, a protein‐denaturing reagent (Hascall and Kimura,
1982; Hascall et al., 1994; Matsui et al., 1989).

1. Stock solutions

a. 1 M Tris‐HCl, pH 7.5: Store at room temperature.
b. 4 M guanidine‐HCl–50 mM Tris‐HCl, pH 7.5–20 mM EDTA

(Guanidine‐HCl–EDTA): Dissolve solid guanidine‐HCl in ca.1/2
vol. of deionized water. Add 1/20 vol. of 1 M Tris‐HCl, pH 7.5,
1/10 vol. of 0.2 M neutralized EDTA (Section IV.A), and then
add deionized water to a guanidine HCl‐concentration of 4 M.
Store at 4�C.

c. 1 M NEM–1 M 6‐aminohexanoic acid–0.5 M benzamidine
HCl–0.2 M PMSF (Inhibitor mixture): dissolve NEM, 6‐amino-
hexanoic acid, benzamidine HCl, and PMSF in methanol. Store
at �20�C.
2. Chill a glass homogenizer and tubes on ice.
3. Mix 4 ml of Guanidine‐HCl–EDTA and 40 ml of inhibitor mixture

(4 M guanidine‐HCl solution). The mixed solution should be used
immediately since most of the protease inhibitors are unstable in an
aqueous solution.

4. Pour 2 ml of 4 M guanidine‐HCl solution into the homogenizer.
5. Homogenize the newborn rat costal cartilage (about 100 mg wet

weight). Cut the cartilage into small pieces before homogenization.
6. Pour the homogenate into a tube.
7. Wash the homogenizer with 2 ml of 4 M guanidine‐HCl solution,

and combine with the homogenate.
8. Stir gently with a magnetic bar for 24 h at 4�C.
9. Centrifuge at 27,000� g for 1 h at 4�C.
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10. Transfer the supernatant to a tube, and add 2 ml of 4 M guanidine‐
HCl solution to the pellet.

11. Stir again for 24 h at 4�C.
12. Centrifuge at 27,000� g for 1 h at 4�C.
13. Combine the first and second supernatants. Store at �80�C.
C. Extraction of Membrane‐Bound CSPGs
We explain here the methods to prepare brain membrane fractions and
extract CSPGs from the membrane fraction (Nishiwaki et al., 1998). About
8 mg protein of a membrane‐bound CSPG mixture is obtained from 25
brains (about 20 g wet weight) of the postnatal‐day‐7 rat.

1. Stock solutions

a. 10% 3‐[(3‐cholamidopropyl)dimethylammonio]propanesulfonic

acid (CHAPS): dissolve 5 g of CHAPS in deionized water to make
50 ml of 10% CHAPS. Store at �20�C.

b. 0.2 M neutralized EDTA (Section IV.A).
c. 1M Tris‐HCl, pH 7.5 and 1MNaCl: Store at room temperature.
d. 1 M sucrose. Store at 4�C.
e. 1 M NEM–0.1 M benzamidine HCl–1 mM pepstatin–1 mM

leupeptin–10 mM PMSF (inhibitor‐mixture): dissolve NEM,
benzamidine HCl, pepstatin, leupeptin, and PMSF with methanol.
Store at �20�C.
2. Working solutions

a. 0.32 M sucrose solution: mix stock solutions to make 0.32 M

sucrose–50 mM Tris‐HCl, pH 7.5 containing 5 mM EDTA,
10 mMNEM, 1 mM benzamidine HCl, 10 mMpepstatin, 10 mM
leupeptin, and 0.1 mM PMSF, and chill on ice.

b. 0.1 M sucrose solution: mix stock solutions to make 0.1 M
sucrose–50 mM Tris‐HCl, pH 7.5 containing 5 mM EDTA,
10 mMNEM, 1 mM benzamidine HCl, 10 mMpepstatin, 10 mM
leupeptin, and 0.1 mM PMSF.

c. 0.1MNaCl solution: mix stock solutions to make 0.1MNaCl–50
mM Tris‐HCl, pH 7.5 containing 5 mM EDTA, 10 mMNEM,
1 mM benzamidine HCl, 10 mM pepstatin, 10 mM leupeptin, and
0.1 mM PMSF.
The mixed solutions should be used immediately because most of the
protease inhibitors are unstable in an aqueous solution.

3. Chill a glass‐Teflon homogenizer and tubes on ice.
4. Pour 100–200 ml (5–10 vol. of wet weight) of 0.32 M sucrose

solution into the homogenizer.
5. Remove brains from skulls and homogenize immediately.
6. Pour the homogenate into tubes.
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7. Centrifuge at 1000� g for 10 min at 4�C.
8. Transfer the supernatant to a tube, and rehomogenize the pellet

using 40 ml of 0.32 M sucrose solution.
9. Pour the homogenate into a new tube.

10. Centrifuge at 1000� g for 10 min at 4�C.
11. Combine the first and second supernatants.
12. Centrifuge at 100,000� g for 1 h at 2�C.
13. Discard the supernatant.
14. Homogenize the pellet (membrane fraction P2/P3) (Rodriguez de

Lores et al., 1967) with 50 ml of 0.1 M sucrose solution.
15. Centrifuge at 100,000� g for 1 h at 2�C.
16. Discard the supernatant.
17. Homogenize the pellet with 90 ml of 0.1 M NaCl solution.
18. Pour the homogenized pellet into a new tube.
19. Add 10 ml of 10% CHAPS.
20. Stir for 30 min on ice to solubilize CSPGs.
21. Centrifuge at 17,000� g for 1 h at 2�C.
22. Subsequently subject the supernatant to purification steps for

CSPGs, for example, a DEAE‐Sephacel column chromatography.

The buffer of the final extract should be replaced depending on the
subsequent purification processes. Several methods to exchange buffers
have been utilized (e.g., dialysis and molecular sieve). Solubilization of
CSPGs, after being precipitated from a buffer with ethanol (see the following
section), in another buffer is sometimes a useful buffer‐exchange method,
especially for secretory CSPGs. However, it is usually very hard to dissolve
crude membrane‐bound proteins precipitated with ethanol even in a deter-
gent‐containing buffer. Therefore, ethanol precipitation should be avoided
especially at early purification steps of membrane‐bound CSPGs.
V. Isolation and Purification of CSPGs ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

We take advantage of distinct physicochemical properties of CS side
chains to isolate and purify CSPGs. The highly polyanionic property of CS
chains makes CSPGs bind more tightly to an anion exchanger, such as
DEAE‐Sephacel, in comparison to many other proteins. The CS chains
also give CSPGs a high buoyant density and, therefore, give them a faster
sedimentation rate in a CsCl equilibrium density gradient. In addition, if a
CSPG bears a number of CS chains, the molecular weight of the whole
molecule is extraordinarily large compared with those of average pro-
teins. This property makes gel filtration a useful tool to separate large
CSPGs from ordinary sized molecules. In contrast, we sometimes need
more specifiedmethods to purify small CSPGswith only a few short CS chains.
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In such a case, immunoaffinity purification using antibodies specific to their
core proteins is promising. In this section, several useful and, therefore,
frequently used methods to isolate and purify CSPGs are described.
A. Anion‐Exchange Chromatography
To isolate PGs from other proteins, anion‐exchangers are useful tools.
With a linear salt gradient usually from 0.15 to 1.0 M NaCl, PGs are
separated into a lower‐charged group and a higher‐charged group in many
cases (Fig. 1). In order to obtain a fine resolution and a good recovery of PGs,
a buffer containing nonionic chaotropic reagents, such as urea, is preferable
for anion‐exchange column chromatography. If extraction is carried out
with PBS, adding solid urea to the extract is sufficient. The following is an
example using DEAE‐Sephacel (Amersham Biosciences Corp., NJ, USA) as
an anion‐exchanger.

1. To a PBS extract, add 128 mg/ml of solid urea, 0.134 mg/ml
of solid NEM, and 1 ml/ml of 0.2 M PMSF to make PBS–2 M
urea–1 mM NEM–0.2 mM PMSF. If the PBS extract has been
freshly prepared as described in Section IV.A , addition of the
protease inhibitors is not needed.
FIGURE 1 An elution profile of PGs from a DEAE‐Sephacel column. An extract of 26 adult

rat brains (about 26 g wet weight) was chromatographed on a column (1.6�15 cm) of DEAE‐
Sephacel equilibrated with 2 M urea–50 mM Tris‐HCl, pH 7.5 containing protease inhibitors.

Proteoglycans were eluted with a linear gradient of NaCl from 0.1 to 0.7 M in 250 ml of the
urea buffer. Fractions of 5 ml were collected. The amount of uronic acid was determined using

an aliquot (250 ml) of each fraction as described in Section VI.D.
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2. Stir with a magnetic stirrer for 1 h at 4�C.
3. Centrifuge at 27,000� g for 1 h at 4�C, and transfer the supernatant

to tubes.
4. To the supernatant, addDEAE‐Sephacel. For a solution derived from

1 g wet weight of the brain, 1.5–2 ml of DEAE‐Sephacel is sufficient.
5. Stir gently with a magnetic stirrer for 2 h at 4�C.
6. Centrifuge at 4000� g for 10 min, and discard the supernatant.
7. Add 2 M urea–0.25 M NaCl–50 mM Tris‐HCl, pH 7.5–2 mM

EDTA–1 mM NEM–0.2 mM PMSF (urea–0.25 M NaCl) to the
resin, and stir gently with a magnetic stirrer for 15–30 min at 4�C.
Prepare urea solutions before use because urea breaks down into
cyanide, which disrupts a particular peptide bond.

8. Centrifuge at 4000� g for 10 min, and discard the supernatant.
9. Add 5 vol. of urea–0.25 M NaCl, and pour the slurry to a column.

10. Wash the column with additional 5 vol. of urea–0.25 M NaCl.
11. Elute bound materials with 5 vol. of urea–0.7 M NaCl. Fractionate

the eluate into 10–20 tubes.
12. Elute residual materials with 5 vol. of urea–2 M NaCl.
13. Monitor or measure OD280 of each fraction and collect peak

fractions.
14. Concentrate the collected fractions with an adequate molecular

sieve apparatus at 4�C.
15. Dialyze against PBS or 1 M guanidine‐HCl–50 mM Tris‐HCl,

pH 7.5–2 mM EDTA–1 mM NEM–0.2 mM PMSF (1 M
guanidine‐HCl solution). Avoid leaving PGs for a long time
in urea solutions. Purified PGs are stable in a PBS solution or in
a 1 M guanidine‐HCl solution and can be stored at �80�C.
B. CsCl Density Gradient Ultracentrifugation
Glycosaminoglycan (GAG) chains give PGs a high‐buoyant density, and
therefore, CsCl density gradient ultracentrifugation is useful to separate PGs
from many other proteins. An adequate initial concentration of CsCl varies
depending on the buoyant density of each PG. The following is an example
of separating soluble CSPGs obtained from a rat brain (Fig. 2; Oohira et al.,
1988).

1. Add CsCl (0.55 g/ml) to the sample in 1 M guanidine‐HCl solution
(Section V.A), and invert several times to dissolve CsCl (an initial
density ¼ 1.38 g/ml).

2. Ultracentrifuge at 150,000� g for 40 h at 10�C.
3. Fractionate into six to eight fractions.
4. To examine the density of each fraction, weigh a small amount of

sample (e.g., 30 ml) taken from each fraction.



FIGURE 2 An example of ultracentrifugation of PGs in a CsCl density gradient. A PG
mixture partially purified from 16 brains of the postnatal‐day‐10 rats by DEAE‐Sephacel
column chromatography was subjected to ultracentrifugation in a CsCl density gradient by the

method described in Section V.B. After centrifugation, the sample (4.5 ml) was divided into
seven fractions. The amounts of uronic acid and protein were determined using an aliquot

(10 ml) of each fraction.
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5. To the weighed samples, add 3 vol. of 95% ethanol containing 1.3%
potassium acetate (95% ethanol–1.3% KOAc), and leave 1 h on ice
(or overnight at 4�C).

6. Centrifuge at 10,000� g for 20 min at 4�C to precipitate PGs.
7. Dissolve the precipitate in the original volume of deionized water,

add 3 vol. of 95% ethanol–1.3% KOAc, and leave 1 h on ice (or
overnight at 4�C).

8. Centrifuge at 10,000� g for 20 min at 4�C to ensure salt removal
and to precipitate proteins.

9. Determine uronic acid and protein amounts in the precipitates (for
the determination of uronic acid, see Section VI.D).

10. Collect peak fractions.
C. Gel Filtration Column Chromatography
Gel filtration column chromatography is also used frequently to purify
PGs. One should be aware that a PG is usually eluted as a very broad peak
from a gel filtration column mainly due to the heterogeneity in the number
and length of its GAG side chains.

There are various gel filtration media with a different fractionation
range of molecular sizes, so it is essential to choose the media with the
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size range adequate for one’s own sample. Figure 3 shows an example of
separating PGs of fetal rat limb buds using a Sepharose CL‐2B column. The
PG sample (0.3 ml) labeled with [35S]sulfate was chromatographed on a
column (1.0 � 48 cm) of Sepharose CL‐2B (Amersham Biosciences Corp.)
equilibrated with 2 M guanidine HCl–50 mM Tris‐HCl, pH 7.5 containing
0.4% nonanoyl‐N‐methyl‐glucamide, 2 mM EDTA, 1 mM NEM, and
0.2 mM PMSF at a flow rate of 6 ml/h (Matsui et al., 1989). To deter-
mine the void volume (V0) and total volume (Vt), another sample containing
2% blue dextran (for V0) and 30,000 cpm of Na2[

35S]O4 (for Vt) was
chromatographed under the same conditions.
D. Hydrophobic Column Chromatography
PGs with hydrophobic domains including transmembrane PGs can be
separated using hydrophobic interaction chromatography (Hascall et al.,
1994). A linear detergent gradient elutes molecules from hydrophobic resins
according to their hydrophobicity. The following is an example of separating
membrane‐bound PGs of the young rat brain (Watanabe et al., 1995). A PG
sample dissolved in 10 ml of 4 M guanidine‐HCl–50 mM Tris‐HCl, pH 7.5
was applied to a column (1.6 � 5 cm) of Octyl‐Sepharose (Amersham
Biosciences Corp.). Elution was performed with a linear gradient of Nonidet
P‐40 from 0% to 0.8% (v/v) in 100 ml of the 4 M guanidine HCl–50 mM
Tris‐HCl, pH 7.5 at a flow rate of 10 ml/h. Peak fractions containing PGs
were obtained at a detergent concentration from 0.3% to 0.6%.
FIGURE 3 Sepharose CL‐2B column chromatography of the 35S‐labeledmaterials in the PBS

extract of the limb buds of embryonic day‐13 fetal rats. Elution was performed under
the conditions described in detail in Section V.C. Two broad peaks were obtained; peak I mainly

contained CSPGs, and peak II mainly contained HSPGs. V0, void volume; Vt, total volume.
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E. Immunoaffinity Purification with Proteoglycan‐
Specific Antibodies
Affinity chromatography with a specific antibody is a useful tool to
purify a particular PG. The disadvantage of this method is that only a
small amount of the antigen is obtained. For example, using 2.1 mg of
anti‐neurocan antibody conjugated to 2 ml of Affi‐Gel Hz gel (Bio‐Rad
Laboratories, Inc., CA, USA), 90 nmol uronic acid (¼ 9 mg protein) of
neurocan was obtained after applying 800 nmol uronic acid of a brain
CSPG mixture probably containing 400 nmol uronic acid (¼ 40 mg protein)
of neurocan (Matsui et al., 1994). This method is extremely efficacious
when isolating a target PG from a mixture of PGs with similar physico-
chemical parameters. Figure 4 shows an example of purifying neurocan, a
nervous tissue CSPG, from a mixture of brain soluble CSPGs using an
antibody‐conjugated column.
FIGURE 4 Purification of neurocan, a nervous‐tissue CSPG, using an immunoadsorption
column. A PBS‐soluble CSPG mixture isolated from 10‐day‐old rat brains was applied to a

column conjugated with a monoclonal anti‐neurocan antibody 1G2 (MAb‐1G2), and materials

adsorbed to the column were eluted with 3 M KSCN–0.1% CHAPS as described previously

(Matsui et al., 1994). The original CSPG mixture (M) and the eluate (E) were separated
by SDS‐PAGE before (�) and after (þ) chondroitinase ABC (CHase) digestion. The CSPG

mixture contains phosphacan (another nervous‐tissue CSPG; the molecular mass of its core

glycoprotein is 250 K), neurocan (220 K), and two proteolytic fragments of neurocan (150 K

and 130 K). Since MAb‐1G2 recognizes the C‐terminal half of neurocan, the eluate from the
column contains both intact neurocan (220 K) and its C‐terminal half fragment (150 K).

Protein bands were stained with Coomassie brilliant blue R‐250. BSA, bovine serum albumin.
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VI. Structural Analyses of CSPGs _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Analysis of Core Proteins

1. Removal of CS Chains from Core Proteins by CS Lyases
To prepare core proteins of PGs, GAG side chains are removed by
digestion with GAG lyases in the presence of protease inhibitors. In this
section, we describe a protocol to digest CS chains with protease‐free chon-
droitinase ABC. Other GAG lyases are also needed to examine whether the
PG also attaches other types of GAG such as heparan sulfate or keratan
sulfate.

Chondroitinase ABC (EC 4.2.2.4, Seikagaku Kogyo Co., Tokyo) digests
CS, dermatan sulfate, and hyaluronic acid. Although the presence of pro-
tease inhibitors in the enzymatic reaction mixture is necessary to block
proteolytic degradation of core proteins, high concentrations of the inhi-
bitors may disturb the chondroitinase ABC activity. In addition, a high
concentration of ethanol also disturbs the enzyme activity. Therefore, if a
sample is precipitated with ethanol, residual ethanol should be dried up
before the enzymatic digestion. The following is an example of a reaction
mixture for chondroitinase ABC.
CSPG (50 nmol uronic acid) in deionized water
 43 ml

10� buffer (1 M Tris‐HCl, pH 7.5–0.3 M sodium acetate)
 5 ml

100� inhibitor mixture (20 mM PMSF–7.2 mM pepstatin–

0.2 M NEM in ethanol)

0.5 ml
0.2 M neutralized EDTA (Section IV.A)
 0.5 ml

Protease‐free chondroitinase ABC (10 mU/ml)
 1 ml
Stock solutions (the 10� buffer and the 100� inhibitor mixture) are
stored at�20�C. The final reaction mixture contains 100 mM Tris‐HCl, pH
7.5, 30 mMNaOAc, 0.2 mM PMSF, 0.072 mM pepstatin, 2 mMNEM, and
2 mM EDTA in addition to CSPGs and chondroitinase ABC. After the
reaction mixture is incubated for 1 h at 37�C, the core protein is precipitated
by adding 3 vol. (150 ml) of 95% ethanol–1.3% KOAc.
2. Removal of O‐ and N‐Linked Oligosaccharide Chains by

Various Glycosidases
Since many PGs bear O‐ and N‐linked oligosaccharide chains as well as
GAG chains, elimination of the oligosaccharides from a core protein is
sometimes needed. Sequential digestion of a PG with various glycosidases
provides information about the species of oligosaccharides attaching the
core protein and about a molecular mass of the core protein without carbo-
hydrate chains. An example of sequential digestion using neuraminidase,
endo‐b‐galactosidase, O‐glycosidase, and N‐glycosidase F was described by
Oohira et al. (1994).
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3. SDS‐PAGE and Western Blotting
As explained in Section V.C, heterogeneity in number and length of the
GAG chains is characteristic of PGs, thus a PG is generally recovered as a
very broad band or a smear, upon SDS‐PAGE. The broad band is converted
to a low molecular weight, narrow band representing the core protein by
digestion with GAG lyases, and this property is utilized to confirm that the
target molecule is actually a PG. Hydrophilicity is another characteristic of
PGs mainly due to the high content of the carbohydrate moiety as described
earlier. Therefore, PGs are not efficiently electrotransferred onto a hydro-
phobic transfer membrane such as a PVDF membrane or a nitrocellulose
membrane. The conditions of the wet electrotransfer that we use forWestern
blot analyses of PGs are described later in this section. This and some other
points to be considered are as follows:

a. In our experience, several brain CSPGs were efficiently transferred to
those membranes with a Bio‐Rad Minitransblot apparatus (Bio‐Rad
Laboratories) at 60 V overnight in 25 mM Tris, 192 mM glycine (pH 8.3),
which contained 20% (v/v) methanol at 4�C. It is likely that this condition
may let small molecules pass through a membrane, and an optimized condi-
tion should be employed for each protein.

b. Many PG core proteins tend to migrate much slower upon SDS‐
PAGE than expectation from their molecular weights deduced from their
amino acid sequence.

c. Various kits to amplify weak immunosignals on transfer membranes
have been developed, for example, the Vectastain ABC Kit (Vector Lab.,
Burlingame, CA). Amplification of a signal developed with a naphtol‐deriv-
ative reagent system (e.g., Immunostain HRP‐1000; Konica Minolta Medi-
cal & Graphic, Inc., Tokyo, Japan) is also convenient because it does not
require specific equipment. Chemiluminescence reagent systems are widely
used because they are powerful methods to amplify weak immunosignals
and because reprobing with different antibodies is possible. The problem is
that amplification of weak signals sometimes brings a higher background of
immunostaining. Lower antibody concentration or higher blocking buffer
concentration could reduce the background. In addition, blocking of artifi-
cial protein binding to membrane with a skim milk (or nonfat dry milk)
solution is not recommended to use in a biotin‐avidin system because skim
milk itself contains biotin.

d. Using biotinylated lectins and anticarbohydrate antibodies, such as
an HNK‐1 antibody, various oligosaccharides bound to core proteins can be
detected. Combination of glycosidases, lectins, and anticarbohydrate anti-
bodies may provide more information about the structure of oligosacchride
chains (Shuo et al., 2004).
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B. Analysis of CSPGs in Crude Samples
Many antibodies have been raised specific to core proteins of in-
dividual CSPGs. Using these antibodies, one can identify a particular
PG and demonstrate the developmental or pathological change in the
amount of a PG with Western blotting of tissue homogenates or extracts
without purification of the PG. This analytical procedure consists of pre-
paration of tissue homogenates or extracts, chondroitinase ABC‐digestion
of the crude samples, and Western blotting using antibodies specific to
CSPG‐core proteins. The following is an example to process the cerebrum
for Western blotting to identify brain specific CSPGs in cerebral tissue
homogenates.

1. Excise cerebral tissues on ice (about 150 mg wet weight).
2. Homogenize in 0.6 ml of ice‐cold PBS containing 20 mM EDTA,

10 mM NEM, and 2 mM PMSF as protease inhibitors with a tight‐
fitting glass‐Teflon homogenizer.

3. Mix an aliquot (50 ml) of the homogenate with 200 ml of 2%
SDS–50 mM Tris‐HCl, pH 7.5 containing the protease inhibitors.

4. Boil immediately for 5 min. The cerebral tissues can be solubilized
completely by this method.

5. Determine the protein concentration using 1–3 ml of the solution.
6. Take two aliquots of the sample (~200 mg protein); one is to be

treated with chondroitinase ABC, and the other is to be processed as
a control without the enzyme.

7. Add 2–3 vol. of deionized water to dilute the SDS solution.
8. Add 95% ethanol–1.3% KOAc to precipitate proteins from the

solution and to remove SDS as described in Section V.B.
10. Dry the precipitated proteins for 5 min to remove ethanol.
11. Digest with protease‐free chondroitinase ABC as described in

Section VI.A.1. It is very hard to dissolve the precipitate in the
chondroitinase reaction buffer, especially in the case of tissue
homogenate. Therefore, it is often necessary to smash the
precipitate with a small spatula. Thus, the reaction mixture
becomes opaque, and the mixture should be stirred with a
Vortex mixer at 15–20 min intervals.

12. Stop the enzyme reaction, and precipitate proteins by adding 3 vol.
of 95% ethanol–1.3% KOAc at 0�C.

13. Dissove the proteins with the SDS‐PAGE sample buffer without
dithiothreitol (DTT), and store it at �80�C until use.

14. For SDS‐PAGE, mix an aliquot of the dissolved sample with the
same volume of the sample buffer containing DTT (15 mg/ml) and
boil it for 3 min.

15. Separate proteins with SDS‐PAGE, and proceed to Western blot
analysis.
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C. Preparation of the CS Chains from a Purified CSPG
Various sensitive methods have been developed to analyze the structure
of CS chains. Some of the updated methods are described in other chapters
of this book. In this section, we describe methods to process purified (or
isolated) CSPGs for structural analysis of the CS side chains.

To release CS chains from the core protein, treatment with a weak
alkaline solution is commonly performed. The following is an example of
alkaline treatment of CSPGs to prepare the CS side chains.

1. Dissolve CSPG(s) with deionized water.
2. Add 2 M NaOH solution to a final concentration of 0.1–0.5 M.
3. Mix and store at 4�C for overnight.
4. Neutralize with 2 M HCl on ice.
5. Add 50% trichloroacetic acid to a final concentration of 5%,

and leave on ice for 10 min to precipitate proteins. Avoid leaving a
longer time in the acidic solution because trichloroacetic acid may
break CS chains.

6. Centrifuge at 10,000� g for 20 min at 4�C, transfer the supernatant
to another tube on ice, and neutralize immediately with NaOH.

7. Precipitate CS chains from the neutralized supernatant by adding
3 vol. of 95% ethanol–1.3% KOAc.

To remove nucleic acids that are occasionally copurified with CSPGs,
treatments with DNase and RNase are required. Samples precipitated with
95% ethanol–1.3% KOAc are dried up, dissolved with a buffer appropriate
for each enzyme (refer to the manufacture’s instruction for each enzyme),
and incubated with deoxyribonuclease I (EC 3.1.4.5) or ribonuclease T1
(EC 3.1.27.3). Then, CS chains are precipitated from the reaction mixture
by adding 3 vol. of 95% ethanol–1.3% KOAc.
D. Determination of the Amount of CS
The amount of CS is estimated by determination of the amount of
uronic acid, a component of the CS disaccharides. Following is an example
of a method for uronic acid determination reported originally by Bitter and
Muir (1962).

1. Stock solutions

a. Standard solution (10 mmol/ml glucuronolactone): dissolve

3.88 mg of D‐glucuronic acid to 2 ml of 0.01 M NaOH, and boil
for 5 min. Store at �20�C.

b. Borate solution: dissolve 2.6 g of sodium tetraborate
(Na2B4O7�10H2O) with 500 g of conc. H2SO4 (gr. 1.84) to make
0.025 M Na2B4O7. Store at room temperature.
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c. Carbazole solution: dissolve 12.5 mg of carbazole with 10 ml of
ethanol. Store at 4�C.
2. Precipitate CS from a sample solution as described in Section V.B to
remove salts in the sample that may interfere the carbazole reaction.

3. Dissolve the precipitate (0–50 nmol of uronic acid) in 100 ml of
deionized water on ice.

4. Add 0.5 ml of the borate solution, stir, and heat at 100�C for 10 min.
5. Chill on ice.
6. Add 20 ml of carbazole, stir, and heat at 100�C for 15 min.
7. Chill on ice to room temperature.
8. Measure the optical density at 530 nm in a cuvette with a path length

of 10 mm.

A smaller amount of sample (e.g., 1–5 nmol uronic acid corresponding
to about 0.5–2.5 mg of CS) can be measured with a smaller cuvette.
In addition, dot‐blot assays (Gaffen et al., 1994; Jortikka et al., 1993;
Lammi and Tammi, 1988) and a direct dye‐binding method (Thuy and
Nyhan, 1992) have also been reported to estimate CS amounts. One can
determine nanogram quantities (10–300 ng) of GAGs with these methods.
One of these methods using Safranin O (Lammi and Tammi, 1988) is
recommended by Hascall et al. (1994) as a method giving good sensitivity
and low backgrounds.
E. Preparation of CSPGs for Functional Analyses
To determine a biological function of CSPGs, purified CSPGs are often
used in culture systems or administered to animals. Before use, a CSPG
solution may be concentrated with an adequate molecular sieve apparatus
at 4�C. The solution containing CSPGs should be replaced with an atoxic
and isotonic solution such as PBS by dialysis or molecular sieve apparatuses.
After adjusting the CSPG concentration to an appropriate value, the sample
is sterilized by filtration through a filter with a 0.22 mm pore size and is
stored at �80�C.
VII. Conclusions __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Purification of CSPGs is an essential step to determine the structure and
function of CSPGs. The number, length, and extent of sulfation of CS side
chains of an individual CSPG vary in general depending on the developmen-
tal or pathological stages of tissues from which the CSPG is isolated, and
biological function of a CSPG is believed to be modulated by the modifica-
tion or variation of its CS side chains. Although a CSPG can be expressed in
mammalian cell lines by transfection of its core protein gene, the expressed
CSPG does not always have CS side chains with structural parameters
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identical to those of the CSPG in animal tissues. Therefore, to reveal the
exact function of a CSPG in the development, maintenance, or pathogenesis
of a tissue, it is ideal to isolate the CSPG from the corresponding tissue and
to apply it to an experimental system of the functional analyses.

In this chapter, we explained several typical methods to purify CSPGs
with different principles; anionic charge, molecular size, buoyant density,
and hydrophobicity. A successful purification of a target PG from tissues
could be accomplished by the best combination of these methods. Immu-
noaffinity purification of a target PG using the antibody to its core protein is
a potent method, especially when the source of the PG is very limited and
small or contains PGs with physicochemical properties very similar to that
of the target molecule. A number of works have been reported to purify a
particular PG from various tissues with a combination of biochemical and
immunochemical procedures, and many of them are introduced in a review
by Hascall et al. (1994) and a book edited by Iozzo (2001). Readers may
refer to these extensive works as well.
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Isolation and Purification of

Chondroitin Sulfate
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

This short chapter focuses on current methods for the isolation and
purification of chondroitin sulfate (CS). This molecule is a sulfated glycosami-
noglycan (GAG) composed of a linear polysaccharide chain with repeating
disaccharides of defined structures that usually contain one hexosamine and
one hexuronic acid and a sulfate ester. The tissue CS can be extracted along
with other GAG by proteolytic digestion. Once extracted, CS can be purified
from other contaminant GAG by precipitation with organic solvents or enzy-
matic degradation of contaminant GAG species or also by column chromatog-
raphy techniques. The most frequently assays for tracking CS isolation
typically utilize uronic acid content as a marker.
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

This short chapter summarizes the methods for extraction and isolation
of the sulfated GAG CS. Methods for isolation and characterization of other
GAG species can be found elsewhere (Rodén et al., 1972; Silva, 2002).
Although a great number of methods are available for the isolation
and purification of GAGs, there is no single set of procedures that permit
single‐step purification process, but different preparative approaches are
required to purify a single species of GAG from tissue extracts. Thus, the
techniques outlined later in this chapter can be used as guidelines for those
researchers interested in the specific isolation of CS.
III. General Characteristics of CS _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

To discuss methods of CS isolation efficiently, a brief overview of CS
structure needs to be given, since the various techniques take advantage of
CS structure. CS consists of hexosamine (D‐galactosamine) and hexuronic
acid (D‐glucuronic acid) units that are arranged in alternating unbranched
sequence and carry sulfate substituents in various positions. The other
sulfated GAG species are composed of dermatan sulfate (DS), heparan
sulfate (HS), heparin, and keratan sulfate (Conrad, 1998; Coombe and
Kett, 2005; Funderburgh, 2000; Nader et al., 2004; Sugahara et al., 2003;
Trowbridge and Gallo, 2002). Hyaluronic acid (HA) is also a GAG species,
but it is not sulfated (Toole, 2004). Owing to the variability in sulfate
substitution, CS displays some sequence heterogeneity. However, the most
common (and commercial) form of CS presents sulfated groups at position
C‐4 or C‐6 of the hexosamine in the disaccharide unit [corresponding to
chondroitin‐4‐sulfate (C4S) and chondroitin‐6‐sulfate (C6S), respectively].
CS with highly sulfated structures presenting different types of disulfated
disaccharides has been described in marine organisms such as in squid
cartilage (Kinoshita‐Toyoda et al., 2004) and shark skin (Nandini et al.,
2005). The general composition of the characteristic disaccharides for the
most common types of CS is described in Table I.

In the tissue, CS is covalently bound to a protein core forming a struc-
ture known as proteoglycan (PG). Comprehensive reviews on the biochem-
istry and structure of PGs can be found elsewhere (Iozzo, 1998; Kresse and
Schonnherr, 2001; Lindahl et al., 1998; Prydz and Dalen, 2000). Informa-
tion regarding PG isolation and purification can be found in three recent
reviews (Fedarko, 1993; Hascall et al., 1994; Savolainen, 1999).

Several glycobiology studies have suggested fundamental biological
functions for CS. These molecules have intriguing functions in central ner-
vous system, wound repair, as receptors for various pathogens, growth
factor signaling, morphogenesis, and cell division (Sugahara et al., 2003).



TABLE I Structural Features of CS from Different Sources

CS source

Disaccharide composition (%)

ReferenceaDdi‐0Sb Ddi‐4Sc Ddi‐6Sd

Beef trachea 10 57 33 Volpi (2004)

Chicken trachea 12 70 18 Volpi (2004)

Porcine trachea 4 80 16 Volpi (2004)
Human placenta 92 8 0 Muthusamy et al., 2004
Shark cartilage 4 14 82 Nadkarni et al., 1996

aa‐Ddi, a‐D4,5‐unsaturated disaccharide.
ba‐DdiUA‐1!3‐GalNAc; UA, hexuronic acid; GalNAc, N‐acetylated galactosamine.
ca‐DUA‐1!3‐GalNAc(4SO4); UA, hexuronic acid; GalNAc, N‐acetylated galactosamine

bearing a sulfate ester at position 4.
da‐DUA‐1!3‐GalNAc(6SO4); UA, hexuronic acid; GalNAc, N‐acetylated galactosamine
bearing a sulfate ester at position 6.
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In addition, CS has been suggested to be beneficial in the treatment of osteoar-
thritis (Hungerford and Jones, 2003; Uebelhart et al., 2004) by acting as
a chondroprotector. Sim et al. (2005) have developed an interesting
method for the quantitative analysis of CS in rawmaterials and CS‐containing
pharmaceutical preparations.
IV. Sources and Structure of Commercial Forms of CS _______________________________________________________________________________________________________

CS is an integral component of articular cartilage and is important to the
physiology and mechanical properties of this tissue. The main source of
commercial CS is cartilage from marine organisms. These CS preparations
can be found with different grades of purity. Commercial C6S is prepared
from shark cartilage, while C4S is obtained from whale cartilage. Alterna-
tively, CS can be prepared from tissues obtained from land animals such as
bovine or porcine.
V. General Preparative Procedures to Extract CS from Tissues

CS is often firmly associated with other tissue components. The proce-
dure used for quantitative isolation of CS from a tissue involves the proteo-
lytic digestion of proteins with nonspecific proteases. Solubilized CS can be
further purified from other macromolecules present in the proteinase‐digest
by precipitation with ethanol or quaternary ammonium ions or adsorption
on by ion‐exchange resins. A few tissues contain only CS, and the isolation
procedure may then be relatively simple, but the recovered CS is generally
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mixed with other GAG species, and further fractionation steps are necessary
to the preparation of pure CS fractions. Different preparative approaches
are performed to prepare CS such as organic solvents fractionation, ion‐
exchange chromatography, and degradation of single species of GAGs
by highly specific enzymes followed by gel‐permeation chromatography.
General procedures for CS purification are illustrated in the Fig. 1. Because
of the diversity of GAG contaminants in CS preparations, no single set
of procedures will be suitable for the specific isolation of CS. Thus, the
techniques outlined in a later section illustrate general principles that
can be modified and used in different combination for preparation of this
particular GAG.
FIGURE 1 Illustration of some general procedures for isolation and purification of CS.
These methods can be used with different combination to purify and fractionate CS obtained

from tissues.
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VI. Extraction from Tissues ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The CS extraction procedure involves a preliminary treatment of tissues
with organic solvents to remove as much lipid as possible. A common proce-
dure is to extract the ground tissue with several changes of acetone at room
temperature over a period of several days. After drying, the defatted powder is
subjected to proteolytic digestion for the extraction of CS. Extraction by
digestion with proteolytic enzymes is the most common procedure for releas-
ing CS from tissues. Usually, extensive proteolysis with a protease of broad
specificity is desirable, and treatment with papain or pronase yields single CS
chains with only small residual peptide (the author has some preference for
the use of papain, since this enzyme is generally very effective in achieving
complete solubilization of various tissues). Details of digestion procedures can
be found elsewhere (Medeiros et al., 2000; Rocha et al., 2000).
VII. Recovery of CS from Proteinase Extracts ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

After proteolysis, it is generally advantageous to remove low‐molecular
weight digestion products prior to purification of CS fromGAGcontaminants.
This is accomplished by dialysis of the supernatant liquid (that contains the
solubilized CS contaminated with other GAG species). Alternatively, the
GAGs may be precipitated directly, usually with ethanol or a quaternary
ammonium salt, or recovered by anion‐exchange chromatography, as
described in a later section.
A. Precipitation with Ethanol
Precipitation with ethanol is used as a simple means of recovering CS
quantitatively from solutions. A sufficient concentration of salt is necessary
for complete precipitation. This is seldom a problem with tissue digests that
generally contain buffer salts. Any of the tissue GAGs will be precipitated
completely by four to five volumes of ethanol, provided that the GAG
concentration is high enough and sufficient salt is present. In the course of
purification of crude proteolytic digests, however, it is preferable not to
exceed about two volumes so as to avoid simultaneous precipitation of
unwanted digestion products.
B. Precipitation with Quaternary
Ammonium Compounds
Polyanions form water‐insoluble salts with certain detergent cations such
as cetylpyrydinium and cetyltrimethylammonium. The complexes are disso-
ciated and dissolved by inorganic salts at high concentration. The quaternary
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ammonium compounds are used for the recovery of GAGs in bulk from
tissue digests or other solutions. The low solubility of the complexes makes
it possible to precipitate GAGs even from solutions as diluted as 0.01%
or less (Rodén et al., 1972). Cetylpyridinium complexes are converted to
sodium salts by dissolving the precipitate in 2 M NaCl–ethanol (100:15,
v/v), and the GAG is precipitated by addition of two volumes of ethanol
(Cardoso and Mourão, 1994).
C. Ion‐Exchange Chromatography
Because of the high‐negative charge density of the GAGs, isolation
based upon anion‐exchange chromatography can be employed. The general
techniques for ion‐exchange chromatography are well known and need no
further comment. A number of different ion‐exchange materials are avail-
able, including Dowex 1‐X2, ECTEOLA‐cellulose, DEAE‐cellulose, and
DEAE‐Sephacel. The author has some preference for the use of DEAE‐
cellulose or DEAE‐Sephacel. GAGs elute from anion‐exchange columns
with high salt. A typical protocol involves the application of the protein-
ase‐digest into an ion‐exchange column equilibrated with a buffer solution.
The column is washed with the same buffer and then eluted stepwise with
1.0 M NaCl in the same buffer. The GAGs eluted from the column are
exhaustively dialyzed against distilled water, lyophilized, and dissolved in
distilled water.
D. Comments
Several different criteria are generally applied to the evaluation of the
purity of GAG preparations. The colorimetric carbazole–sulfuric acid assay
as modified by Bitter and Muir (1962), which involves the reaction of
unstable acid hydrolyzed dehydrated derivatives of hexuronic acid with
carbazole, is frequently used to quantify the content of GAGs in solutions.
This is a degradative assay, so aliquots from extractions and/or chro-
matographic separations are analyzed. Alternatively, assays that take advan-
tage of metachromatic shifts upon binding of GAG to dyes, such as alcian
blue (Gold, 1979), or 1,9‐dimethylmethylene blue (Farndale et al., 1986)
can also be used. Electrophoresis is generally utilized for qualitative and
quantitative analyses of mixtures of GAGs or single species. Cellulose ace-
tate (Sunwoo et al., 1998), polyacrylamide gel (Cavari and Vannucchi,
1996), and agarose gel (Medeiros et al., 2000; Rocha et al., 2000; Volpi,
1999) electrophoresis are routine in many laboratories.

If a sample contains nucleic acids, they may copurify with GAG frac-
tions recovered by the above‐mentioned procedures. These highly negative
charged polymers containing sugar may interfere on colorimetric assays for
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the detection of GAGs. In addition, they will comigrate with GAGs on
agarose gel electrophoresis, interfering on the step of staining of GAGs by
toluidine blue. These compounds usually show an intense blue color under
the staining conditions that overlaps the purple staining (metachromasia) of
GAGs in this system. Therefore, if necessary, enzyme digestion (e.g., DNAse)
may be required to remove these compounds (Rocha et al., 2000).
VIII. Fractionation Methods _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Several procedures can be used to isolate CS from other GAG species
present in a mixture after tissue extraction, such as sequential precipitation
with organic solvents, fractionation by using anion‐exchange chromatogra-
phy, and degradation of single species of GAGs by highly specific enzymes
followed by gel‐permeation chromatography, as described in a later section.
A. Ethanol Fractionation
Fractional precipitationwith ethanol is one of the classicalmethods for the
separation of GAG mixtures. In favorable situations, the method can be
applied directly to a tissue digest. Fractionation with ethanol is most success-
fully carried out in the presence of divalentmetal ions such as calcium, barium,
or zinc. Briefly, NaCl (2%) is added to the mixture, and the GAGs are
fractionated by increasing volumes of ethanol (from 0.1 to 2.0 volumes). For
each 0.1 volume of ethanol, the mixture is allowed to equilibrate at 4�C for
24 h. Afterward, the precipitate is collected by centrifugation and dried.
Another 0.1 volume of ethanol is added to the supernatants, and the procedure
is repeated up to a maximum of 2.0 volumes of ethanol.

In an article, Volpi (1996) has reported the fractionation of mixtures of
GAGs by sequential precipitation in the presence of methanol, ethanol, or
propanol. The same behavior was obtained with the three different solvents.
In particular, heparin was the first GAG species to precipitate, followed by
DS and lastly by CS. It was also noted that as the hydrophobic chains of the
solvents increase (from methyl to propyl), there was a greater capacity to
precipitate GAGs with lower amounts of solvent.
B. Fractionation with Acetone
Fractionation of a GAG mixture by acetone at different percentages, as
reported by Volpi (1994), is a rapid and useful method for purifying a single
species of GAG. In addition, bivalent cations are not required, and this
permits a further purificationwithout further need for cation‐exchange resins
to remove contaminant ions. At low percentage of acetone, heparin is the
first GAG precipitated. DS is precipitated by acetone over a narrow range
(0.6–0.7 volumes). CS is the most soluble GAG in mixed acetone/water.
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C. Fractionation by Anion‐Exchange Chromatography
Different GAGs differ in their average negative charge density, which
allows purification based upon anion‐exchange chromatography. The step-
wise ion‐exchange process, described earlier (Section VII.C), normally
achieves a reasonably high level of purification of GAGs from other types
of macromolecules. However, a second ion‐exchange step with a continuous
salt gradient often achieves better purity and can separate different classes of
GAGs. In anion‐exchange chromatography, the most common resin
employed is a diethylaminoethyl (DEAE) resin, and a NaCl salt gradient is
used to elute bound GAGs. Residual glycoproteins, which elute from DEAE‐
cellulose columns in low salt, are completely separated from GAGs, which
elute with high salt. GAGs with different charge densities can resolve, at
least particularly, into separated peaks, as often occurs when both HS and
CS/DS GAGs are present. However, the different types of GAGs may be
difficult to separate by this method, even with quite shallow gradients. Thus,
additional approaches may be required such as the removal of a specific
species of GAG by enzymatic digestion with commercially available enzymes
that can degrade one ormore classes of GAG.We have used such approach to
obtain CS chains that were isolated from thymic epithelial cells and could not
be separated from HS chains by anion‐exchange chromatography. Thus,
enzymatic degradation of HS by the action of HS lyases allowed the isolation
of pure CS chains to structural characterization (Werneck et al., 2000).Many
different types of ion exchangers are now available in fast performance liquid
chromatography (FPLC), which can offer advantages in analysis time,
capacity recoveries, and separation properties.
D. Gel‐Permeation Chromatography
Molecular sieve chromatography can also be employed to separate and
purify single species of GAG from mixtures. The choice of support matrix,
porosity, and elution solvents depends on the properties of the particular
GAGs being studied. HA, which has the highest molecular mass among the
different types of GAGs, is easily separated from the other classes of GAGs
by this method (Martins et al., 2003). However, generally the fractionation
among the different sulfated GAG classes may be more difficult, as often
occur when CS and DS, that have similar size, are present (Martins et al.,
2003). Thus, additional approaches may be required such as the removal of
a specific species of GAG by enzymatic digestion with commercially avail-
able enzymes that can degrade one or more classes of GAG. When dealing
with CS/DS mixture the researcher can use an approach in which DS chains
present in the mixture are degraded by the action of chondroitinase B, an
enzyme that specific degrades this type of GAG, allowing the isolation of
pure CS fractions, which can be separated from DS degradative products
and recovered by gel filtration chromatography (Theocharis et al., 2001).
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IX. Conclusions __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Current analytical techniques allow the isolation of CS in sufficient
quantity and purity for their chemical analysis. The identification and
primary structure determination of CS have significantly contributed to
elucidate its possible function on mechanisms modulating cell–cell and
cell–matrix interactions.
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Structure of Chondroitin Sulfate
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin sulfate (CS) is an anionic linear polysaccharide, which is
synthesized as part of proteoglycan (PG) molecules in vertebrates and inver-
tebrates. Chondroitin sulfate consists of alternating disaccharide units of
glucuronic acid and galactosamine and is attached to serine (Ser) residues of
the protein cores via a tetrasaccharide linkage. Despite the simplicity of the
backbone structure, the CS molecule is complex enough to carry biologic
information and thus determine many biologic functions. A highly modified
CS chain at least at the level of uronic acid is called dermatan sulfate (DS).
Complexity of CS/DS is brought about by structural features, such as sulfo-
nylation at hydroxyl groups of galactosamine and glucuronic acid residues,
epimerization of certain glucuronic residues to iduronic acid, and distribu-
tion of these uronic acid residues through the polymeric chain. This chapter
presents the up‐to‐date information on the structure of CS and DS.
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Chondroitin Sulfate: Basic Structure and
Isomeric Forms
Chondroitin sulfate is a glycosaminoglycan (GAG) covalently linked to
proteins forming PGs. GAGs are all anionic linear heteropolysaccharide
chains of repeating disaccharide units. According to the monosaccharide
types and the glycosidic bonds between them,GAGs are divided into: (1) hya-
luronan, (2) CS andDS, (3) heparan sulfate (HS) and heparin, and (4) keratan
sulfate. CS had been isolated from cartilage in 1884, but the nature of its
monosaccharides and structure were first described by P. Levene in 1925;
Levene showed that the constituents were D‐glucuronic acid (GlcA), D‐galac-
tosamine (GalN), and acetic and sulfuric acid in equimolar ratios (Roseman,
2001). The correct structure for CS was shown later; CS is composed of the
repeating unit [!4GlcAb1!3GalNAcb1!], which in mammals is com-
monly sulfated at the C‐4 and/or C‐6 ofN‐acetyl‐D‐galactosamine (GalNAc).

The term CS‐A has been used to describe CS rich in [GlcA‐GalNAc(4S)]
(A unit) and CS‐C, CS rich in [GlcA‐GalNAc(6S)] (C unit) (Fig. 1).
The DS chain (formerly known as CS‐B) has a hybrid copolymeric struc-
ture consisting of low modified (CS) and highly modified (DS) domains
(Fransson et al., 1990). The modifications involve C‐5 epimerization of
GlcA to L‐iduronic acid (IdoA) and O‐sulfation at C‐4 and C‐6 of GalNAc
and C‐2 of IdoA. IdoA imparts conformational flexibility to DS and alters
the shape and spatial orientation of sulfate residues, endowing the chain
with higher negative charge content than GlcA (Casu et al., 1998). The
content of IdoA ranges from 0% in CS to 80–90% in various DS chains;
the highes t percentage s have been obs erved in sk in PGs (Cho i et al. , 1989;
Karamanos et al., 1995). The disulfated disaccharide D [GlcA(2S)‐GalNAc
(6S)] and E [GlcA‐GalNAc(4S, 6S)] units are characteristic components in
shark cartilage CS‐D (�20%) and squid cartilage CS‐E (�60%), respective-
ly, but are also found in DS chains from mammalian sources (Table I)
(Sugahara and Yamada, 2000; Suzuki et al., 1968). The oversulfated CS‐
H, isolated from the hagfish notochord, contains a high proportion (68%) of
the disaccharide H (or iE) unit [IdoA‐GalNAc(4S, 6S)], which is also found
in other DS chains (Anno et al., 1971; Sugahara and Yamada, 2000; Ueoka
et al., 1999).

3‐O‐sulfation of GlcA is a noncommon structural modification, which
has been identified in polysaccharides from marine invertebrate sources
(Section IV.B), leading to some rare disaccharide units such as the K, L,
and M units (Fig. 1). The only occurrence of 3‐O‐sulfation of IdoA has been
reported for DS from the skin of Anguilla japonica (Sakai et al., 2003); these
authors also show the existence of IdoA(2S, 3S) residues, which was earlier
shown for DS from skin of Raja clavata (Chatziioannidis et al., 1999).



FIGURE 1 Structures of D‐disaccharides derived from CS/DS by chondroitinase digestions

and their common names. Subscripts G and I show the GlcA and IdoA origins of

D‐disaccharide, respectively. The IdoA‐ or GlcA‐derived disaccharides obtain the same

structure at C‐5 after digestion with chondro‐/dermatolyases. The commonest disaccharides
are those in bold. The others have been determined only in CS/DS chains from marine

invertebrates. Adapted from Karamanos et al. (1994a).
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TABLE I Composition of Disaccharides (% of Total) of Galactosaminoglycans

from Various Mammals as Determined by Karamanos et al. (1994a)

Type of disaccharide
Whale
cartilage CS‐A

Porcine rib
cartilage CS‐A

Porcine
skin CS‐B

DDi‐nonSGlcA 9.0 3.8 0.4
DDi‐nonSIdoA – – 1.6

DDi‐mono4SGlcA 64.8 35.2 2.4

DDi‐mono4SIdoA – 43.4 69.0
DDi‐mono6SGlcA 18.4 11.4 1.0

DDi‐mono6SIdoA – – –

DDi‐di(2,6)SGlcA 4.9 3.5 –

DDi‐di(2,6)SIdoA – – 1.5
DDi‐di(2,4)SGlcA – 0.8 –

DDi‐di(2,4)SIdoA – – 24.1

DDi‐di(4,6)SGlcA 3.9 1.1 –

DDi‐tri(2,4, 6)S – 0.8 –
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N‐sulfonylation of GalN is a unique feature, which has only been reported
for DS from sea urchin shell (Manouras et al., 1991). According to the
extent of modifications, 25 different non‐, mono‐, di‐, and trisulfated
galactosaminoglycan (GalAG) disaccharides have been described
(Chatziioannidis et al., 1999; Karamanos et al., 1994a; Sakai et al., 2003).
The structures and common names of these 25 GalAG disaccharides are
shown in Fig. 1. With the exception of oversulfated CS/DS from marine
organisms, non‐, di‐, and trisulfated disaccharides are generally minor com-
ponents of CS molecules, and the great majority are monosulfated units.
Completely nonsulfated chondroitin chains have only been found in squid
skin, Caenorhabditis elegans, and some bacteria (Karamanos et al., 1988,
1990; Yamada et al., 2002).
B. Biosynthesis, Localization, and Function of CS
GalAGs are present as part of PGs in intracellular granules of certain
cells (i.e., mast cells in mammals), at the cell membrane and the extracellular
matrix (ECM) of invertebrate and vertebrate organisms. In a thorough study
of the distribution of sulfated mucopolysaccharides, it has been showed that
GAGs are present in life forms that exhibit some cell organization (Cassaro
and Dietrich, 1977). Interestingly, some bacterial strains (Escherichia coli
K4 and Pasteurella multosida) produce extracellular chondroitin chains
with no sulfation or epimerization, which are not covalently linked to
protein cores and seem to enhance the ability of bacteria to infect or colonize
the host (De Angelis, 2002).

The function ofGalAGs is closely related to their localization; GalAGs in
matrix contribute to the organization of the ECM and tissues, and GalAGs



Structure of CS 37
at the cell membrane usually function as receptors/coreceptors and partici-
pate in several structure‐specific interactions regulating a wide range of
cellular events (Trowbridge and Gallo, 2002). Generally, these interactions
depend on specific oligomeric GAG domains; that is, sequences of five to
eight monosaccharides. For instance, CS binding to type V collagen is me-
diated via oligosaccharides of at least eight monosaccharides, which con-
tain a continuous sequence of three GlcA‐GalNAc(4S, 6S) units (Takagaki
et al., 2002). However, studies in C. elegans have shown that even non-
sulfated chondroitin is required for embryonic cytokinesis and cell division
(Mizuguchi et al., 2003).

CS chains are composed of the linkage region to the proteins (reducing
end), the main chain composed of repeating disaccharides and the non-
reducing terminal (Fig. 2A). The linkage region for CS/DS is synthesized
on the core proteins by enzymes in the endoplasmic reticulum and Golgi
apparatus. Chain elongation occurs by sequential transfer of the appropriate
UDP‐monosaccharides to the nonreducing terminal of the growing nascent
PG acceptor (Prydz and Dalen, 2000; Silbert and Sugumaran, 2002). Addi-
tion of sulfate groups from 30‐phosphoadenosine 50‐phosphosulfate to the
FIGURE 2 (A) CS chains are linear heteropolysaccharides of repeating disaccharide units,

which are attached to the protein core of a PG through a linkage tetrasaccharide at the
reducing end. At the nonreducing end, multiple ‘‘capping’’ residues have been identified.

(B) Structure of the linkage tetrasaccharide and common modifications.
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growing chondroitin chain takes place in the Golgi apparatus by appropriate
sulfotransferases. DS is formed as a CS chain, during which process the
glucuronate C‐5 epimerase converts a varying number of the GlcA residues
to IdoA. Results suggest that the core protein is responsible for routing PGs
to subcellular compartments with or without sufficient access to glucuronate
5‐epimerase and, thus, determines the content of IdoA residues (Seidler
et al., 2002).
III. Linkage Region ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

GalAGs and heparin/heparan sulfate are covalently linked to Ser
residues in Gly‐Ser‐Gly sequences in the protein cores of PGs via the link-
age tetrasaccharide region: GlcAb1!3Galb1!3Galb1!4Xylb1‐O‐Ser
(Fig. 2B) (Lindahl and Roden, 1966; Stern et al., 1971). The presence of
IdoA instead of GlcA has been reported only for the linkage region of DSPGs
of bovine aorta (Sugahara et al., 1995). This linkage tetrasaccharide has
been identified in many organisms, even in C. elegans chondroitin and
Drosophila melanogaster HS and CS, and seems to have been conserved
during evolution (Yamada et al., 2002).

Linkage regions with respect to the repeating disaccharides have been
shown undersulfated in comparison to the main repeat region (Lauder et al.,
2000a, 2001). In particular, in linkage region oligosaccharides derived from
bovine articular cartilage aggrecan there is a decreased incidence of GalNAc
(6S) and a concomitant increase in the abundance of nonsulfated and
4‐sulfated residues in comparison to the main repeat region (Lauder et al.,
2000a). Karamanos et al. (1995) showed that in porcine skin DS‐18, which
is rich in IdoA (�80%), two GlcA‐containing disaccharides are next to the
linkage tetrasaccharide; the one linked to the tetrasaccharide is a C unit
as the rest GlcA‐containing disaccharides, and the next one is nonsulfated
(Fig. 3).
FIGURE 3 Structure of DS‐18 from pig skin proposed by Karamanos et al. (1995). The sites
of enzymic action are indicated. The number of disaccharide units n is equal to or larger than 4.
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Common modifications of the linkage region are phosphorylation of
xylose (Xyl) and 4‐ or 6‐O‐sulfation of Gal residues. In the CS linkage
region, the Gal sulfation and Xyl phosphorylation have not been found on
the same chain (de Waard et al., 1992; Ueno et al., 2001) (Fig. 2B). None of
the linkage region oligosaccharides examined so far had any uronic acid
sulfation.

2‐O‐phosphorylation of Xyl has been found in CS from D. melanoga-
ster, shark cartilage, rat and mouse tumors, CS/DS from rat fibroblast cell
line, and CS chains of syndecan‐1 from normal murine mammary gland
epithelial cells. Fransson et al. (2000) have reported that the phosphoryla-
tion of Xyl in decorin (a small CSPG) is a transient phenomenon; in the early
steps of the CS biosynthesis of decorin the degree of phosphorylation
increases to �90% until the linkage region grows into the Gal‐Gal‐Xyl
trisaccharide, and then dephosphorylation takes place extensively accompa-
nied by glucuronidation. The transient 2‐phosphorylation of Xyl may be
involved in intracellular transport and/or in the control of modifications of
the glycan chain.

Gal 4‐O‐sulfation has been reported for CS from rat chondrosarcoma,
whale and bovine cartilage, human trypsin inhibitors, and appican (a brain
CSPG) and DS from bovine aorta. In addition, Gal 6‐O‐sulfation has also
been revealed for CS from shark (deWaard et al., 1992) and bovine articular
cartilage (Lauder et al., 2000b). So far, sulfated Gal residues of the linkage
region have been demonstrated for GalAGs but not for HS/heparin even
when they are on the same syndecan‐1 core protein (Ueno et al., 2001). The
sulfate groups on the Gal residues might be biosynthetic sorting signals
for CS/DS or key elements that control the glycosyltransferases involved in
the formation of the linkage region controlling the maturation of part‐time
PGs (Gulberti et al., 2005; Sugahara and Kitagawa, 2000). Interestingly,
6‐O‐sulfation of the first GalNAc residue next to the linkage region and
Gal 6‐O‐sulfation have been identified on the same chain in bovine articular
cartilage aggrecan (Lauder et al., 2000b), and 4‐O‐sulfation of the first
GalNAc residue next to the linkage region has been colocalized with Gal
4‐O‐sulfation in appican (Tsuchida et al., 2001), but not vice versa.
IV. Repeating Disaccharide Region ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. CS from Vertebrate Organisms
Structural studies of CS chains from vertebrate and especially mamma-
lian species have shown the great heterogeneity of structural organization. In
a study of CS chains of the vitreous gel, Noulas et al. (2004) showed species‐
specific variation in the content, length, and sulfation pattern; in human‐
derived CS chains, the 6‐sulfated disaccharide was dominant, whereas in CS
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chains from other mammalian species (pig, sheep, and goat) the predominant
disaccharide type was the 4‐sulfated one. In a study of the CS/DS chains from
the same PG of various bovine tissues, tissue‐specific modifications were
observed; scleral decorin contained 6‐O‐sulfatedGlcA‐rich domains, decorin
from bovine dermis cartilage and bone contained 4‐O‐sulfated GlcA‐rich
domains, and decorin from bovine tendon contained 6‐O‐sulfated GlcA
domains near the linkage region and 4‐O‐sulfated in more distal domains
(Cheng et al., 1994). CS chains on the syndecan‐1 and syndecan‐4 synthe-
sized from normal murine mammary gland epithelial cells are structurally
distinct, unlike the HS chains; CS chains from syndecan‐4 have a higher
degree of sulfation and different functionality (Deepa et al., 2004). Further-
more, CS/DS hybrid chains from embryonic pig brain contain a higher
proportion of IdoA and different sulfation pattern than those from adult
pig brain, showing age‐related structural variability (Bao et al., 2004). Thus,
mounting evidence shows that the structure of CS depends on the animal
species, tissue, physiological or pathological stimuli, and PG source.

Sequence analysis of entire CS/DS chains or oligosaccharides has been
performed only by a few research groups via carefully controlled enzymic
reactions. The sequence analysis of porcine skin DS‐18 by Karamanos et al.
(1995) showed that mono‐ and disulfated IdoA‐containing saccharides form
clusters larger than four disaccharides (‘‘blocks’’) (Fig. 3). GlcA residues are
located periodically and not randomly in the DS chain (Fig. 3). Separate
treatments of human myometrium and uterine leiomyoma GalAGs with
chondroitinase ABC and chondroitinase B have also shown that both
GalAGs are hybrid polymer structures composed of at least five oligomeric
domains (Mitropoulou et al., 2001). Desaire et al. (2001) showed that CS‐A
from bovine trachea has randomly distributed 4‐sulfated and 6‐sulfated
disaccharides throughout the repeat region of the polysaccharide, but in
CS‐C from shark cartilage the 6‐sulfated disaccharides form ‘‘blocks’’ of
repeating disaccharides with the same sulfation pattern.

Sequence analysis of porcine skin DS‐18 also showed that the sulfation
pattern of DS has a specificity with the uronic acid, that is, the Ddi‐mono6S is
associated with GlcA, whereas both the Ddi‐mono4S and Ddi‐di(2,4)S are
associated with IdoA (Fig. 3). In support, other research groups have also
shown GalNAc(4S) residues in the IdoA‐containing regions and GalNAc(6S)
and/or GalNAc(4S) residues in the GlcA‐containing segments of the polysac-
charides (Cheng et al., 1994; Coster et al., 1991; Silbert, 1996). In GalAGs
from normal human myometrium and uterine leiomyoma, IdoA‐containing
oligosaccharide domains contain not only IdoA‐GalNAc(4S) residues but also
the disulfatedDdi‐di(2,4)S andDdi‐di(2,6)S, and the trisulfatedDdi‐tri(2,4,6)S,
whereas in GlcA‐containing domains, disaccharides are mainly sulfated at
either C‐6 or C‐4 of GalNAc (Mitropoulou et al., 2001). Eklund et al.
(2000) showed that IdoA, formed during biosynthesis, enhances 4‐O‐sulfation
of their adjacent GalNAc residues, and thus back epimerization to GlcA is
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prevented. Dermatan‐specific N‐acetylgalactosamine 4‐ and 6‐O‐sulfotrans-
ferases have been characterized, supporting the suggestion that sulfation of
GalNAc follows GlcA epimerization (Evers et al., 2001; Nadanaka et al.,
1999). Enzymological studies are now providing information on the specifi-
cities of the chondroitin 4‐ and 6‐sulfotransferases and thus on the structural
organization (Mikami et al., 2003; Yamada et al., 2004). Furthermore, GlcA
sulfation seems to occur only between GalNAc(4S) residue on a nonreducing
side and a GalNAc(6S) residue on the reducing side (Lauder et al., 2000b;
Nadanaka and Sugahara, 1997).
B. CS from Invertebrate Organisms
Studies on CS from various invertebrate species (usually marine) have
revealed CS chains with neutral sugar branches and/or unusual sulfation
patterns. 3‐O‐sulfation of GlcA and neutral sugar branches rich in glucose
was shown for squid skin CS (Aletras et al., 1991; Karamanos et al., 1990,
1992, 1994b). Neutral sugar branches have also been found in corneal CS
from Illex illecebrocus coidentii (Karamanos et al., 1991) and the case of
squid pen (Sepia officinalis) (Theocharis et al., 1999). Skin and head carti-
lage CS of Nototodarus gouldi also has branches of neutral sugars, particu-
larly glucose (Falshaw et al., 2000). Squid cartilage CS contains small
amounts of glucose branches linked to C‐6 of the GalNAc moieties and
has 3‐O‐sulfated GlcA residues (Habuchi et al., 1977; Kinoshita‐Toyoda
et al., 2004). GlcA(3S) residues in squid cartilage CS‐E are usually found
in di‐ or trisulfated disaccharide units (Fig. 4) (Kinoshita et al., 1997;
Kinoshita‐Toyoda et al., 2004). Squid ink from Illex argentinus contains a
branched polysaccharide with the repeating unit GlcA‐GalNAc(1!4) a‐D‐
fucopyranose (Takaya et al., 1996). The molecular weight (Mr) of the CS
species isolated from squid has generally been higher than those from
FIGURE 4 Frequencies of sequences found on the reducing and nonreducing sides of GlcA

(3S) in squid cartilage CS‐E. Adapted from Kinoshita‐Toyoda et al. (2004, Fig. 6, p. 11072).
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mammalian sources. CS species with Mr of 110 and 43 kDa have
been isolated from squid skin PGs and with 73 kDa from squid cornea
(Karamanos, 1992; Karamanos et al., 1991). Mammalian CS lies in the
molecular weight range of 10–50 kDa with the typical bovine tracheal CS
having an average Mr of 26 kDa.

A unique fucose (Fuc)‐branched CS occurs in the body wall of a sea
cucumber (Ludwigothurea grisea, Echinodermata‐Holothuroidea) (Vieira
and Mourão, 1988). The GalNAc residues may be sulfated at C‐6 or C‐4,
whereas C‐3 of GlcA residues may carry sulfate groups or sulfated Fuc
residues (Mourão et al., 1996). 3‐O‐fucosylation on GlcA residues has
also been reported in king crab cartilage CS‐K (Kitagawa et al., 1997a).
Thus, king crab cartilage CS‐K and squid cartilage CS‐E share in common
not only the presence of sugar branches but also 3‐O‐sulfation of GlcA; the
relation between these two uncommon structural characteristics remains to
be investigated.

Unusually low‐sulfated or nonsulfated CS chains and oversulfated DS
chains have been isolated from many invertebrate species. A CS of high Mr,
containing 42% nonsulfated disaccharides and 48% A units, was isolated
from the body of Viviparus ater (Mollusca, Gastropoda) (Volpi and Mucci,
1998). Interestingly, the percentage of nonsulfated units significantly
increased after lead exposure (Volpi and Mucci, 1998). An oversulfated
DS with unique structure and neutral sugars has been isolated from sea
urchin shell; DS was composed of disulfated (87%) and trisulfated (12%)
disaccharide units, a significant proportion (23%) of which were sulfony-
lated at the amino group of GalN (Manouras et al., 1991). The trisulfated
disaccharide units were Ddi‐tri(2,6,N)S and the disulfated units were mainly
Ddi‐di(2,4)S and Ddi‐di(2,N)S (Karamanos et al., 1994a). A DS rich in IdoA
(68% of total uronic acid) and composed mainly of monosulfated A (62%)
or C units (4%) and disulfated (32%) units with the peculiar disulfation at
C‐2 and C‐3 of IdoA residues has been isolated from ray skin (Raja clavata)
(Chatziioannidis et al., 1999).
V. Nonreducing Terminal _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Multiple studies have shown that CS chains do not contain a single
distinct terminal ‘‘capping residue’’ (Midura et al., 1995; Otsu et al., 1985;
Plaas et al., 1997). The predominant terminal structures in human cartilage
aggrecan are GalNAc(4S) and GalNAc (4S, 6S); the remaining chains termi-
nated with the disaccharides: GlcA‐GalNAc(4S) and GlcA‐GalNAc(6S)
(Plaas et al., 1997). GalNAc(4S, 6S) has also been found at the nonreducing
terminus of CS in the in vitro culture of chick and rat embryo cartilage (Otsu
et al., 1985), in chick chondrocytes and swarm rat chondrosarcoma (Kim
and Conrad, 1982; Midura et al., 1995) and in rabbit thrombomodulin
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CS (Bourin et al., 1990) much more abundantly than in the repeating
disaccharide chain and is suggested as the possible termination signal in
CS biosynthesis. In support to this hypothesis, sulfated CS tetra‐ or hexa-
saccharides with GlcA‐GalNAc(4S, 6S) or GlcA(3S)‐GalNAc(4S) at the
nonreducing ends did not serve as acceptors for chondroitin GalNAc
transferase (Kitagawa et al., 1997b), supporting the notion of the termi-
nation signal. Ohtake et al. (2003) have reported that a specific enzyme,
N‐acetylgalactosamine 4‐sulfate 6‐O‐sulfotransferase, seems to be involved
in the generation of this terminal modification.

In human aggrecan CS, nonreducing terminal GalNAc(4S) or GalNAc
(4S, 6S) can be linked to either a 4‐ or 6‐sulfated disaccharide, showing no
preferential activity of CS terminal GalNAc sulfotransferases (West et al.,
1999). In rabbit thrombomodulin CS, nonreducing terminal GalNAc(4S,
6S) is linked to a GlcA‐GalNAc(4S, 6S) disaccharide, which does not occur
in the repeating disaccharide region (Bourin et al., 1990). Studies on the
substrate specificity of the isolated N‐acetylgalactosamine 4‐sulfate 6‐O‐
sulfotransferase have shown that the 2‐O‐sulfation of the penultimate
GlcA residue adjacent to GalNAc(6S) appears to stimulate 6‐O‐sulfation
of the nonreducing terminal GalNAc(4S) (Ohtake et al., 2003).
VI. Future Perspectives ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CS is present in all organisms from worms to humans (not in plants) and
serves multiple important biological roles. Despite the simple nature of the
backbone polysaccharide, a great heterogeneity exists regarding degree of
sulfation, distribution of sulfate groups, and of the two epimeric uronic acids
within the chain. Fine structure determines the specificity of functions and
interactions of CS/DS. Although there are many methods for analysis of
constituent disaccharides, methodologies for complete structure elucidation
are not so mature yet and thus hinder knowledge on sequence. Progress in
this field and in identification of the enzymes involved in CS biosynthesis,
determination of their specificities, and regulation mechanisms will un-
doubtedly allow the elucidation of CS structural organization according to
the PG, tissue, organism, and developmental status.
References ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Aletras, A. J., Karamanos, N. K., and Hjerpe, A. (1991). Presence of the HNK‐1 epitope

(3‐sulfoglucuronic acid) on oligosaccharides from squid skin chondroitin proteoglycans

and degradation of proteoglycans by proteolytic enzymes. Biochem. Int. 25(2), 331–338.
Anno, K., Seno, N., Mathews, M. B., Yamagata, T., and Suzuki, S. (1971). A new dermatan

polysulfate, chondroitin sulfateH, fromhagfishnotochord.Biochim.Biophys.Acta237(1),
173–177.



44 Lamari and Karamanos
Bao,X., Nushimura, S.,Mikami, T., Yamada, S., Itoh,N., and Sugahara, K. (2004). Chondroitin

sulfate/dermatan sulfate hybrib chains from embryonic pig brain, which contain a higher

proportion of L‐iduronic acid than those from adult pig brain, exhibit neuritogenic and
growth factor binding activities. J. Biol. Chem. 279(11), 9765–9776.

Bourin, M. C., Lundgren‐Akerlund, E., and Lindahl, U. (1990). Isolation and characterization

of the glycosaminoglycan component of rabbit thrombomodulin proteoglycan. J. Biol.
Chem. 265, 15424–15431.

Cassaro, C. M. F., and Dietrich, C. P. (1977). Distribution of sulfated mucopolysaccharides in

invertebrates. J. Biol. Chem. 252(7), 2254–2261.
Casu, B., Petitou, M., Provasoli, M., and Sinay, P. (1998). Conformational flexibility: A new

concept for explaining binding and biological properties of iduronic acid‐containing
glycosaminoglycans. Trends Biochem. Sci. 13, 221–225.

Chatziioannidis, C. C., Karamanos, N. K., and Tsegenidis, T. (1999). Isolation and

characterization of a small dermatan sulfate proteoglycan from ray skin (Raja clavata).
Comp. Biochem. Physiol. B 124, 15–24.

Cheng, F., Heinegard, D., Malmstrom, A., Schmidtchen, A., Yoshida, K., and Fransson, L. A.

(1994). Patterns of uronosyl epimerization and 4‐/6‐O‐sulphation in chondroitin/

dermatan sulphate from decorin and biglycan of various bovine tissues. Glycobiology
4(5), 685–696.

Choi, H. U., Johnson, T. L., Pal, S., Tang, L. H., Rosenberg, L., and Neame, P. J. (1989).

Characterization of the dermatan sulfate proteoglycans, DS‐PGI and DS‐PGII, from

bovine articular cartilage and skin isolated by octyl‐sepharose chromatography. J. Biol.
Chem. 264(5), 2876–2884.

Coster, L., Hernnas, J., and Malmstrom, A. (1991). Biosynthesis of dermatan sulphate

proteoglycans. Biochem. J. 276, 533–539.
De Angelis, P. (2002). Microbial glycosaminoglycan glycosyltransferases. Glycobiology 12(1),

9R–16R.

de Waard, P., Vliegenthart, J. F. G., Harada, T., and Sugahara, K. (1992). Structural studies

on sulfated oligosaccharides derived from the carbohydrate‐protein linkage region
of chondroitin 6‐sulfate proteoglycans of shark cartilage. II. J. Biol. Chem. 267,

6036–6043.

Deepa, S. S., Yamada, S., Zako, M., Goldberger, O., and Sugahara, K. (2004). Chondroitin

sulfate chains on syndecan‐1 and syndecan‐4 from normal murine gland epithelial cells
are structurally and functionally distinct and cooperate with heparan sulfate chains to

bind growth factors. J. Biol. Chem. 279(36), 37368–37376.
Desaire, H., Sirich, T. L., and Leary, J. A. (2001). Evidence of block and randomly sequenced

chondroitin polysaccharides: Sequential enzymatic digestion and quantification using on
trap tandem mass spectrometry. Anal. Chem. 73(15), 3513–3520.

Eklund, E., Roden, L., Malmstrom, M., and Malmstrom, A. (2000). Dermatan is a better

substrate for 4‐O‐sulfation than chondroitin: Implications in the generationof4‐O‐sulfated,
L‐iduronate‐rich galactosaminoglycans. Arch. Biochem. Biophys. 383(2), 171–177.

Evers, M. R., Xia, G., Kang, H.‐G., Schachner, M., and Baenziger, J. U. (2001). Molecular

cloning and characterization of a dermatan‐specific N‐acetylgalactosamine 4‐O‐sulfo-
transferase. J. Biol. Chem. 276(39), 36344–36353.

Falshaw, R., Hubl, U., Ofman, D., Slim, G. C., Amjad Tariq, M., Watt, D. K., and Yorke, S. C.

(2000). Comparison of the glycosaminoglycans isolated from the skin and head cartilage

of Gould’s arrow squid (Nototodarus gouldi). Carbohyd. Polym. 41, 357–364.
Fransson, L. A., Havsmark, B., and Silverberg, I. (1990). A method for the sequence analysis of

dermatan sulphate. Biochem. J. 269(2), 381–388.
Fransson, L. A., Belting, M., Jonsson, M., Mani, K., Moses, J., and Oldberg, A. (2000).

Biosynthesis of decorin and glypican. Matrix Biol. 19, 367–376.



Structure of CS 45
Gulberti, S., Lattard, V., Fondeur, M., Jacquinet, J.‐C., Mulliert, G., Netter, P., Magdalou, J.,

Ouzzine, M., and Fournel‐Gigleux, S. (2005). Phosphorylation and sulfation of

oligosaccharide substrates critically influence the activity of human 1,4‐galactosyltrans-
ferase 7 (GalT‐I) and 1,3‐glucuronosyltransferase I (GlcAT‐I) involved in the biosynthesis

of the glycosaminoglycan‐protein linkage region of proteoglycans. J. Biol. Chem. 280(2),
1417–1425.

Habuchi, O., Sugiura, K., and Kawai, N. (1977). Glucose branches in chondroitin sulfates
from squid cartilage. J. Biol. Chem. 252, 4570–4576.

Karamanos, N. K. (1992). Two squid skin proteoglycans each containing chondroitin sulfates

with different sulfation patterns. Biochem. Cell Biol. 70(8), 629–635.
Karamanos, N. K., Aletras, A. J., Antonopoulos, C. A., Tsegenidis, T., Tsiganos, C. P., and

Vynios, D. H. (1988). Extraction and fractionation of proteoglycans from squid skin.

Biochim. Biophys. Acta 966(1), 36–43.

Karamanos, N. K., Aletras, A. J., Antonopoulos, C. A., Hjerpe, A., and Tsiganos, C. P. (1990).
Chondroitin proteoglycans from squid skin. Isolation, characterization and immunologi-

cal studies. Eur. J. Biochem. 192(1), 33–38.
Karamanos, N. K., Manouras, A., Tsegenidis, T., and Antonopoulos, C. A. (1991). Isolation

and chemical study of the glycosaminoglycans from squid cornea. Int. J. Biochem. 23(1),
67–72.

Karamanos, N. K., Aletras, A. J., Tsegenidis, T., Tsiganos, C. P., and Antonopoulos, C. A.

(1992). Isolation, characterization and properties of the oversulphated chondroitin

sulphate proteoglycan from squid skin with peculiar glycosaminoglycan sulphation
pattern. Eur. J. Biochem. 204(2), 553–560.

Karamanos, N. K., Syrokou, A., Vanky, P., Nurminen, M., and Hjerpe, A. (1994a).

Determination of 24 variously sulfated galactosaminoglycan‐ and hyaluronan‐derived
disaccharides by high‐performance liquid chromatography. Anal. Biochem. 221,

189–199.

Karamanos, N. K., Aletras, A. J., Antonopoulos, C. A., and Hjerpe, A. (1994b). Determination

of the HNK‐1 epitope (3‐sulphated glucuronic acid) in intact chondroitin sulphates by
ELISA. Biochimie 76, 79–82.

Karamanos, N. K., Vanky, P., Syrokou, A., and Hjerpe, A. (1995). Identity of dermatan and

chondroitin sequences in dermatan sulfate chains determined by using fragmentation with

chondroitinases and ion‐pair high‐performance liquid chromatography. Anal. Biochem.
225(2), 220–230.

Kim, J. J., and Conrad, H. E. (1982). Proteochondroitin sulfate synthesis in subcultured chick

embryo tibial chondrocytes. J. Biol. Chem. 257, 1670–1675.
Kinoshita, A., Yamada, S., Haslam, S. M., Morris, H. R., Dell, A., and Sugahara, K. (1997).

Novel tetrasaccharides isolated from squid cartilage chondroitin sulfate E contain

unusual sulfated disaccharide units GlcA(3‐O‐sulfate)beta1–3GalNAc(6‐O‐sulfate) or

GlcA(3‐O‐sulfate)beta1–3GalNAc. J. Biol. Chem. 272(32), 19656–19665.
Kinoshita‐Toyoda, A., Yamada, S., Haslam, S. M., Khoo, K.‐H., Sugiura, M., Morris, H. R.,

Dell, A., and Sugahara, K. (2004). Structural determination of five novel tetrasaccharides

containing 3‐O‐sulfated D‐glucuronic acid and two rare oligosaccharides containing a

b‐D‐glucose branch isolated from squid cartilage chondroitin sulfate E. Biochemistry 43,
11063–11074.

Kitagawa, H., Tanaka, Y., Yamada, S., Seno, N., Haslam, S. M., Morris, H. R., Dell, A., and

Sugahara, K. (1997a). A novel pentasaccharide sequence GlcA(3‐sulfate)(beta1–3)
GalNAc(4‐sulfate)(beta1–4)(Fuc alpha1–3)GlcA(beta1–3)GalNAc(4‐sulfate) in the
oligosaccharides isolated from king crab cartilage chondroitin sulfate K and its

differential susceptibility to chondroitinases and hyaluronidase. Biochemistry 36(13),

3998–4008.



46 Lamari and Karamanos
Kitagawa, H., Tsutsumi, K., Ujikawa, M., Goto, F., Tamura, J., Neumann, K. W., Ogawa, T.,

and Sugahara, K. (1997b). Regulation of chondroitin sulfate biosynthesis by specific

sulfation: Acceptor specificity of serum beta‐GalNAc transferase revealed by structurally
defined oligosaccharides. Glycobiology 7, 531–537.

Lauder, R. M., Huckerby, T. N., and Nieduzynski, I. A. (2000a). Increased incidence of

unsulfated and 4‐sulfated residues in the chondroitin sulfate linkage region observed by

high pH anion‐exchange chromatography. Biochem. J. 347, 339–348.
Lauder, R. M., Huckerby, T. N., and Nieduszynski, I. A. (2000b). A fingerprinting method for

chondroitin/dermatan sulfate and hyaluronan oligosaccharides. Glycobiology 10(4),

393–401.

Lauder, R. M., Huckerby, T. N., Brown, G. M., Bayliss, M. T., and Nieduszynski, I. A. (2001).
Age‐related changes in the sulfation of the chondroitin sulphate linkage region from

human articular cartilage aggrecan. Biochem. J. 358, 523–528.
Lindahl, U., and Roden, L. (1966). The chondroitin 4‐sulfate‐protein linkage. J. Biol. Chem.

241(9), 2113–2119.

Manouras, A., Karamanos, N. K., Tsegenidis, T., and Antonopoulos, A. (1991). Isolation and

chemical characterization of two acid carbohydrates from the sea urchin shell, extraction

and fractionation of their protein complexes. Comp. Biochem. Physiol. B 99(1), 119–124.
Midura, R. J., Calabro, A., Yanagishita, M., and Hascall, V. C. (1995). Nonreducing end

structures of chondroitin sulfate chains on aggrecan isolated from swarm rat

chondrosarcoma cultures. J. Biol. Chem. 270, 8009–8015.
Mikami, T., Mizumoto, S., Kago, N., Kitagawa, H., and Sugahara, K. (2003). Specificities of

three distinct human chondoritin/dermatan N‐acetylgalactosamine 4‐O‐sulfotransferases
demonstrated using partially desulfated dermatan sulfate as an acceptor. J. Biol. Chem.
278(38), 36115–36127.

Mitropoulou, T. N., Lamari, F., Syrokou, A., Hjerpe, A., and Karamanos, N. K. (2001).

Identification of oligomeric domains within dermatan sulfate chains using differential

enzymic treatments, derivatization with 2‐aminoacridone and capillary electrophoresis.

Electrophoresis 22(12), 2458–2463.
Mizuguchi, S., Uyama, T., Kitagawa, H., Nomura, K. H., Dejima, K., Gengyo‐Ando, K.,

Mitani, S., Sugahara, K., and Nomura, K. (2003). Chondroitin proteoglycans are

involved in cell division of Caenorhabditis elegans. Nature 423(6938), 443–448.

Mourão, P. A. S., Pereira, M. S., Pavão, M. S., Mulloy, B., Tollefsen, D. M., Mowinckel, M. C.,
and Abilgaard, U. (1996). Structure and anticoagulant activity of a fucosylated

chondroitin sulfate from echinoderm. J. Biol. Chem. 271(39), 23973–23984.
Nadanaka, S., and Sugahara, K. (1997). The unusual tetrasaccharide sequence GlcAb1–

3GalNAc (4‐sulfate)b1–4GlcA(2‐sulfate)b1–3GalNAc (6‐sulfate) found in the hexasac-
charides prepared by testicular hyaluronidase digestion of shark cartilage chondroitin

sulfate D. Glycobiology 7, 253–263.

Nadanaka, S., Fujita, M., and Sugahara, K. (1999). Demonstration of a novel sulfotransferase
in fetal bovine serum, which transfers sulfate to the C6 position of the GalNAc residue in

the sequence iduronic acid alpha1–3GalNAc beta1–4iduronic acid in dermatan sulfate.

FEBS Lett. 452(3), 185–189.
Noulas, A. V., Skandalis, S. S., Feretis, E., Theocharis, D. A., and Karamanos, N. K. (2004).

Variations in content and structure of glycosaminoglycans of the vitreous gel from

different mammalian species. Biomed. Chromatogr. 18, 457–461.
Ohtake, S., Kimata, K., and Habuchi, O. (2003). A unique nonreducing terminal modification

of chondroitin sulfate by N‐acetylgalactosamine 4‐sulfate 6‐O‐sulfotransferase. J. Biol.
Chem. 278(40), 38443–38452.

Otsu, K., Inoue, H., Tsuzuki, Y., Yonekura, H., Nakanishi, Y., and Suzuki, S. (1985). A distinct

terminal structure in newly synthesized chondroitin sulphate chains.Biochem. J. 227, 37–48.



Structure of CS 47
Plaas, A. H. K., Wong‐Palms, S., Roughley, P. J., Midura, R. J., and Hascall, V. C. (1997).

Chemical and immunological assay of the nonreducing terminal residues of chondroitin

sulfate from human aggrecan. J. Biol. Chem. 272(33), 20603–20610.
Prydz, K., and Dalen, K. T. (2000). Synthesis and sorting of proteoglycans. J. Cell Science 113,

193–205.

Roseman, S. (2001). Reflections on glycobiology. J. Biol. Chem. 276(45), 41527–41542.
Sakai, S., Kim, W. S., Lee, I. S., Kim, Y. S., Nakamura, A., Toida, T., and Imanari, T. (2003).

Purification and characterization of dermatan sulfate from the skin of the eel, Anguilla
japonica. Carbohydr. Res. 338, 263–269.

Seidler, D. G., Breuer, E., Grande‐Allen, K. J., Hascall, V. C., and Kresse, H. (2002). Core

protein dependence of epimerization of glucuronosyl residues in galactosaminoglycans.
J. Biol. Chem. 277(44), 42409–42416.

Silbert, J. E. (1996). Organization of glycosaminoglycan sulfation in the biosynthesis of

proteochondroitin sulfate and proteodermatan sulfate. Glycoconj. J. 13, 907–912.
Silbert, J. E., and Sugumaran, G. (2002). Biosynthesis of chondroitin/dermatan sulfate. IUBMB

Life 54, 177–186.

Stern, E. L., Lindahl, B., and Roden, L. (1971). The linkage of dermatan sulfate to protein. II.

Monosaccharide sequence of the linkage region. J. Biol. Chem. 246(18), 5707–5715.
Sugahara, K., Ohkita, Y., Shibata, Y., Yoshida, K., and Ikegami, A. (1995). Structural studies

on the hexasaccharide alditols from the carbohydrate‐protein linkage region of dermatan

sulfate proteoglycans of bovine aorta. J. Biol. Chem. 270(13), 7204–7212.
Sugahara, K., and Kitagawa, H. (2000). Recent advances in the study of the biosynthesis and

functions of sulfated glycosaminoglycans. Curr. Opin. Struct. Biol. 10(5), 518–527.
Sugahara, K., and Yamada, S. (2000). Structure and function of oversulfated chondroitin

sulfate variants: Unique sulfation patterns and neuroregulatory activities. Trends
Glycosci. Glycotechnol. 12, 321–349.

Suzuki, S., Saito, H., Yamagata, T., Anno, K., Seno, N., Kawai, Y., and Furuhashi, T. (1968).

Formation of three types of disulfated disaccharides from chondroitin sulfates by

chondroitinase digestion. J. Biol. Chem. 243(7), 1543–1550.
Takagaki, K., Munakata, H., Kakizaki, I., Iwafune, M., Itabashi, T., and Endo, M. (2002).

Domain structure of chondroitin sulfate E octasaccharides binding to type V collagen.

J. Biol. Chem. 277(11), 8882–8889.
Takaya, Y., Uchisawa, H., Narumi, F., and Matsue, H. (1996). Illexins A, B and C from squid

ink should have a branched structure. Biochem. Biophys. Res. Commun. 226, 335–338.
Theocharis, A. D., Karamanos, N. K., and Tsegenidis, T. (1999). Isolation and analysis of a

novel acidic polysaccharide from the case of squid pen. Int. J. Biol. Macromol. 26(1),
83–88.

Trowbridge, J. M., and Gallo, R. L. (2002). Dermatan sulfate: New functions from an old

glycosaminoglycan. Glycobiology 12(9), 117R–125R.

Tsuchida, K., Shioi, J., Yamada, S., Boghosian, G., Wu, A., Cai, H., Sugahara, K., and Robakis,
N. K. (2001). Appican, the proteoglycan form of the amyloid precursor protein, contains

chondroitin sulfate E in the repeating disaccharide region and 4‐O‐sulfated galactose in

the linkage region. J. Biol. Chem. 276(40), 37155–37160.
Ueno, M., Yamada, A., Zako, M., Bernfield, M., and Sugahara, K. (2001). Structural

characterization of syndecan‐1 purified from normal murine mammary gland epithelial

cells. J. Biol. Chem. 276(31), 29134–29140.
Ueoka, C., Nadanaka, S., Seno, N., Khoo, K.‐H., and Sugahara, K. (1999). Structural

determination of novel tetra‐ and hexasaccharide sequences isolated from chondroitin
sulfate H (oversulfated dermatan sulfate) of hagfish notochord.Glycoconj. J. 16, 291–305.

Vieira, R. P., and Mourao, P. A. S. (1988). Occurrence of a unique fucose‐branched chondroitin

sulfate in the body wall of a sea cucumber. J. Biol. Chem. 263(34), 18176–18183.



48 Lamari and Karamanos
Volpi, N., and Mucci, A. (1998). Characterization of a low‐sulfated chondroitin sulfate from

the body of Viviparus ater (mollusca gastropoda). Modification of its structure by lead

pollution. Glycoconj. J. 15, 1071–1078.
West, L. A., Roughley, P., Nelson, F. R. T., and Plaas, A. H. K. (1999). Sulphation heterogeneity

in the trisaccharide (GalNAcSb1,4GlcAb1,3GalNAcS) isolated from the non‐reducing
terminal of human aggrecan chondroitin sulphate. Biochem. J. 342, 223–229.

Yamada, S., Okada, Y., Ueno, M., Iwata, S., Deepa, S. S., Nishimura, S., Fujita, M., Van Die,
I., Hirabayashi, Y., and Sugahara, K. (2002). Determination of the glycosaminoglycan‐
protein linkage region oligosaccharide structures of proteoglycans from Drosophila
melanogaster and Caenorhabditis elegans. J. Biol. Chem. 277(35), 31877–31886.

Yamada, T., Ohtake, S., Sato, M., and Habuchi, O. (2004). Chondroitin 4‐sulfotransferase‐1
and chondroitin 6‐sulfotransferase‐1 are affected by uronic acid residues neighbouring the

acceptor GalNAc residues. Biochem. J. 384(Pt 3), 567–575.



Barbara Mulloy

National Institute for Biological Standards and Control

Herts. EN6 3QG

United Kingdom
Progress in the Structural Biology

of Chondroitin Sulfate
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The chondroitin sulfates (CSs) are, like most other glycosaminoglycans
(GAGs), linear polysaccharides in which a simple disaccharide repeating
unit has been modified postpolymerization to give a more complex and
heterogeneous set of structures. The significance of CS to the structural
integrity of extracellular matrix has long been recognized, and in that
context the three‐dimensional structures of CS and whole proteoglycans
(PGs) of which they are a part have been the subject of classic studies. CS
has been recognized in more diverse structural roles, and it has been shown
to link two proteins together. However, CS may also take part in specific
interactions with proteins through specific oligosaccharide sequences, some
of which are highly sulfated, and the significance of these interactions for
growth and development of tissues has inspired structural determinations
for these active structures. Experimental studies of protein–CS complex
structures are now appearing, and theoretical as well as experimental
approaches have been applied to CS with interesting results.
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The CSs are three galactosaminoglycans (GalAGs); that is, they are
polysaccharides made up of alternating galactosamine and uronic acid
monosaccharide residues. They are the GAG side chains of PGs, either
alone or with other GAGs, such as heparan sulfate (HS) or keratan sulfate
(KS), and are found throughout the animal kingdom. There are three main
structural categories of CS, traditionally known as CS‐A, CS‐B, and CS‐C.
The predominant structures of these categories are shown in Fig. 1. CS‐A is
also known as chondroitin‐4‐sulfate (C4S), CS‐C as chondroitin‐6‐sulfate
(C6S), and CS‐B as dermatan sulfate (DS); these are the names used in this
chapter. In all chondroitins, the galactosamine is N‐acetylated (in contrast
FIGURE 1 The major repeating disaccharides in the structure of: (A) chondroitin‐4‐sulfate
[4)‐b‐D‐GlcA‐(1!3)‐b‐D‐GalNAc4SO3

�(1!], (B) chondroitin‐6‐sulfate [4)‐b‐D‐GlcA‐(1!3)‐b‐D‐
GalNAc6SO3

–(1!], and (C) dermatan sulfate [4)‐a‐L‐IdoA‐(1!3)‐b‐D‐GalNAc4SO3
� (1!].
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with the occurr ence of N ‐ sulfated and unsu bstituted glucos amine found in
HS). In C4S and C6S, the uro nic acid is b ‐D ‐glucur onic acid; in DS it is a‐ L‐
iduronic a cid, formed from glucuron ic acid by epimerizat ion at C5 during
biosynth esis. The region of linkage to the protein core has a differe nt and
specific struc ture, an d the nonreduci ng end s are capped with sequen ces
displayin g specific substitution patterns.

Very few existing chondroitins have the simple structures implied in Fig. 1.
To a greater or lesser extent they are all mixtures of the structures shown,
named according to whichever structure predominates. Variants of these
structures are found in invertebrates, differing from the mammalian forms in
their substitution with extra sulfates or even bearing sulfated fucose side chains
(Vi e i r a et al., 1991). In addition, there exist sequences within mammalian
chondroitins, which bear extra sulfate substitution, and some such sequences
appear to have specific functions (Sugahara et al., 2003).

Chondroitins are major constituents of the extracellular matrix (ECM), in
the context of densely glycosylated PGs such as aggrecan. Their role has been
seen as primarily structural, depending on bulk properties of the hydrated,
negatively charged polysaccharide chains in association with aggrecan protein
core, collagen, and hyaluronan. However, it has been recognized that chon-
droitin, like HS, can play a part in growth and development of tissues by
means of specific interactions with functional proteins. In this respect the
smaller PGs, bearing only one or two GAG chains, may be important.

The structura l biol ogy of chondro itins, as isolated polysa ccharid es, as
compone nts of PGs, and in their interact ions with pro tein ligan ds, ha s a long
and varied hist ory. The chondro itins are particul arly intract able to standar d
experime ntal met hods; native PGs will not cryst allize and are too large
and heter ogeneous for solution struc tural a nalysis by NMR . The isolate d
polysacchar ide chains are also heter ogeneous and polyd isperse, an d the
proton NMR spectra of cho ndroitins are not sufficient ly well dispe rsed to
allow analys is of structure an d dyn amics in solut ion in the way that has been
done for other polysacchar ides , including the GAG he parin (a highl y sulfat-
ed HS used widel y in medici ne as an a nticoagul ant and antithrom botic).

The follow ing sect ions of this chapte r discuss first, the con formation al
analysis of isolated CS ch ains; second, some of the met hods that have been
used to de termine and v isualize the struc tures of chon droitin PGs; and
finally, some studies of specific chon droitin–pr otein interactions .
III. Experimental Structures of CS Chains _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Coordinates for the three‐dimensional structures of glycans are found in
the protein database (PDB) (http://www.rcsb.org/pdb/), for free polysacchar-
ides as well as for glycoconjugates and glycan–protein complexes. Two x‐ray
structures for C4S have been in the database for many years, both based on
fiber diffraction patterns; one of them [PDB code 1C4S (Winter et al., 1978)]

http://www.rcsb.org/pdb/
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for the sodium salt of pure C4S and the other [PDB code 2C4S (Cael et al.,
1978)] for the calcium salt; the data on which this structure was based was
obtained fromanoriented sample of PG.The twoC4S structures are illustrated
in Fig. 2. They are both fairly extended; the sodium salt adopts a regular
FIGURE 2 X‐ray diffraction structures of C4S, in (A) side and (B) end views, shown in stick

representation with carbon in green, oxygen in red, nitrogen in blue, and cation in purple.

Water in the crystal structure and sodium ions are shown as star shapes. On the left of each

panel is the structure 1C4S (in which the cation is sodium) and on the right is 2C4S (in which
the cation is closely coordinated calcium). In 1C4S the helix makes a complete turn every three

disaccharides, whereas in 2C4S the polysaccharide is more extended, making a complete turn

every two disaccharides.



Structural Biology of Chondroitin Sulfate 53
threefold helix and the calcium salt a more extended twofold helix. Intramo-
lecular hydrogen bonds stabilize the structures, and the closely packed
polysaccharide chains also interact by means of intermolecular hydrogen
bonds.

It is only recently that additional solid‐state chondroitin coordinates
have been added to the database, in the form of oligosaccharide structures in
complex with some of the enzymes of chondroitin degradation. The overall
shapes of polysaccharides in solution are determined by the torsional angles
around the two bonds between each monosaccharide residue (Fig. 3A), and
these angles, f andc, provide a convenient way to compare all the published
experimental three‐dimensional structures. The top section of Table I lists
these values, and Fig. 3B shows a plot of f vs. c for each of the experimental
structures of C4S, which demonstrates good agreement between the classic
structure for the isolated polysaccharide and the more recent structures of
protein‐bound oligosaccharides. Conformations of the oligosaccharides
bound to chondroitinase AC are close to those found in the calcium structure
(2C4S) (Huang et al., 2001; Lunin et al., 2004); the 1–4 linkage of the C4S
tetramer bound to chondroitinase B (Michel et al., 2004) is, however,
somewhat distorted.

An x‐ray structure for DS has been published (Mitra et al., 1983), but
the coordinates have not been deposited in the PDB. Torsional angles f
and c are however given for three allomorphs; an eightfold, a threefold,
and a twofold helix; these are listed in Table I. One crystal structure of
chondroitinase AC bound to a dermatan tetrasaccharide also provides
torsional angle data (Table I) (Huang et al., 2001). Chondroitin B lyase
retains activity in the crystal, so only disaccharides are seen in the crystal
structure of the complex of a dermatan hexasaccharide bound to this en-
zyme (Michel et al., 2004). The conformation of a bound tetrasaccharide
has been estimated by modeling the docked complex, and the oligosaccha-
ride is predicted to be distorted away from the helical solid‐state structure
of DS.

Experimental data for C6S (listed in the lower portion of Table I) are
limited to one linkage in a mixed tetrasaccharide bound to the hyaluronate
lyase of S. pneumoniae (Rigden and Jedrzejas, 2003).
IV. Theoretical Studies ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

There are no experimental data to indicate that the structures identified
in the solid state are dominant, or even present, in solution: NMR spectro-
scopic techniques useful for other GAGs, such as heparin (Mulloy et al.,
1993), are problematic in the case of the GalAGs, which, fortuitously, have
inconvenient overlaps in their proton NMR spectra even at high field. In any
case, it is not clear whether the close‐packed solid‐state structures or the
dilute solution structures with no interactions between solute molecules are
the most suitable model of CS within ECM. In this situation, molecular



FIGURE 3 (A) The angles f and c illustrated for the GlcA 1!3 GalNAc linkage of C4S.

Atoms used to define torsional angles around the two glycosidic bonds are marked with an

asterisk. The symbols f and c conventionally represent the torsional angles at the glycosidic
linkage between residue i and residue (i–1). According to current recommendations from the

IUPAC‐ I UBMB [ IU PAC ‐ IU B Jo int Com mi ss ion on Bi o che mi cal No men cla t ur e ( JCB N).

Symbols for specifying the conformation of polysaccharide chains. Recommendations 1981.

Eur. J. Biochem. 1983, 131:5–7], these are defined from heavy atoms in the structure as
follows: ‘‘The angle f about the bond from the anomeric carbon to the oxygen that joins the

two residues is specified using the ring oxygen as a reference atom. The torsion angle c about

the bond from the glycosylated oxygen of the (i�1)th residue to a carbon of this residue uses

the carbon atom one lower in numbering as a reference atom.’’ This is the convention used in
this article; care must be taken in comparison with values given in publications in which

the angle c is defined using the carbon atom one higher in numbering. The values fH and cH

are defined using the hydrogen atoms at C1 of residue i and at the linked carbon of residue
(i–1). (B) Plots of observed and predicted glycosidic torsional angles f and c for the b–1!3

and b–1!4 glycosidic linkages in A: C4S, r experimentally determined values; j predicted

values from Kaufmann et al. (1999); ▴ predicted values from Bayraktar et al. (2004);

□ predicted values from Bathe et al. (2005).
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TABLE I Glycosidic Linkage Torsional Angles for GlcA ‐GlcNAc (1!3) and GlcNAc‐GlcA (1 !4) Linkages in (A) C4S and

(B) C6S and DS Conformations

(A) Experimental and Theoretical C4S Conformations GlcA‐GalNAc (1!3 linkage) GalNAc ‐GlcA (1!4 linkage)

Chondroitin‐4‐sulfate � c � c

Experimental Helix

1C4S ( Winter et al., 1978) Polymer Fiber 3‐ fold �86 �111 �80 110

2C4S ( Cael et al., 1978) 2‐ fold �80 �132 �98 66
1OFM a Tetramer Crystal �83 �141 �69 131

1RWFb �76 �130 �66 90

1RWGb �81 �127 �69 94

1RWHb �78 �131 �76 100
1HMWc Mixed tetramer �88 99

Minimum

Kaufmann et al. (1999) Tetramer Molecular dynamics 1 �10 154 �10 169

2 80 �149
Bayraktar et al. (2004) 1 59 �124 �95 139

2 �103 46 �118 �83

3 �63 �85

Bathe et al. (2005a) Polymer Coarse‐grained calcs �58 �124 �58 108
Almond and Sheehan (2000) Molecular dynamics �71 �149 �71 120

(continues )

5
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(B) Experimental and Theoretical C6S and DS Conformations

GlcA‐GalNAc (1!3 linkage) GalNAc ‐GlcA (1! 4 linkage)

� c � c

Dermatan sulfate

Experimental Helix

Mitra et al . (1983) Polymer Fiber 8 ‐fold �160 �133 �103 92

3 ‐fold �64 �116 �87 97
2 ‐fold �106 �102 �98 55

1HM2c Tetramer Crystal �108 �159 �64 83

Theoretical
Almond and Sheehan (2000) Molecular dynamics �69 �164 �68 162

Proposed solid state �59 �169 �72 117

Chondroitin‐ 6‐sulfate

Experimental
1HMWc Mixed Tetramer Crystal �90 �151

Theoretical Minimum
Bayraktar et al. (2004) 1 98 �131 �103 156

2 �119 51 �121 �62

3 �78 �91

Bathe et al. (2005) Polymer Coarse‐grained calcs �51 �126 �55 102

aIn complex with the chondroitin B lyase of Pedobacter heparinus ( Michel et al., 2004).
bIn complex with the chondroitin AC lyase of Arthrobacter aurescens (Lunin et al ., 2004).
cIn complex with the chondroitin AC lyase of Pedobacter heparinus (Huang et al ., 2001).
Note: Experimental values from x‐ray structures and oligosaccharide–enzyme cocrystals, excluding linkages between nonreducing terminal uronic acid and

GalNAc. Predictions from theoretical calculations are also included for comparison. The glycosidic torsional angles f and c (expressed in degrees) are

defined as described for Figure 3.

TABLE I (continued)
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modeling can at least predi ct which conformat ions of chondroi tin are ener-
getically preferre d, both in a vacuum and in aq ueous solut ion.

Kaufmann et al. (199 9) have studi ed a C4S tetrasac charide in aqueous
solution by molecul ar dy namics; an exampl e of a study using the mol ecular
mechanic s type of co nformatio nal energy calculation. The low ‐ energy con -
formatio ns identifie d by this meth od (squar e symbols in Fig. 3B) do not
include the experime ntally deter mined soli d‐ state struc tures, altho ugh the
starting struc ture was taken dire ctly from it. Bayrakt ar et al. (200 4) have
used semiempi rical method s to map the conform ational space round the two
linkages in C4S and C6S; in some respe cts, this is more a rigoro us type of
calculation than molecul ar mech anics, but it does not take account of
solvation. The approach identifies the solid‐state conformations of both
linkages as one minimum in the energy map. The coarse‐grained approach
of Ba the et al. (20 05a) with low er resolu tion (at the residue level rather than
the atomic level) has energy minima in the f/cmap, which approximate the
solid‐state structures quite well.

Simulation of large PGs and their complexes in ECM cannot be achieved
at atomic resolution, and this more coarsely grained type of molecular
model is being developed to cope with huge macromolecular systems
(Bathe et al., 2005a). The approach is well suited to GAGs in which a limited
number of residue and linkage types are arranged in a linear fashion.
V. NMR Studies of CS and DS Polysaccharides ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Both 1H and 13C NMR spectroscopy are extensively used in the charac-
terization of CS structures, both for oligosaccharides and for heterogeneous
polysaccharide preparations (Mucci et al., 2000). No detailed solution
structure based on NMR spectroscopic data is available for any of the
chondroitins; this is partly because of overlap of signals even in high‐field
spectra, and partly because, in contrast to the glucosaminoglycan heparin
(Mulloy et al., 1993), there are no strong inter‐residue nuclear Overhauser
effects with which to define a well‐determined solution conformation
(author’s unpublished observations).

Analysis of proton spectra has been useful in examining dynamic aspects
of CS and DS structure (Huster et al., 2004; Naji et al., 2000). Both the
glucuronic and galactosamine residues in C4S and C6S adopt the 4C1 chair
conformation typical of D‐hexopyranoses. However, the uronic acid in DS,
a‐L‐iduronic acid, has been for many years a source of conformational con-
troversy, in two respects: the conformation of the iduronate pyranose ring in
the solid state and its conformational equilibrium in solution. The original
refinement of the x‐ray structure of DS was performed with alpha‐L‐iduronic
acid (IdoA) in the 4C1 conformation (Mitra et al., 1983); the 1C4 chair, which
might be expected for an L‐hexopyranose, is incompatible with the height
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per residue and number of residues per turnmeasured from the diffraction data
(Almond and Sheehan, 2000; Mitra et al., 1983; Venkataraman et al., 1994).
Almond and Sheehan (2000), using a molecular dynamics approach (and
giving a thorough account of the previous three decades of the controversy),
come to the conclusion that the diffraction data can best be interpreted with
the iduronate residues in the 2S0 skew‐boat conformation, giving a left‐handed
helix similar to those of the other GAG solid‐state structures.

Early solid‐state NMR studies (Winter et al., 1986) had indicated that
the conformation of the iduronate pyranose ring is similar in the solid and
solution states. Solution NMR data available at that date clearly ruled out
the 4C1 chair form and seemed to indicate a distorted 1C4 chair (Gatti et al.,
1979). This conclusion was not, however, supported by the ease with which
DS is oxidized by periodate, which prefers adjacent equatorial hydroxyls
such as are found in the 4C1 chair. A more detailed examination of the
proton–proton coupling constants of iduronate residues in GAGs indicated
a conformational equilibrium between the 1C4 chair and a 2S0 skew‐boat
form at least; possibly also with small proportions of 4C1 chair in the mix
(Ferro et al., 1990; Inuoe et al., 1990). Both the 2S0 skew boat and the 4C1

chair are susceptible to periodate oxidation; in spite of this the controversy
continued. Some authors find this equilibrium explanation convincing
(Scott et al., 1995) and other prefer the idea of a single, distorted 1C4 chair
(Rao et al., 1995). Molecular dynamics studies, interpreted together with
NMR data, have indicated that the 2S0 skew‐boat form may itself be a
simplification of a rapidly interchanging group of related boat and skew‐
boat conformations (Forster and Mulloy, 1993). Modeling of a DS oligosac-
charide into the active site of chondroitinase B has indicated a 2,5B boat form
for one of the iduronate rings, a conformation closely related to the 2S0 skew
boat by pseudorotation through a low‐energy barrier (Michel et al., 2004).
This additional source of internal mobility may have functional significance;
the iduronate‐containing sequences of HS bear patterns of sulfate substitu-
tion conferring differential specificity for protein ligands such as growth
factors and their receptors, and DS also has affinity for some of the same
proteins (Penc et al., 1998).
VI. Structures of CS Proteoglycans ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The many and varied structures of PGs have been well reviewed else-
where (Hardingham and Fosang, 1992; Iozzo, 1998; Knudson and Knudson,
2001). As they are by definition glycosylated and are sometimes very large,
neither x‐ray crystallography nor NMR spectroscopy has been able to provide
structural information at atomic resolution. The structural biology of whole
PGs is put together piecemeal from several techniques, and when dealing with
the structural PGs of cartilage the subject overlaps heavily with the areas of
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biomechanics and materials science. Two PGs will here serve as illustrations:
the large matrix PG aggrecan and the small, leucine rich PG decorin.

Aggrecan is the main structural PG of articular cartilage and has been the
subject of structural studies by a variety of physicochemical methods. Each
core protein bears many CS chains, closely spaced along its central extended
CS1 and CS2 domains. Aggrecan associates (through its globular G1 do-
main) with hyaluronate and link protein, forming a supramolecular complex
with collagen, which produces the exceptional biomechanical properties of
cartilage. Figure 4 shows an atomic forcemicroscopy (AFM) image (Ng et al.,
2003) that illustrates the ‘‘mop‐like’’ structure of this PG; the polysacchar-
ides, however flexible they may be in theory, are so close to their neighbors
(the GAG–GAG spacing is about 4 nm) that they have little freedom to do
other than adopt an extended conformation such as the x‐ray structures
shown in Fig. 4. Incidentally, these images also give the impression that all
or most of the chondroitin side chains are similar in length; the ‘‘mop’’ looks
quite tidy, especially in the case of fetal epiphyseal cartilage (Fig. 4). These
closely packed, negatively charged polysaccharides, with their counterions
and solvation shells, are well designed for a space‐filling role in cartilage,
providing an elastic cushion effect under conditions of load. It has been
estimated by a theoretical biomechanics study that CS intermolecular elec-
trostatic repulsive forces are responsible for about 50% of the equilibrium
compressivemodulus of articular cartilage (Dean et al., 2003); this figurewas
in reasonable agreement with the results from a nanomechanics study in
which the repulsive force between two chondroitin substituted surfaces, a
probe tip and a planar substrate, was measured (Seog et al., 2005). The
coarse‐grained molecular modeling system of Bathe et al. (2005a) has been
used to predict the effects of CS structure on osmotic pressure in aqueous
solution (Bathe et al., 2005b); neither the position nor the extent of sulfation
of CS chains is predicted to affect osmotic pressure at physiological ionic
strength. The fine structure of chondroitin chains and differences in 4‐ and
6‐sulfation in different circumstances do not affect such bulk properties;
simple charge‐density models of CS as a polyelectrolyte are adequate. The
observed variations of chondroitin fine structure with changes in tissue
environment have more complex explanations, which may involve sequence
specific interactions with proteins. For example, Sauerland et al. (2003) have
investigated changes in CS sequence in response to mechanical loading in
cartilage explants and found that the 4,6 disulfated nonreducing caps of CS
decrease in abundance. These terminal sequences, in heavily glycosylated
PGs, are those that most accessible for such interactions.

The mobility of the various components of cartilage may be investigated
by 13C NMR relaxation times. Comparison of isolated chondroitin and its
monosaccharides with whole cartilage samples has shown that the carbo-
hydrate component of cartilage retains mobility, whereas the protein
components remain relatively rigid (Huster et al., 2002; Naji et al., 2000).



FIGURE 4 Atomic force microscopy images: (A) Fetal epiphyseal aggrecan; (B): Adult nasal

aggrecan. The N‐terminal globular domains, as well as the heavily glycosylated CS domains,
can clearly be seen. The closely packed chondroitin side‐chains are shorter and perhaps have a

wider length distribution, in the adult PG. Reproduced with permission from Ng et al. (2003).
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The case for aggregation between GAG molecules in the ECM has been
summarized by Scott (1992), based on a variety of theoretical and ex-
perimental methods including besides the NMR and x‐ray work already
mentioned, additional studies using electron microscopy, by which method
aggregation into a mesh was demonstrated particularly clearly for C6S
(Scott et al., 1992).

A structurally and functionally different group of PGs are known as
small leucine‐rich proteoglycans (SLRPs), of which decorin will serve as an
example. The SLRPs bear only a few sidechains and clearly cannot perform
the same type of structural role as aggrecan, for example. Decorin, which
bears a single CS or DS sidechain, has been associated with collagen assem-
bly; electron micrographic studies have visualized single extended GAG
chains orthogonal to the direction of collagen fibrils (Scott, 1992). Theoreti-
cal studies (Redaelli et al., 2003) have indicated that the GAG chains may be
able to cross‐link collagen fibrils by noncovalent interactions, transferring
forces from one to the other without rupture under moderate strain, but
there is at present a dearth of experimental evidence for the nature of the
fibril–PG interactions.
VII. Chondroitin as a Covalent Cross‐Link Between
Two or More Proteins _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The small PG bikunin is a component of the inter‐alpha‐trypsin inhibi-
tor (ITI) protein complexes (Zhuo et al., 2002). Its single chondroitin chain
has the unusual property of acting as a covalent link between the three
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protein compone nts of the co mplex (bikun in) an d heavy chains 1 (HC1) and
2 (HC2) . HC1 and HC2 are a ttached via este r linkages ne ar the nonredu cing
end of the CS chain. Thi s is more than a merely unusual structure ; the side
proteins are trans ferred from the CS link er to hyalur onan ( Rugg et al.,
2005), forming a complex that is essen tial for ECM formatio n in some
critical tissu es such as the cumulu s oophor us. Without the prese ntation of
HC1 and HC2 by CS ‐ bikuni n this complex cannot form, resulting in infer-
tility. So far, no examples of co valent CS cross ‐li nking outsid e the ITI family
have been descr ibed.
VIII. Cr ystal Structures of Complexes Between
Chondroitin Degrading Enzymes and Oligosaccharides _________________________________________________________________________________________________________________

Experi mentally determin ed structure s of compl exes between cho ndroi-
tin and proteins are limited to a few ba cterial enzym es that degrade chon -
droitin. The se ha ve, howev er, provide d a good deal of interes ting
informat ion concer ning the struc tures of the enzym es, their mech anisms,
and the structure s of the oli gosacch arides bound in their active sites ( Section
III ). The enzym es for which struc tures of compl exes ha ve so far been
published are the chond roitin AC lyases of Pedoba cter heparin us (former ly
known as Flavobac terium heparin um ) (Huang et al., 2001 ) and of Arthro -
bacter aurescens ( Lunin et al., 2004 ); the chondroi tin B lyase of P. hep arinus
(Mic hel et al ., 2004 ) and the hyalur onate lyase of Stre ptococc us pne umoniae
(Rigd en and Jedrzeja s, 2003 ). Both of the cho ndroitin AC lyases belong to
the same fold fam ily (in the SCOP syst em: http: //scop.mr c ‐ lmb.cam. ac.uk)
as the hy alurona te lyase, an a/ a toroi d in which several a‐ ha irpins are
arranged in a circle (Fig. 5A). The chondro itinase B ha s a quite differen t
structure , a right ‐ han ded b ‐he lix, and its mode of bindin g with its substr ate
and lytic mechanis m are distinc t from the other en zymes, alt hough all of
them cleave the 1! 4 linkage, leav ing an unsatur ated uro nic acid at the
nonreduci ng end of one of the oli gosacc haride prod ucts by a b‐ elimin ation
reaction. This uron ic acid has the same struc ture regard less of whet her it
originat ed as a glucur onate or iduron ate resi due.

The struc tures of the cocrys tals have been depo sited in the PDB (htt p://
www.rcsb.org /pdb/). Some of them are listed in Table I , but these do not
include the disaccharide complexes such as those reported by Huang et al.
(2003). The hyaluronate lyase and the chondroitinase AC lyases bind to the
oligosaccharides by a mixture of ring stacking, between the pyranose rings
of the sugars and tryptophan residues in the protein, and ionic interactions
between basic amino acid side‐chains and the sulfate and carboxylate groups
on the oligosaccharide. Their mechanisms of action are also similar. Differ-
ences between these closely related enzymes are subtle but account for the
differences in activity between them. For example, the detailed amino acid

http://scop.mrc%E2%80%90lmb.cam.ac.uk%00
http://www.rcsb.org/pdb/
http://www.rcsb.org/pdb/


FIGURE 5 Crystal structures of chondroitin‐degrading enzymes in complex with

oligosaccharides. The proteins are shown as ribbons that follow the backbone atoms, and
the oligosaccharides are shown in a space‐filling representation colored as in Fig. 2. (A)

Chondroitin AC lyase, with a C4S tetrasaccharide in the active site (Huang et al., 2001). (B)
Chondroitin B lyase, with a DS hexasaccharide degraded into three disaccharides in the

binding site (on the left of the image) (Michel et al., 2004). These two enzymes are unrelated in
structure, in the way they bind to the substrate and in their mechanism of action. Chondroitin

B lyase displays a dermatan binding site distant from the active site, occupied in this structure

by a DS disaccharide (on the right of the image).
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sequence at the active site of the Arthrobacter enzyme causes one of the
glucuronate residues to adopt a distorted pyranose ring form; this may
explain why it acts as an exolyase (clipping successive disaccharides from
the nonreducing end of a chondroitin chain), whereas the Pedobacter en-
zyme, which can accommodate the glucuronic acid without strain, is an
endolyase, cutting at random points within the polysaccharide chain. The
hyaluronate lyase of S. pneumoniae can cleave both hyaluronate and C6S
but cannot cleave at the reducing side of a 4‐sulfated GalNAc, so leaving a
uniform C4S chain intact. It is surmised that hyaluronate lyase evolved from
a chondroitin lyase ancestor, its specificity having shifted but retaining some
activity toward chondroitins (Rigden and Jedrzejas, 2003).

Chondroitinase B is the only enzyme that cleaves DS as its only sub-
strate. Besides its different protein fold, this enzyme forms a completely
distinct type of complex with its substrate and acts by a different mecha-
nism. Interactions between the protein and oligosaccharides are principally
electrostatic in nature, including ionic interactions and hydrogen bonding.
There are no ring‐stacking interactions. Unlike the other enzymes discussed,
chondroitin B lyase requires calcium for its activity. The calcium ion is
coordinated with the carboxyl of iduronate, which may determine the
selectivity of the enzyme for iduronate rather than glucuronate (Michel
et al., 2004).

Another factor of considerable interest in these enzymes is the presence
of additional carbohydrate binding sites, separate from the active sites of the
enzymes. Such a site may exist in the N‐terminal part of the S. pneumoniae
hyaluronate lyase not included in the crystal structure (Rigden and Jedrzejas,
2003). For the P. heparinus chondroitinase B, a positively charged site on the
opposite side of the protein from the active site is occupied by a DS disac-
charide in the crystal structure (Michel et al., 2004) (Fig. 5B). The function
of such a site is a matter for speculation, but it has been suggested that it may
help in the disruption by the enzyme of charge‐based aggregates in the
matrix, allowing the presentation of a single DS chain to the active site for
processing.

Chondroitin ABC lyase I, a useful enzyme with wide specificity, has been
crystallized alone, but no cocrystal with a chondroitin oligosaccharide
has been published to date. Its close structural relationship to the other
a/a toroidal chondroitinases has, however, been used to model such a com-
plex, based on the coordinates for the ABC lyase (Huang et al., 2003) and
those for the AC lyase/oligosaccharide complexes (Huang et al., 2001).
Mutagenesis and other biochemical data have allowed the mapping
of individual residues in the active site and their roles in the catalytic
mechanism (Prabhakar et al., 2005).



FIGURE 6 Repeating disaccharides of (A) sequence in mammalian DS with high affinity for
heparin cofactor II; at least a hexasaccharide length of this structure is necessary within the

DS polysaccharide, most of which has the structure depicted in Fig. 1(B), and (B) a DS

like polysaccharide from Ascidia nigra, with negligible affinity for heparin cofactor II. This

polysaccharide is almost fully sulfated at the 2‐position of iduronate.
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IX. Specificity of Interactions Between Chondroitin
Sequences and Proteins _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin in its context as a component of ECM has been regarded as
a bulk polysaccharide, acting as a hydrated, negatively charged space‐filler.
However, recent findings implicating chondroitin as a modulator of growth,
development, and infection require a more detailed account of individual
protein–GAG interactions (Sugahara et al., 2003). This is not the place for a
detailed account of progress in structural determination of CS structures
with specific affinities for particular proteins, but the question of chondroi-
tin binding sites on proteins, and the specificity with which they recognize
their ligands, is an important consideration in their structural biology.

Evidence in this area is sparse, compared with the analogous case for the
GAG HS; the ‘‘heparin binding proteins’’ are generally supposed to have less
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highly sulfated HS sequences as their native ligands. The best studied exam-
ple of a protein that binds to both heparin and to a member of the CS family
is heparin cofactor II (HCII), a plasma serine protease that inhibits throm-
bin, the coagulation enzyme that converts fibrinogen to fibrin, causing blood
to clot. Unlike the more abundant plasma serpin, antithrombin, HCII can be
activated either by heparin or by DS; the sequence in DS with high affinity
for HCII is known and consists of a sequence with both 4‐sulfation of the
galactosamine and 2‐sulfation of the iduronic acid residue (Maimone and
Tollefsen, 1991) (Fig. 6). This sequence forms only a small proportion of
mammalian DS. The heparin and dermatan binding sites on HCII overlap,
but interestingly, they are not identical (Tollefsen, 1994). These two highly
anionic glycans are not simply binding to a nonspecific basic patch on
the protein surface. Further evidence for specificity has been provided by
DS‐like compounds from marine invertebrates. One such compound, from
the sea squirt Ascidia nigra, consists almost entirely of alternating 2‐sulfated
iduronate and 6‐sulfated N‐acetyl galactosamine (Pavao et al., 1995)
(Fig. 6). This compound, although highly sulfated, does not bind to or
activate HCII. The difference in activity due to this altered substitution,
from the 4‐sulfation of mammalian DS to the 6‐sulfation of the ascidian DS,
demonstrates clear structural specificity. It is reasonable to expect similar
cases of specific interactions to be demonstrated in the future also for the
glucuronate‐containing chondroitins in their interactions with, for example,
selectins, growth factors, and pathogens (Sugahara et al., 2003).
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A. Introduction
The glycosaminoglycan (GAG) family of structurally complex linear
polysaccharides is composed of four chemically distinct subsets: the heparin
and heparan sulfate (HS) GAGs, the chondroitin and dermatan sulfate (CS
and DS, respectively) GAGs, keratan sulfate (KS), and hyaluronic acid (Ernst
et al., 1995). The following material focuses on GAGs of the CS and DS
type, also known as galactosaminoglycans (GalAGs). Covered herein are the
most prominent details concerning GalAG structure, their roles in biology
and medicine, GalAG biosynthesis, their in vivo cellular degradation, and
analytical biotechnologies pertinent to the study of GalAGs (Fig. 1).

The study of biological phenomena, from the molecular to the tissue
level, has evolved substantially as scientists have focused on the emerging
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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FIGURE 1 Chapter contents and organization. This work provides an overview of

chondroitin and dermatan sulfate GAGs, including their structure, roles in biology and

pathogenesis, biosynthesis, cellular degradation, and enzymatic degradation.
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paradigm of extracellular regulation of cell function. GAG polysaccharides
are attached to a protein core and are impelled to the cell surface and into the
extracellular space. The cell surface machinery at the cell–extracellular
matrix (ECM) interface acts as a complex battery of regulators that dyna-
mically modulates outside cues from diverse signaling molecules. Specifical-
ly, GAGs govern signaling molecules by controlling their effective
concentration and state at the cell surface.
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B. Composition and Chemical Complexity
GalAGs are composed of a disaccharide repeat unit of uronic acid
[a‐L‐iduronic acid (IdoA) or b‐D‐glucuronic acid (GlcA)] (1!3) linked to
N‐acetyl‐D‐galactosamine (GalNAc). These basic disaccharide units are lin-
early associated via b(1!4) linkages to form GalAG polymers (Fig. 2). In
CS, all of the uronic acid moieties are GlcA. In DS, epimerization at the C‐5
position of the uronic acid moiety during biosynthesis results in a mixture of
IdoA and GlcA epimers. Biosynthesis of CS and DS also involves chemical
modification of the sugar backbone at various positions, generating diversity
in oligosaccharide sequences. CS is commonly O‐sulfated at the C‐4 of the
galactosamine (chondroitin‐4‐sulfate, C4S, also known as CS‐A) or the C6
of the galactosamine (chondroitin‐6‐sulfate, C6S, also known as CS‐C). Less
common modifications in CS, such as 2‐O‐ or 3‐O‐sulfation of the GlcA
moiety, have also been reported (Nadanaka and Sugahara, 1997; Sugahara
et al., 1996). DS (also known as CS‐B) is commonly O‐sulfated at C‐4 of
GalNAc; O‐sulfation at C‐6 of GalNAc and C‐2 of IdoA also occasionally
occur.

The various backbone modifications in GAG biopolymers confer infi-
nitely more chemical complexity when compared to DNA and proteins.
Theoretically, the five different modifications possible for each disaccharide
unit give rise to 25 ¼ 32 chemical combinations. In comparison, DNA is
composed of only four basic building blocks, and proteins are made up of 20
amino acids. This vast complexity makes these biopolymers among the most
information‐rich in nature.
C. Structural Features
GAGs are distinguished from other polysaccharides as a distinct class by
their related backbone moieties. Modification of these backbone elements
confers great diversity among GAGs. The heterogeneity of GAG sequences is
notable, especially when compared to other biopolymers like DNA and
proteins. The template‐based biosynthesis of these molecules has greatly
facilitated their study; in contrast, the nontemplate‐driven biosynthesis of
complex polysaccharides has largely suppressed attempts at their analysis.
DS is predominantly 4‐O‐sulfated. Iduronic acid content of DS is variable
and has been reported as low as 7% and as high as 93%, depending on tissue
origin and the method of compositional analysis (Linhardt et al., 1991;
Maimone and Tollefsen, 1990; Poole, 1986). In CS, copolymers with both
4‐O‐ and 6‐O‐sulfation in the same chain occur often (Ernst et al., 1995).
Individual CS residues sometimes are sulfated at both the 4‐O‐ and 6‐O‐
positions (Linhardt et al., 1991). Two levels of organization have been
described for GalAGs. Macroscopically, clustering of residues in DS results
in regions with IdoA and a high degree of sulfation interspersed with regions



FIGURE 2 Galactosaminoglycan chemical structure. Biopolymers of the chondroitin

sulfate and dermatan sulfate type are composed of a basic building block, a disaccharide
consisting of an uronic acid b(1!3) linked to GalNAc. These disaccharide units are linearly

associated via b(1!4) linkages. In the case of CS, all of the uronic acid moieties correspond to

the glucuronic acid epimerization state. For DS, modification of the uronic acid C5 position
during biosynthesis leads to a mixture of epimers within the chain. Common sulfation patterns

within the oligosaccharide backbones are indicated for each GalAG form. Additionally, CS‐A
and CS‐C are sometimes sulfated at the 2‐O‐ or 3‐O‐positions of GlcA. The CS‐B form is also

known as DS. DS occasionally incorporates O‐sulfation at GalNAc C6.
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with GlcA and a lower degree of sulfation (Fransson et al., 1990). Sulfation
at the 6‐O‐position of CS often seems to be clustered near the chain termina
(Cheng et al., 1992). Microscopically, specific sequences of GAGs are func-
tionally relevant. Rare residues can, in fact, have critical physiological
functions. A specific DS hexasaccharide, for instance, has a specific affinity
for heparin cofactor II (Maimone and Tollefsen, 1990). These two levels of
organization, therefore, are important in modulating the physical form
of GAGs and in regulating the specific interaction between a GAG and
another biomolecule. Form is also a function of the ionic environment,
which can shield repulsive ionic forces between charged chains.

In solution, CS seems to exist in defined spatial orientations; DS has a
flexible conformation (Casu et al., 1988; Venkataraman et al., 1994). A
central issue, a controversial one, regarding the structural diversity of GAGs
is the conformational flexibility of the iduronate residue (Ferro et al., 1990;
Mitra et al., 1983; Venkataraman et al., 1994; Winter et al., 1986). The four
main conformers of IdoA are 1C4,

4C1,
2T0, and

0T2. These conformers for
IdoA are stereochemically satisfactory and are consistent with the available
physico‐chemical data. Interconversion between IdoA puckers may generate
chain conformational flexibility, facilitating interaction with proteins (Casu
et al., 1986).

Rotary shadowing/electron microscopy studies have revealed that C6S is
capable of forming aggregates of two or more chains (Scott et al., 1992). The
charge distribution of the twofold helix of C6S is near the periphery, creating
regions of hydrophobicity. Such hydrophobic zones from separate chains can
interact with each other. Chondroitin‐4‐sulfate is incapable of such network
formation, as sulfate groups are clustered close to the helical axis, minimiz-
ing aggregation behavior. Although C4S cannot self‐aggregate, it is capable
of association with DS. Alternating IdoA and GlcA in DS can self‐associate
in the absence of divalent cations under physiological conditions (Fransson
and Coster, 1979). Chemical modification of the sugar backbone, hydrogen
bonding, and cation chelation are critical determinants of self‐aggregation
potential and solid‐state structural conformation, necessary for conferring
the biological information inherent in GAG biomolecules.
D. GalAG Proteoglycans
GalAGs’ chains, as with all other members of the GAG family with
the exception of hyaluronic acid, occur as constituents of proteoglycans
(PGs) (Table I) (Iozzo, 1998). As such, they are attached, via a glycosidic
linkage, to a serine residue in a core protein through a tetrasaccharide
composed of glucuronic acid‐galactose‐galactose‐xylose. Core proteins can
range in size from 10 to 500 kDa. CS is usually found in large aggregating
PGs with 20–100 sidechains; DS occurs primarily in smaller PGs with 2–8
sidechains (Poole, 1986). Overall PG size ranges from 80 to 3500 kDa



TABLE I Galactosaminoglycan Proteoglycans

Core protein Expression References

Bamacan Basement membranes Ghiselli and Iozzo, 2000

Decorin Connective tissue, cornea Reed et al., 2005
Biglycan Bone, cartilage, skin Kinsella et al., 2004;

Wadhwa et al., 2004
Thrombomodulin Endothelia, cornea Sadler, 1997

Astrochondrin Glia Streit et al., 1993
Collagen IX Cartilage Bishop, 2000

Endocan Endothelia Bechard et al., 2001
Epiphycan Cartilage Knudson and Knudson, 2001

Serglycin Myeloid cells, granules Valiyaveettil et al., 2004
Versican Fibroblasts, connective tissue Kinsella et al., 2004;

Sheng et al., 2005
NG2 Glia Blakemore et al., 2002
Neurocan Glia, retinal and embryonic

vasculature

Mishima and Hoffman, 2003;

Zhang et al., 2003
CALEB Glia, neurons Schumacher et al., 1997
Aggrecan Neurons, cartilage Johnson et al., 2005
Brevican Glia, neurons Beggah et al., 2005
Phosphacan Glia, neurons Hayashi et al., 2005;

Popp et al., 2003
Te38 Chick embryo brain Monnier et al., 2003
Neuroglycan C Cerebellum Oohira et al., 2004
TA P ‐1 Nervous tissue Iwata and Carlson, 1991
Testican‐ 1, ‐2, ‐3 Neurons, glia Edgell et al., 2004;

Oohira et al., 2000
CD44 Lymphocytes Lesley et al., 1997
Perlecan Vasculature Knudson and Knudson, 2001

APP Glia Umehara et al., 2004
Somatoglycan‐S Nervous tissue Williams et al., 1994
Glypican‐5 Neurons Saunders et al., 1997
Syndecan‐1 Nervous tissue Deepa et al., 2004;

Lee et al., 2004
CAT301, CAT315 Neurons Lander et al., 1997

Adapted with permission from Trowbridge and Gallo (2002) and Hartmann and Maurer

(2001).
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(Ghiselli and Iozzo, 2000; Sadler, 1997; Silbert and Sugumaran, 2002; Streit
et al., 1993).
E. GalAGs in Biology
Long thought of as inert structural components, GAGs have in recent
years come to the forefront in the thinking of bioscientists as important
modulators of biological phenomena. Polysaccharide structure governs
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myriad interactions between powerful biological players, imparting effects
on cell function in both normal and aberrant pathophysiological states.
Interactions between proteins and heparin/HS GAGs, and more recently
GalAG polymers, have shed considerable light on basic biological functions.
Further, the implications of these biomolecular interactions reverberate in
importance through the entire cascade of biomedical events, from funda-
mental biological phenomena to clinical biomedicine.
II. GalAGs in the Extracellular Matrix ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The ECM is a highly heterogeneous mixture of proteins, saccharides,
and other biomolecules that surrounds cells. The ECM is instrumental in
providing the physical support necessary for macromolecular organization
into tissues and organs. Traditionally, the ECM was considered to be solely
an inert scaffold providing structure. This conventional view has been over-
turned, and it has become apparent that the ECM is in fact a fundamental
player in orchestrating cellular responses, both in normal and disease states.

GAGs are among the most important constituents of the ECM, as they
interact with transient ECMmolecules, such as growth factors, often resulting
in a cascade of bioregulatory events including signal transduction and nuclear
transcriptional phenomena (Kovanen and Pentikainen, 1999; Olsson et al.,
1999). These interactions impart profound implications on the type and
strength of signaling in gene expression. The specialized functions elicited by
GAG activity in vivo emphasize the importance of structural (and sequence)
diversity amongGAGs. In addition to binding heparin cofactor II (Tovar et al.,
2005), GalAGs also appear to be involved in a variety of processes, including
the covalent crosslinking of the blood protein pre‐a‐inhibitor (Enghild et al.,
1991), infectivity mechanisms (Achur et al., 2000; Alkhalil et al., 2000;
Schmidtchen et al., 2001), and tenascin‐X binding (Elefteriou et al., 2001).
GAGs are found in the ECM bound to structural proteins (including collagen,
laminin, and fibronectin), aggregated with other PGs, or as constituents of
integral membrane PGs (Hardingham and Fosang, 1992).
III. GalAG–Protein Interactions ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

GAGs bind a wide variety of ECM, intracellular, and plasma proteins
(Table II) (Cardin and Weintraub, 1989; Frevert et al., 2003; Garcia‐Olivas
et al., 2003; Jackson et al., 1991; Marino et al., 2003; Murai et al., 2004;
Priglinger et al., 1994; Proudfoot et al., 2001; Schmidtchen et al., 2001).
Requirements for GAG–protein binding include sequence specificity within
the oligosaccharide chain and, in many cases, a region of enriched basic
amino acids for the protein (Cardin and Weintraub, 1989; Prabhakar et al.,



TABLE II Galactosaminoglycan–Protein Binding Interactions

Protein GAGs bound Physiologic effect References

HC II DS [IdoA2S‐GalNAc4S]3, Hep Heparin inactivation Liaw et al., 2001; Tovar et al., 2005
Thrombin DS, Hep Anticoagulation Casu et al., 2004; Liaw et al., 2001
KGF DS (oversulfated), HS Wound healing Trowbridge et al., 2002
Activ. Prot. C DS, Hep Anticoagulation Fernandez et al., 1999
Protein C inhibitor DS, HS, Hep Stimulates serpin activity Priglinger et al., 1994
Platelet factor 4 DS, Hep Anticoagulation Petersen et al., 1999
Collagen DS ECM stability Iozzo, 1997

Fibronectin DS, HS ECM stability Tumova et al., 2000
Tenascin‐X DS, HS Collagen matrix stability Elefteriou et al., 2001
a‐defensin DS Increased infectivity Schmidtchen et al., 2001
RANTES DS, Hep, CS, HS Inflammatory response Proudfoot et al., 2001
Midkine CS, HS Neuronal development Deepa et al., 2004
Interferon‐g Hep, HS, DS Receptor for IFN‐g Brooks et al., 2000
TGF‐b DS Growth regulation Hildebrand et al., 1994
FGF‐1 and ‐2 DS, Hep, HS (highly sulfated) Cell proliferation Tumova et al., 2000
HGF/SF DS [IdoAGalNAc4S]4, HS Cell proliferation/cancer Catlow et al., 2003
Pleiotrophin CS Morphogenesis in developing cerebellum Tanaka et al., 2003
TSG‐6 CS, HA Inflammatory response; female fertility Wisniewski et al., 2005
CD‐44 CS, HA Lymphocyte trafficking, tumorigenesis Murai et al., 2004
Thyroglobulin CS, DS, HA Pathogenesis of thyroid‐associated

ophtalmopathy

Marino et al., 2003

PDGF HS, CS Cellular proliferation Garcia‐Olivas et al., 2003
EMR2 CS Myeloid trafficking Stacey et al., 2003
Interleukin‐8 HS, CS Pulmonary inflammation Frevert et al., 2003
LDL CS, HS, DS Lipoprotein metabolism Kovanen and Pentikainen, 1999;

Olsson et al ., 1999

Adapted with permission (Trowbridge and Gallo, 2002).
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2005; Schreuder et al., 1994). The spatial conformation of the GAG chain
must be geometrically complementary to the protein’s binding pocket. Since
the protein is more rigid than the saccharide, it is likely that a given GAG
molecule imparts some level of conformational flexibility that facilitates the
interaction (Grootenhuis et al., 1994; Ornitz et al., 1995; Thompson et al.,
1994; Venkataraman et al., 1994).
IV. GalAGs in Biomedicine __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Cell Signaling and Cancer
Although there has long been a dedicated exploration of HS involve-
ment in signaling, only recently have GalAGs emerged as central players.
The GalAG constituents of PGs are critical regulators of growth factor and
cytokine signaling (Table II) (Brooks et al., 2000; Hildebrand et al., 1994;
Stacey et al., 2003; Wisniewski et al., 2005). Further, GalAG chains are
central to a variety of interactions modulating ECM‐mediated cell‐to‐cell
signaling. For example, chondroitin sulfate proteoglycans (CSPGs) on neu-
trophils specifically bind to platelet factor 4 and are responsible for cellular
activation (Petersen et al., 1998, 1999). Interactions of DS chains with
fibroblast growth factor‐2 (FGF‐2) and keratinocyte growth factor have
been characterized with respect to cellular proliferation and wound repair
(Trowbridge and Gallo, 2002; Trowbridge et al., 2002). DS is additionally
capable of activating the hepatocyte growth factor/scatter factor signaling
pathway through the c‐met receptor (Catlow et al., 2003; Lyon et al., 1998,
2002). The same signaling cascade can promote cell proliferation through
endocan, a PG composed of both CS and DS sidechains (Bechard et al.,
2001). CS and DS chains found in the PG versican bind L‐selectin, P‐selectin,
and chemokines, significant in leukocyte trafficking and inflammatory dis-
ease (Kawashima et al., 2002; Kinsella et al., 2004; Lesley et al., 1997; Sheng
et al., 2005; Sugahara et al., 2003).

Dermatan sulfate proteoglycans (DSPGs) play an active role both in
modulating ECM integrity and cellular signaling processes, and it therefore
follows that DS has also been implicated in oncogenesis and angiogenesis
(Nelimarkka et al., 2001). GAG‐degrading enzymes led to a decrease in
cell proliferation and invasion of melanoma or endothelial cells (Denholm
et al., 2001) and to a reduction in FGF‐2 responsiveness (a known regulator
of tumor cell proliferation) in human dermal fibroblasts (Denholm
et al., 2000; Liu et al., 2002). GAG modulation of tumor growth and
dissemination has revealed a regulatory layer of tumorigenesis governed by
GAG crosstalk with various oncogenic agents (Sanderson et al., 2004; Yang
et al., 2005).
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B. Coagulation
DS selectively activates heparin cofactor II, an important member of
the serpin family of proteins, resulting in the inactivation of thrombin
without an accompanying interaction with antithrombin III (Liaw et al.,
1999, 2001; Maimone and Tollefsen, 1990, 1991; Mascellani et al., 1993;
Nenci, 2002; Tollefsen et al., 1989). An oversulfated DS hexasaccharide,
(IdoA2S‐GalNAc4S)3, binds heparin cofactor II with high affinity, produc-
ing as much as a 100‐fold increase in heparin cofactor II‐mediated inhibition
of thrombin (Casu et al., 2004; Maimone and Tollefsen, 1991; Mascellani
et al., 1993). Sequence specificity of the DS oligosaccharide is critical, as a
DS hexasaccharide with two repeats of the disaccharide sequence, IdoA‐
GalNAc4S, 6S, can also mediate heparin cofactor II activation but a
hexasaccharide with the sequence IdoA2S‐GalNAc6S cannot (Denti et al.,
1995; Ernst et al., 1995; Trowbridge and Gallo, 2002). Thus, it is
plausible that heparin cofactor II activation through a GalAG polymer
requires a specific epimerization state (IdoA) and a precise sulfation pattern
(GalNAc4S).

Heparin also activates heparin cofactor II through a chain length‐
dependent mechanism (Liaw et al., 1999), resulting in a far higher in-
crease (1000‐fold) in antithrombin activity when compared to DS‐mediated
phenomena. The action of DS regarding coagulation is distinct from hepa-
rin, as DS behaves as a selective thrombin inhibitor. Heparin acts on the
coagulation system through a template‐based mechanism, involving com-
plex formation with the simultaneous binding of heparin to thrombin
and the GAG‐binding domain of heparin cofactor II. Interaction of DS
with heparin cofactor II is capable of inactivating thrombin bound to
fibrin on the surface of an injured vessel (Bendayan et al., 1994). This
outcome cannot be achieved through heparan sulfate glycosaminoglycans
(HSGAGs).

A variety of DS‐based anticoagulant therapies have been developed.
These include GAG mixtures, including mesoglycan, danaparoid, and sulo-
dexide, which contain both DS and HSGAGs, and intimitan, a semisynthetic
oversulfated DS. Intimitan contains an increased content of the IdoA‐
GalNAc4S,6S disaccharide and more effectively inhibits clot‐bound throm-
bin than standard heparin or DS therapies (Buchanan and Brister, 2000;
Buchanan et al., 2001; Coccheri et al., 2002a,b; Harenberg, 1998; Nenci,
2002; Nenci et al., 2001; Ofosu, 1998). DS‐based therapeutics are being
developed for heparin‐induced thrombocytopenia, a disorder resulting from
an autoimmune response to a complex of heparin and platelet factor 4 in
which heparin treatment must be discontinued (Imberti et al., 2003; Taliani
et al., 1999). Novel anticoagulants composed of complexes of GAGs, and
heparin cofactor II are also under investigation (Fernandez et al., 1999;
Monagle et al., 1998).
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C. Cartilage Function and Osteoarthritis
Degenerative joint disease or osteoarthritis is characterized by the break-
down of cartilage. Cartilage, composed of up to 90% ECM, serves to essen-
tially cushion the ends of bones. The disease affects more than 20 million
Americans and becomes more prevalent on aging. CS is the predominant
GAGpresent in cartilage ECM (Hardinghamand Fosang, 1992; Iozzo, 1997;
Tumova et al., 2000). The high overall charge of the chemical groups present
on CS chains in cartilage PGs are believed to provide the necessary electro-
static forces to promote high‐water content, enabling joints to withstand
dynamic mechanical compression (Ragan et al., 2000). PG core proteins
also interact with the collagen fibrils present in cartilage, thus imparting
additional mechanical integrity. These and other biological roles are achieved
through a variety of CS‐containing PGs, including aggrecan (Plaas et al.,
2001; Watanabe et al., 1998), decorin, biglycan, and perlecan (Table I)
(Kinsella et al., 2004; Knudson and Knudson, 2001; Reed et al., 2005;
Wadhwa et al., 2004). Cartilage degradation in osteoarthritis proceeds
both through mechanical forces at play in the joint and with the enzymatic
degradation of critical cartilage ECM components. Chondrocytes are largely
responsible for regulating ECM molecules, and the aberrant behavior of
these cells results in pathogenesis (Ragan et al., 2000). Arthritic tissues
have been observed to carry GAG pattern profiles, most notably a decrease
in the abundance of 6‐O‐sulfated disaccharides accompanying an increase in
4‐O‐sulfated CS disaccharides (Plaas et al., 1998). The development of
nutraceuticals (including chondroitin, glucosamine, and mannosamine) to
treat osteoarthritis has been controversial.
D. Neurobiology
The neurons and glia of the central nervous system express awide variety
of PGs that impinge upon diverse processes, including themigration of neural
precursor cells, control of neuronal tracking, the regulation of neuronal cell
adhesion molecules, and the formation of synapses (Edgell et al., 2004;
Hartmann and Maurer, 2001; Iwata and Carlson, 1991; Monnier et al.,
2003; Oohira et al., 2000, 2004). Through these processes, PGs of nervous
system origin play an essential role during neural development (Deepa et al.,
2004; Lander et al., 1997; Lee et al., 2004; Saunders et al., 1997; Umehara
et al., 2004; Williams et al., 1994). CSPGs are particularly abundant in brain
tissue. The signal transducing receptor‐type protein tyrosine phosphatase
(PTPx) and phosphacan are CSPGs involved in neuron–glial cell interaction,
gliogenesis, neuronal migration, and neurite outgrowth (Table II) (Holland
et al., 1998; Margolis and Margolis, 1993). Maintenance of long‐term po-
tentiation is repressed in mice deficient in the CSPGs neurocan and brevican
(Beggah et al., 2005; Blakemore et al., 2002; Hayashi et al., 2005; Johnson
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et al., 2005; Mishima and Hoffman, 2003; Popp et al., 2003; Schumacher
et al., 1997; Zhang et al., 2003). The absence of CSPGs is in some notable
cases (as with PTPx, neurocan, and brevican) compensated for by other lecti-
cans (Brakebusch et al., 2002; Harroch et al., 2000; Rauch et al., 2005; Zhou
et al., 2001). The PTPx signaling pathway has been examined, and several
characterizations have been postulated (Garwood et al., 2001; Margolis and
Margolis, 1993; Sugahara et al., 2003; Tanaka et al., 2003). Pleiotrophin and
midkine are growth factors that can bind PTPx on cell surfaces through CS
chains. Receptor dimerization and subsequent phosphatase inactivity could
manifest, altering G protein‐coupled receptor kinase interactor 1 (GIT1) tyro-
sine phosphorylation levels resulting in cytoskeleton modulation. Binding by
pleitrophin and midkine can be thoroughly ablated by free CS‐D and CS‐E
saccharides and partially inhibited via DS and C6S chains (but not through
C4S) (Kawachi et al., 2001; Sugahara et al., 2003). Phosphacan is a secreted
variant of PTPx present in the ECM. Phosphacan CS chains can interact with
pleitrophin andmidkine as well, and it has been proposed that this interaction
results in the presentation of these two ligands to PTPx on the cell surface
(Sugahara et al., 2003).

Perhaps the most provocative evidence for the role of GalAGs in neural
development is the findings that these sugars are critical in cytokinesis and
morphogenesis during the early embryonic stages of the nematode, Caenor-
habditis elegans (Hwang et al., 2003; Mizuguchi et al., 2003). Investigations
of GalAG biosynthesis have led to a unique human chondroitin synthase
gene family.

Although GAG chains are essential for the proper development and
functioning of the central nervous system, CS chains in particular have
also been implicated as a major deterrent to the regeneration of axons
following traumatic injury to brain and spinal cord (Fawcett and Asher,
1999; Moon et al., 2001; Morgenstern et al., 2002; Properzi et al., 2003;
Zuo et al., 1998, 2002). Such injuries result in paralysis, and the prognosis
for recovery is bleak. One strategy in development for neural regeneration
makes use of enzymes that prune away inhibitory CS chains present in the
glial scar, allowing regrowth of axons and some functional locomotor
recovery in animal models (Bradbury et al., 2002).
E. Pathogen Receptors
Various pathogens, including viruses and bacteria, use CS and DS on
cell surfaces as the point of attachment to host tissues (Menozzi et al.,
2002; Sugahara et al., 2003; Trowbridge and Gallo, 2002). The role
of glycoprotein C for the binding of herpes simplex virus type 1 to cell
surface CS has been established (Mardberg et al., 2002). By interfering
with glycoprotein C–GAG interaction, a CS chain with the sequence
GlcAb1–3GalNAc4S6S can inhibit herpes simplex virus’ infectivity (Nyberg
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et al., 2004; Sugahara et al., 2003). Undersulfated C4S dodecasaccharides
(minimum length) are required for the adhesion of malaria‐infected erythro-
cytes to placenta (Achur et al., 2003; Gamain et al., 2002; Valiyaveettil et al.,
2004); 6‐O‐sulfation inhibits this process (Chai et al., 2002). The causative
agent of Lyme disease, Borrelia burgdorferi, has strain‐specific interactions
with GAG chains, as some strains bind both HS and DS, and some recognize
only DS (Parveen et al., 2003). Streptococcus pyogenes expresses a variety of
surface adhesins including M protein, an important virulence factor that
binds heparin, HS, and DS (Frick et al., 2003).
V. The Biosynthesis of GalAGs _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

GalAGs play such a central role in biology that it is worthwhile to
consider just how the structural diversity that governs their function actually
comes about. The chemical complexity that allows these biopolymers to
control so many essential life functions is the result of a system of intricate
molecular machines each of which put in place a particular structural
element of the polymer chain. Unlike DNA or proteins, the biosynthesis of
polysaccharides does not proceed through a template‐based mechanism.
A. Overview
The extensive variation in GalAG composition based on core protein or
tissue localization is so pronounced that one must closely examine GalAG
production processes in order to further develop a context for their bior-
egulatory roles. It has become clear that cells apply exquisite control over
GalAG composition and sequence. This supervision is governed by tissue‐
specific expression of only certain isoforms of GalAG biosynthetic enzymes
(Table III). Since the polymer modification reactions colocalize to a specific
area within the Golgi apparatus, it has been postulated that these enzymes
form a larger supramolecular complex that coordinates polymer modifica-
tion (Sasisekharan and Venkataraman, 2000). Such a situation may provide
for enzyme ‘‘crosstalk’’ to supplement further control over the GalAG’s
structural milieu.

Figures 3 and 4 summarize the biosynthetic steps in the formation of CS
and DS. Following synthesis of the core protein, xylosylation of specific
serine residues sets in motion GAG formation (Esko, 1999). Addition of
two galactose residues and a GlcA residue completes the linker tetrasacchar-
ide common to both HSGAGs and GalAGs. Subsequent addition of GalNAc
to the linker commits the chain to GalAG lineage. Then, the alternate
addition of GlcA and GalNAc residues results in chain elongation. There is
also variable modification of the chain through epimerization and sulfation
reactions. Following synthesis of the GalAG chain within the PG context,



TABLE III Galactosaminoglycan Biosynthetic Enzymes

Enzyme Reaction Accession

Linkage region

Xyl transferasea Xylosylation of specific core

protein serines

AJ277442

Gal transferase Ib Addition of 1st Gal moiety in
linkage region

AB028600
AF155582

AX092340

Gal transferase IIc Addition of 2nd Gal moiety to

linkage region

Y15014

GlcA transferase Id Transfers GlcA to complete linker

tetrasaccharide

AB009598

GalNAc transferase Ie Transfer of GalNAc to linkage

oligosaccharide, 1st GalAG
specific step

AB071403

Chain elongation

GlcA transferase IIf Transfer of GlcA to growing
oligosaccharide chain

AB037823

GalNAc transferase IIg Transfer of GalNAc to growing

oligosaccharide chain

AB024434

BC030268

Chondroitin synthaseh Polymerization: alternate addition of
GlcA & GalNAc

AB023207

Chondroitin synthase 2i Polymerization: alternate addition of

GlcA & GalNAc

AB086063

Chondroitin synthase 3j Polymerization: alternate addition of
GlcA & GalNAc

AB086062

Chain modification

Chondroitin 4‐O‐ST‐1k Sulfates GalNAc in CS at 4‐O‐position AF239820
Chondroitin 4‐O‐ST‐2l Sulfates GalNAc in CS at 4‐O‐position AF239822

Chondroitin 4‐O‐ST‐3m Sulfates GalNAc in CS at 4‐O‐position AY120869

Dermatan 4‐O‐ST‐1n Sulfates GalNAc in DS at 4‐O‐position AF401222

Chondroitin 6‐O‐STo Sulfates GalNAc in CS at 6‐O‐position AB017915
U65637

Chondroitin 6‐O‐ST‐2p Sulfates GalNAc in CS at 6‐O‐position AB037187

GalNAc4S 6‐O‐STq Sulfates GalNAc4S in CS NM_015892

Galactosaminyl uronyl 2‐O‐
STr

Sulfates GlcA in [GlcA‐GalNAc6S] or
IdoA in [IdoA‐GalNAc] or

[IdoA‐GalNAc4S]

NM_005715

Epimerase Epimerization of GlcA to IdoA None

aGotting et al., 2000.
bJu et al ., 2002; Okajima et al ., 1999; Uyama et al., 2003.
cBai et al., 2001; Kolbinger et al., 1998.
dKitagawa et al., 1998; Wei et al., 1999.
eKitagawa et al., 2001; Uyama et al., 2003.
fGotoh et al., 2002.
gGuo et al., 2001; Uyama et al., 2003.
hKitagawa et al., 2001.
iYada et al., 2003a.
jYada et al., 2003b.
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kHiraoka et al., 2000; Yamauchi et al., 2000.
lHiraoka et al., 2000.
mKang et al., 2002.
nEvers et al., 2001.
oFukuta et al., 1998; Uchimura et al., 2002.
pKitagawa et al., 2000.
qOhtake et al., 2001.
rKobayashi et al., 1999.
ST, sulfotransferase.

FIGURE 3 GalAG biosynthesis: precursor configuration and linkage region synthesis. (A)

The formation of the sugars necessary for the biosynthesis of CS and DS. Glucose is the main
source of all GalAG precursors. Galactose, derived predominantly from lactose, can be

processed to UDP‐Gal, UDP‐GlcA, and UDP‐Xyl. (B) The synthesis of the linkage region.

GalAG chains are linked to specific serine residues in core proteins by the same tetrasaccharide

sequence as HSGAGs (GlcA‐Gal‐Gal‐Xyl). The first step that commits the nascent chain to
GalAG formation rather than HSGAG formation is catalyzed by GalNAc transferase I. The

pertinent chemistry outlined in each step in the GalAG biosynthesis pathway is highlighted in

red. The nomenclature for the monosaccarides is as follows: glucose (blue circles), galactose

(yellow circles), xylose (orange stars), galactose (yellow circles), glucuronic acid (diamond in
blue), N‐acetyl‐D‐galactosamine (yellow square), core protein with linkage serine (green), and

iduronic acid (diamond in brown). Enzymes are indicated in purple.
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FIGURE 4 GalAG biosynthesis: chain polymerization and chain modification. (A) Chain
polymerization is mediated by a variety of enzymes (Table III) that have alternating GlcA

transferase II and GalNAc transferase II activities. (B) Modification of the polymer chain.

GalAG biosynthesis ensues with a series of modification reactions that may alter the sulfation

pattern of the oligosaccharide backbone or switch the epimerization state of uronic acid
moieties. The pertinent chemistry of each step in the GalAG biosynthesis pathway is indicated

in red. The nomenclature is as described in Fig. 3.
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the PG is transported, using specific recognition, sorting, and delivery
mechanisms, from the Golgi apparatus to the ECM, the cell surface, or
intracellular organelles (Prydz and Dalen, 2000).
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B. Core Protein Synthesis and Precursor Formation
It is unclear how a protein is committed to a particular PG lineage. No
single consensus sequence has been determined for chain initiation, although
generally a substituted serine and glycine pair (following several acidic
amino acids) is required. Biosynthesis of the core protein is initiated with
translation in the cytosol. Translocation of the nascent polypeptide into the
lumen of the endoplasmic reticulum through the translocon follows via a
signal sequence‐mediated process. Then, N‐linked oligosaccharides are
added to asparagine residues from dolichol phosphate intermediates. Prior
to exit from the endoplasmic reticulum, the core protein undergoes chaper-
one‐mediated folding and the formation of disulfide bonds (Silbert and
Sugumaran, 2002).

Cells active in GAG synthesis contain all of the necessary enzymes for
precursor formation (Fig. 3A). This is critical as sugar nucleotides do not
normally enter cells (Silbert and Sugumaran, 2002). Glucose is the chief
source of sugar nucleotides for GalAG biosynthesis. To a lesser extent,
galactose (from lactose or other sources) and glucosamine are also capable
of contributing to precursor formation. ATP sulfurylase and APS kinase
catalyze the formation of 30‐phosphoadenosine 50‐phosphosulfate (PAPS),
important for backbone sulfation (Lyle et al., 1994). After cytosol‐based
activation of the sugars and sulfation, an antiport mechanism transports the
nucleotides and PAPS into the lumen of the endoplasmic reticulum or Golgi
apparatus (Abeijon et al., 1997).
C. The Linker Tetrasaccharide
Both GalAG and heparin/heparan chains are linked to core protein
serine residues by the same tetrasaccharide sequence: GlcA‐Gal‐Gal‐Xyl
(Fig. 3B) (Silbert and Sugumaran, 2002; Sugahara and Kitagawa, 2002).
Many of the enzymes that catalyze the addition of the linkage sugars
in GalAG biosynthesis are the same for heparin/HS formation, including Xyl
transferase and Gal transferase I (Esko and Zhang, 1996; Gotting et al.,
2000; Prydz and Dalen, 2000; Silbert and Sugumaran, 2002; Sugahara and
Kitagawa, 2002). Xylosylation is initiated in the endoplasmic reticulum
and continues in the early Golgi apparatus (Kearns et al., 1993; Vertel
et al., 1993). The interaction of the Xyl transferase first with the core protein
and subsequently with Gal transferase I likely serves a docking purpose,
delivering the xylosylated core protein to the Gal I transferase in the
early Golgi apparatus (Ju et al., 2002; Okajima et al., 1999; Silbert
and Sugumaran, 2002; Uyama et al., 2003). Gal transferase II mediates the
transfer of another galatose residue (Bai et al., 2001; Kolbinger et al., 1998).
The addition of GlcA to Gal in the linkage region proceeds in the medial/
trans Golgi, distal to the position of Gal addition (Kitagawa et al., 1998;
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Wei et al., 1999). The next step in the pathway is a point of divergence,
where addition of GalNAc to the linker tetrasaccharide commits to GalAG
(rather than HSGAG) formation. This step is catalyzed by GalNAc trans-
ferase I (Kitagawa et al., 2001; Uyama et al., 2003). A cloned and expressed
enzyme, human chondroitin N‐acetylgalactosaminyltransferase, was
shown to both add the initial GalNAc residue and synthesize the polymer
chain. This suggests that there may exist several GalNAc I transferases,
each differing in their polymerization capacity (Silbert and Sugumaran,
2002; Uyama et al., 2003).
D. Polymer Biosynthesis
The GalAG chain undergoes polymerization in the Golgi (Gotoh et al.,
2002; Guo et al., 2001; Kitagawa et al., 2001; Silbert and DeLuca, 1969;
Silbert and Freilich, 1980; Yada et al., 2003a,b) with the alternate transfer
of GlcA and GalNAc residues from activated precursors (Fig. 4A). The
GalNAc and GlcA transferases add individual sugars to the nonreducing
end of the PG acceptor (Prydz and Dalen, 2000).

The addition of each unit (GlcA and GalNAc) is independent (Silbert
and Reppucci, 1976). That is, the addition of the next sugar does not
proceed until the concentration of the chain with the first sugar in place is
substantial. This suggests that the chemical machinery facilitating GlcA and
GalNAc addition occurs on discrete proteins or at least through separate sets
of catalytic machinery at distinct sites on the same protein. Several human
and bacterial chondroitin synthases (DeAngelis and Padgett‐McCue, 2000;
Kitagawa et al., 2001; Ninomiya et al., 2002) have been identified that have
both GlcA and GalNAc transferase activities (the ability to influence linkage
region chemistry varies).
E. Chemical Modification
The linkage region of the GalAG chain can itself be chemically modified.
The C‐2 of xylose can be phosphorylated in a variety of PGs (Oegema et al.,
1984; Sugahara et al., 1992a,b,c). Often, xylose is phosphorylated subsequent
to the addition of the two Gal linker residues and dephosphorylated on
addition of the linker GlcA (Moses et al., 1997, 1999). Linkage region sulfa-
tion occurs in GalAGs but not in HSGAGs. CS and DS can be 4‐O‐sulfated at
the second linker Gal and 4‐O‐sulfated or 6‐O‐sulfated in the first GalNAc
distal to the linkage region (Sugahara et al., 1988, 1991). Epimerization of the
final moiety of the linker tetrasaccharide also occurs.

Studies with GAG‐degrading enzymes (Ernst et al., 1995; Saito et al.,
1968) have revealed that GalAG sulfation patterns are highly heterogeneous
in vivo (Kusche‐Gullberg and Kjellen, 2003). CS polymers can comprise
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only GalNAc4S; only GalNAc6S; both GalNAc4S and GalNAc6S in the
same chain; GalNAc4S,6S; 2‐ or 3‐sulfated GlcA; or unsulfated GalNAc. DS
most commonly contains GalNAc4S, 2‐sulfated IdoA, unsulfated GalNAc,
and unsulfated IdoA. GalNAc6S also has been reported (Evers et al., 2001;
Hiraoka et al., 2000; Kang et al., 2002). GalAG 6‐O‐sulfation occurs in
the medial/trans Golgi apparatus, and 4‐O‐sulfation takes place later in the
trans Golgi (Silbert and Sugumaran, 2002). Polymer sulfation seems to
occur as the chain grows (Sugumaran and Silbert, 1990) and not after
chain termination. A number of chondroitin 6‐O‐sulfotransferases have
been characterized (Table III) (Fukuta et al., 1998; Kitagawa et al., 2000;
Uchimura et al., 2002). These generally catalyze the sulfation of KS Gal
residues and chondroitin GalNAc (Fukuta et al., 1995; Habuchi et al.,
1993, 2000; Sugumaran et al., 1995). Another 6‐O‐sulfotransferase, puri-
fied from squid cartilage and related to the human B‐cell recombination
activating gene‐associated gene, transfers sulfate to the nonreducing ter-
minal GalNAc4S residue of CS (Ohtake et al., 2001). An additional 6‐O‐
sulfotransferase (Nadanaka et al., 1999) acts only on GalNAc residues
adjacent to dermatan IdoA. Sulfation at the 4‐O‐position of GalNAc pro-
ceeds via specific 4‐O‐sulfotransferases that modify either chondroitin
(Yamauchi et al., 2000) or dermatan (Evers et al., 2001), exclusively. Sulfa-
tion at the 2‐O‐position, prevalent in DS but relatively rare in CS, is
mediated by a 2‐O‐sulfotransferase (Kobayashi et al., 1999) that sulfates
IdoA adjacent to GalNAc4S. Although 3‐O‐sulfated GlcA chondroitin has
been observed from nonmammalian sources (Kitagawa et al., 1997), no
3‐O‐sulfotransferase has been characterized to date.

Chemical modification at C5 of the uronic acid moiety of a GalAG dis-
accharide offers two possible epimerization states, resulting in CS (GlcA) or
DS (IdoA). This process of transforming GlcA to IdoA likely takes place in
the early Golgi apparatus, during or shortly after chondroitin formation and
concomitant with sulfation at the 4‐O‐position (Silbert and Sugumaran,
2002). The C5‐epimerase responsible has not been cloned.
F. Chain Termination
CS chains terminate in unsulfated GlcA or GalNAc with any of the usual
sulfation states (Silbert, 1978). Although the addition of GlcA to terminal
GalNAc6S is facile, the further addition of GlcA is blocked with GalNAc4S
at the nonreducing end (Silbert and Freilich, 1980). Further, GalNAc addi-
tion is inhibited with a GalNAc4S residue preterminal to GlcA at the
nonreducing end (Cogburn and Silbert, 1986; Silbert and Sugumaran,
2002). A process has been postulated whereby action with a 6‐O‐sulfotrans-
ferase specific for terminal GalNAc4S and desulfation at the 4‐O‐position
results in terminal GalNAc6S (Nakanishi et al., 1981; Otsu et al., 1984),
allowing further chain elongation.
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VI. The Catabolism of GalAGs _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Just as polysaccharides are synthesized by intricate biological and chem-
ical processes, they must also be degraded as a part of the normal turnover
of biomolecules. The cellular degradation of polysaccharides represents a
cluster of critical biological pathways, essential for the continued proper
functioning of the organism as a whole.
A. Cellular Degradation of GalAGs
GalAG polymers are degraded in lysosomes to liberated mono-
saccharide moieties, many of which are shuffled back into biosynthetic
pathways. Aberrant degradation of GalAG polymers results in one of a
group of lysosomal storage diseases. These genetic disorders are rare, yet
their study has led to the elucidation of catabolic pathways for complex
polysaccharides.

GalAG degradation in vivo is a highly ordered process dependent upon
the action of specific hydrolases. These hydrolases are substrate specific
according to: (1) sugar stereoconfiguration, (2) glycosidic linkage, (3) sub-
stitution pattern of backbone hydroxyl groups, (4) pH of the subcellular
compartment, and (5) the sugar residues adjacent to the site of cleavage.

The first class of glycoprotein hydrolases is the exoglycosidases
(Table IV), which catalyze the release of specific monosaccharides that
terminate the nonreducing end of the oligosaccharide chain. Because they
generally recognize only one nonreducing end monosaccharide, they are
TABLE IV Enzymes of Galactosaminoglycan Cellular Degradation

Enzyme (EC number) Reaction References

Iduronate‐2‐sulfatase
(3.1.6.13)

Hydrolysis of 2‐sulfate groups of
L‐iduronate of DS and heparin/HS

Bielicki et al., 1993;
Wilson et al., 1993

a‐Iduronidase (3.2.1.76) Hydrolysis of unsulfated a‐L‐
iduronosidic linkages in DS

Scott et al., 1991;
Unger et al., 1994

GalNAc‐4‐sulfatase
(3.1.6.12)

Hydrolysis of 4‐sulfate groups of
GalNAc4S of GalAGs

Litjens et al., 1996

GalNAc‐6‐sulfatase
(3.1.6.4)

Hydrolysis of 6‐sulfate groups of
GalNAc6S of CS (and D‐galactose
of KS)

Masuno et al., 1993;
Morris et al., 1994;
Sukegawa et al.,
2000

b‐N‐acetylhexosaminidase

(3.2.1.52)

Removal of terminal nonreducing

GalNAc4S moiety

Keyhani and Roseman,

1996; Pennybacker

et al., 1996
b‐Glucuronidase (3.2.1.31) Cleavage of b‐GlcA residue Oshima et al., 1987;

Shipley et al., 1993
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often broadly specific, barely receptive to other sugar moieties in the chain.
The endoglycosidases hydrolyze specific sugar sequences within the biopoly-
mer (Jourdian, 1996). One should note that there are no highly conserved
glycosidase domains. Oligosaccharide chains are therefore partially cleaved
by enzymes at a few specific internal sites, generating fragments on the order
of 10 kDa. This endoglycosidase action results in multiple terminal residues,
which can be catalytically released through the action of various sulfatases
(Table IV) and exoglycosidases, obviating the time‐consuming and tedious
scenario of exoglycosidase‐only digestion. Since exoglycosidases do not
degrade substituted sugars, such chemical groups must first be removed.
B. Pathological Catabolism
The loss of GAG‐catabolizing lysosomal enzymes leads to the accumu-
lation of undegraded oligosaccharide in cells and tissue, and the subsequent
secretion of this material. Most diseases of GAG catabolic pathways share a
variety of common symptoms (Table V). Specific diagnosis usually requires
an experienced and expert clinician to pinpoint specific symptomatic
features of the given disorder. Defects in glycan degradation generally mani-
fest with a range of severities. The mucopolysaccharidoses are lysosomal
disorders that share many clinical features. These involve mulitsystem
involvement, organomegaly, dysostosis multiplex, and abnormal facies.
Respiration, vision, and cardiovascular function may be impaired. Joint
mobility and skeletal abnormalities are common (Neufeld and Muenzer,
2001). Onset in youth is usually the most severe; onset during adulthood is
often more mild (Freeze, 1999; Jourdian, 1996; Michalski, 1996).
C. Catabolism of DS and CS
Figure 5 summarizes the important events in the cellular degradation of
GalAG polymers. Following hyaluronidase‐mediated slicing of an oligo-
saccharide chain, DS is degraded initially with iduronate‐2‐sulfatase (EC
3.1.6.13), a hydrolase of lysosomal origin (Bielicki et al., 1993; Wilson et al.,
1993). The 24 kb gene for iduronate‐2‐sulfatase has been localized to Xq27/
28. The protein is synthesized as two precursor forms of 76 and 90 kDa.
Subsequent modification of N‐linked sugar residues follows. Posttransla-
tional processing to incorporate phosphorylated mannose‐6‐phosphate
allows targeting of the protein to the lysosome. In humans, an inherited
deficiency of this enzyme results in a congential storage disorder known as
mucopolysaccharidosis type II (Hunter syndrome). Afflicted individuals
accumulate undegraded DS (and HS) in the lysosome. Accumulation of
these GAG chains leads to a spectrum of clinical phenotypes, including
progressive neurological dysfunction and mental retardation. Preliminary



TABLE V Summary of Lysosomal Disorders

Disorder Enzyme deficiency Substrate

Life
expectancy
(years)

Hunter syndrome

(MPS Type II)

Iduronate‐2‐sulfatase DS, HS 20–60

Hurler syndrome

(MPS Type I H)

a‐Iduronidase DS, HS 5–10

Morquio syndrome

MPS Type IVA GalNAc‐6‐sulfatase C6S, KS 20–40
MPS Type IV B b‐Galactosidase KS 20–40

Sanfilippo syndrome

MPS Type III A Heparan N‐sulfatase HS 20–30

MPS Type III B a‐N‐acetylglucosaminidase HS 20–30
MPS Type III C Acetyl CoA:a‐glucosaminide

N‐acetyltransferase
HS 20–30

MPS Type III D GalNAc‐6‐sulfatase HS 20–30
Maroteaux‐Lamy

(MPS Type VI)

GalNAc‐4‐sulfatase DS 10–30

Sly syndrome (MPS

Type VII)

b‐Glucuronidase DS, HS, C6S, C4S 4–20

GM2 gangliosidoses

Tay‐Sachs disease b‐Hexosaminidase A Sphingolipid,

oligosaccharides

5

Sandhoff disease b‐Hexosaminidase
A and B

Sphingolipid,
oligosaccharides

3

MPS Type IX Hyaluronidase Hyaluronan Unknown

Adapted from Neufeld and Muenzer (2001), with permission.
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approaches for therapy include the delivery of recombinant iduronate‐2‐
sulfatase to neuronal and glial cells (Daniele et al., 2002).

a‐Iduronidase (EC 3.2.1.76) is a hydrolase that follows the action of
iduronate‐2‐sulfatase in the lysosome (Scott et al., 1991; Unger et al., 1994).
It cleaves terminal nonreducing IdoA from DS (and HS). A deficiency in this
enzyme results in a failure to degrade GAGs, manifesting in mucopolysac-
charidosis type I patients who present with a range of clinical phenotypes,
including Hurler and Scheie syndromes. Enzyme replacement therapy has
been shown to have some benefit (Brooks, 2002). The enzyme has been
purified from a variety of mammalian tissues (Table IV). It has been pro-
posed that a‐iduronidase acts in concert with other GAG‐degrading enzymes
as a multienzyme complex near the lysosomal membrane (Jourdian, 1996).

Terminal GalNAc4S can be removed via multiple pathways. The
first possibility is the sequential action of GalNAc‐4‐sulfatase (also known
as arylsulfatase B) to remove sulfate at the 4‐O‐position followed by b‐N‐
acetylhexosaminidase A or B to remove the hexosamine moiety. Alternative-
ly, b‐N‐acetylhexosaminidase A can first clip the GalNAc4S moiety, and then



FIGURE 5 Cellular degradation of galactosaminoglycans.. The degradation in vivo of

GalAG polymers proceeds sequentially via the action of a combination of endoglycosidases,

sulfatases, and exoglycosidases. Degradation is initiated by the endolytic cleavage of the long
oligosaccharide chain into smaller fragments. Then, removal of sulfatases and exoglycosidase

action mediates further degradation. The pertinent target for degradation at each step is

indicated in red. The nomenclature is as described in Fig. 3.
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sulfatase cleavage occurs. b‐N‐acetylhexosaminidase A is one of the very few
exoglycosidases that can cleave sulfated amino sugars at low pH (Keyhani
and Roseman, 1996; Litjens et al., 1996; Pennybacker et al., 1996).

Absence of GalNAc‐4‐sulfatase affects DS catabolism and manifests in
mucopolysaccharidosis type VI (Maroteaux‐Lamy syndrome). Clinically,
growth retardation starts at the age of two or three, with coarsening of
facial features, corneal clouding, joint stiffness, and abnormalities in the
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hands and spine. Tay‐Sachs disease is a disorder in glycolipid degradation
resulting from deficiency in b‐N‐acetylhexosaminidase A. In its most severe
form, neurodegeneration leads to death within 4 years. At its mildest, there
is a somewhat slower onset of neurological symptoms. b‐N‐acetylhexosa-
minidase A and B deficiencies lead to Sandhoff disease with excreted gluco-
saminyl oligosaccharides. Clinical symptoms of Sandhoff disease closely
resemble Tay‐Sachs disease.

b‐Glucuronidase cleaves the b‐GlcA residue (Oshima et al., 1987;
Shipley et al., 1993). This process is continuously cycled until the oligosac-
charides are reduced to free monosaccharide derivatives and sulfate ions.
Deficiency in b‐glucuronidase activity results in mucopolysaccharidosis type
VII, affecting the catabolism of DS, HS, and CS. Clinical features of this
syndrome vary from patient to patient, but all patients have growth retarda-
tion with resultant short stature, some bone abnormalities, and mental
retardation. Osteoarthritis is also prevalent. Survival into adulthood is
common with milder forms of the pathology.

Hyaluronidase sets the stage for CS degradation at the cellular level.
Lysosomal CS catabolism proceeds in analogous fashion to DS, with-
GalNAc‐4‐sulfatase and GalNAc‐6‐sulfatase (Masuno et al., 1993; Morris
et al., 1994; Sukegawa et al., 2000) leading the way for b‐N‐acetylhexosa-
minidase A or B and b‐glucuronidase.

No mammalian endoglycosidases specific for GalAGs have been
reported, although a variety of bacterial chondroitinases has been isolated
and characterized. Hyaluronidase deficiency (MPS Type IX) has been
reported in only one case in which it clinically manifested in periarticular
soft tissue masses, episodic painful swelling, and short stature (Natowicz
et al., 1996).
VII. The Enzymatic Degradation of GalAGs ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Mechanisms of GAG Depolymerization
We have seen that in vivo, GAGs are degraded by a variety of enzymes of
predominantly lysosomal origin—the hydrolases and various exoglycosi-
dases. Another class of GAG‐degrading enzymes includes the bacterial lyases
(Table VI). These come in three categories, classified according to substrate:
hyaluronidases, heparinases, and chondroitinases. Many lyases have been
purified and employed in a variety of analytical and industrial applications.
The following describes the depolymerizing action of lyases that act on
GalAGs, the chondroitinases, and the hyaluronidases.

There are two chemical mechanisms whereby GAGs undergo cleavage.
With eliminative cleavage, the proton off of C5 of the uronic acid moiety is
first abstracted. This results in an unsaturated bond between C4 and C5 of



TABLE VI Overview of GalAG‐Depolymerizing Lyases

Enzyme Organism
Mode of
action

Cleavable
linkage

MW
(kDa)

Chondroitinase

ABC

Proteus (Type I) Endolytic –GalNAc4X6X(b1,4)U2X– >100

Proteus (Type II) Exolytic GalNAc4X6X(b1,4)U2X– >100

Pedobacter Exolytic GalNAc4X6X(b1,4)U2X– >70
Bacillus 53

Beta (Type I) 104

Beta (Type II) 108

Chondroitinase
AC

Arthrobacter Exolytic GalNAc4X6X(b1,4)-
GlcA2X–

76

Aurebacterium >80

Aeromonas X

Pedobacter Endolytic GalNAc4X6X(b1,4)-
GlcA2X–

75

Serritia 70

Chondroitinase B Pedobacter Endolytic –GalNAc4X6X(b1,4)-
IdoA2X–

54

Chondroitinase C Pedobacter –GalNAc6S(b1,4)GlcA2X– <70

Hyaluronate lyase Staphylococcus Endolytic –GalNAc(b1,4)GlcA2X– 84

Streptococcus Endolytic 120
Apis Endolytic 40

X, sulfated or unsubstituted. U, uronic acid of either C5 epimerization state.
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the uronic acid. Protonation of the anomeric oxygen completes the reaction
with the breaking of the glycosidic bond. At its simplest, it can be visualized
as a proton acceptance and donation mechanism (Jedrzejas, 2000). Hydro-
lytic cleavage proceeds slightly differently, first with proton donation to the
glycosidic bond. This breaks away the glycosidic oxygen, creating an O5
oxonium ion. Water addition neutralizes the oxonium ion and saturates all
carbons (Linhardt et al., 1986). One should note that although lyases can
only cleave linkages on the nonreducing side of uronic acid, the hydrolases
have no such limitation and can cleave either bond.
B. GalAG Lyase‐Mediated Degradation of GAGs
Chondroitinases (Table VI) are produced in soil and intestinal bacteria.
Polysaccharides trafficked to the intestinal lumen with epithelial cells pro-
vide these bacteria with their nutrient source. Chondroitin lyases have been
isolated and characterized from a variety genera, most notably Pedobacter
(Fethiere et al., 1999; Huang et al., 1999; Michelacci et al., 1987; Pojasek
et al., 2001, 2002; Yamagata et al., 1968) and Proteus (Hamai et al., 1997;
Huang et al., 2003; Michel et al., 2004; Ryan et al., 1994; Sato et al., 1994;
Yamagata et al., 1968). Chondroitinases have also been isolated from
Arthrobacter (Lunin et al., 2004), Aeromonas (Kitamikado and Lee,
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1975), Bacillus (Ernst et al., 1995), and Bacteroides (Guthrie et al., 1985;
Hwa and Salyers, 1992a,b; Linn et al., 1983).
C. Chondroitinases from Pedobacter heparinus
Chondroitinase ABC from P. heparinus is a broad substrate specificity
lyase that acts on a variety of GAGs, including C4S, C6S, DS, chondroitin,
chondroitin D and E. The enzyme is unable to catalyze the depolymerization
of hyaluronate, heparin and HS, or KS. It has a molecular weight in excess of
70 kDa and an optimal activity temperature of 30�C. The enzyme is fully
active against DS, which is unusual for cABC lyases generally. Other cABC
lyases have DS activities under 40% of their C4S activity (Ernst et al., 1995).
Chondroitinase ABC causes the weight average molecular weight of a
GalAG substrate to decrease slowly. The enzyme acts exclusively on the
reducing end of the oligosaccharide chain, suggesting a wholly exolytic
activity (Michelacci et al., 1987). The enzyme does not seem amenable to
modeling by Michaelis‐Menten kinetics, and thus some other mechanism
may be in force. The reaction is inhibited by its product (UA‐GalNAc4S), by
excess substrate (Michelacci et al., 1987), Ca2þ, PO4

3�, Fe3þ, and Mn2þ.
Chondroitinase AC (EC 4.2.2.5) from P. heparinus is a 75‐kDa enzyme

that acts on C4S, C6S, chondroitin, and hyaluronate (Fig. 6) (Huang et al.,
2001). It is completely incapable of DS cleavage. At the onset of reaction, the
substrate’s molecular weight drops dramatically, producing intermediate
hexasaccharide and tetrasaccharide, with further degradation over time
(Rye and Withers , 2002b). This sugges ts a predom inant ly endolytic mode
of action. Heparin and DS are notable inhibitors of enzyme activity (Pojasek
et al., 2001; Rye and Withers, 2002a,b,c).

Chondroitinase B from P. heparinus has been characterized extensively
(Fig. 7) (Huang et al., 1999; Michel et al., 2004; Pojasek et al., 2001, 2002).
It is the only known lyase that cleaves DS as its sole substrate. Chondro-
itinase B can cleave DS b(1,4) bonds that contain the commonly occurring
4‐O‐sulfate but also linkages with sulfation at the 2‐O‐position, 6‐O‐
position, or both. X‐ray crystallography (Huang et al., 1999), site‐directed
mutagenesis (Michel et al., 2004; Pojasek et al., 2002), and modeling studies
(Pojasek et al., 2002) have identified critical amino acids involved in sub-
strate binding and catalytic activity. Chondroitinase B’s activity is nonran-
dom, nonprocessive, and endolytic, preferring longer substrate to shorter
ones. It works primarily by cutting internal bonds proximal to the reducing
end, although other cleavage sites are also susceptible. An Arg364Ala mu-
tant has been shown to have an altered mode of action yielding an altered
product profile. This phenomenon is most likely explained through the
differentiated binding between this mutant and DS. Additionally, a complex
between Ca2þ, chondroitinase B, and DS is required for substrate cleavage.
It has been proposed that the Ca2þ ion neutralizes the IdoA carboxylate in



FIGURE 6 Structural comparision of cAC and cABC I. (A) Structure of chondroitinase AC

from Pedobacter heparinus based on the crystal structure of Fethière et al. (1999) and Huang

et al. (2001). (B) Structure of chondroitinase ABC I from Proteus vulgaris based on the crystal
structure by Huang et al. (2003). The similarities in the domains of both enzymes are evident.

On a closer inspection, the middle domain of cABC I has very little sequence identity with the

catalytic domain of cAC (and bacterial hyaluronidases). However, the residues that are

implicated to play important roles in catalysis are conserved in both enzymes (Prabhakar et al.,
2005). These catalytic residues are shown in full (purple). The more open cleft of cABC I is

possibly suggestive of this enzyme’s ability to accommodate a variety of oligosaccharide

geometries and thus its wider substrate specificity.
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the catalytic groove, and two residues, Lys250 and Arg271, act as Bronsted
base and acid, respectively (Michel et al., 2004). This strategy makes use of
the flexibility of the IdoA moiety.

Very little is known about chondroitinase C from P. heparinus, an
enzyme specific for 6‐O‐sulfated CS linkages. Cross‐reactivity with C4S is



FIGURE 7 Chondroitinase B from Pedobacter heparinus. Structure of chondroitinase B

based on the crystal structure ofHuang et al. (1999) andMichel et al. (2004). Chondroitinase B is

the onlyknownenzyme that cleaves dermatan sulfate as its sole substrate.The structure shows the
right‐handed parallel b‐helix fold representative in chondroitinase B and pectate lyases. The

authors thank Dr Rahul Raman for support in preparing this schematic.
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the result of the general heterogeneity of GAG polymers in which oligosac-
charides that may contain predominantly C6S actually exist as copolymers
with C4S.
D. Chondroitinases from Proteus vulgaris
The conventional broad substrate specificity enzyme from P. vulgaris
(Ernst et al., 1995; Sato et al., 1994; Yamagata et al., 1968) has actually been
found to comprise two distinct lyases, chondroitinases ABC I and II. Both
enzymes cleave a wide variety of GalAGs and hyaluronan. Chondroitinase
ABC I has been recombinantly expressed and characterized (Hamai et al.,
1997; Michel et al., 2004), and its structure has been elucidated (Fig. 7)
(Huang et al., 2003). It has a molecular weight of 105 kDa and optimally
processes CS and DS substrates at 37�C. CS substrates are processed at
greater rates than DS: 40% greater activity with C6S and more than a
twofold increase with C4S. Activity is maximal for CS substrates at a pH
of 7.9; for hyaluronan, the optimal pH is 6.1. Chondroitinase ABC I activity
is inhibited by Zn2þ and heparin. The products of an exhaustive digestion
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of CS or DS comprise a mixture of unsaturated tetrasaccarides and
disaccharides (Prabhakar et al., 2005). Putative catalytic residues of cABC
I include His501, Tyr508, Arg560, and Glu653 (Prabhakar et al., 2005).
Arginine‐500 may also be involved in substrate catalysis (Huang et al.,
2003). The lyase acts using the proton acceptance and donation mechanism
described earlier. Chondroitinase ABC I is commercially available.

The cABC II lyase from P. vulgaris has been scrutinized far less thor-
oughly (Hamai et al., 1997; Ryan et al., 1994). Chondroitinase ABC II is
100 kDa in size and optimally processes GalAG substrates at pH 7.9 at
40�C. Although cABC II is just as broad as cABC I in terms of substrate
profile, it is a far less efficient enzyme regarding catalytic activity. In fact,
cABC II processes C4S 16‐fold less effectively than cABC I and DS 8‐fold less
(Hamai et al., 1997; Ryan et al., 1994). The product profile for cABC II is
similar to that of cABC I.
E. Chondroitinase AC from Arthrobacter aurescens
Chondroitinase AC from A. aurescens (Hiyama and Okada, 1976,
1977) is a 76‐kDa enzyme that processes C4S, C6S, chondroitin, and
hyaluronan. It is inhibited by DS. The enzyme processes these substrates
exolytically, producing almost exclusively disaccharide products (Jandik
et al., 1994). Chondroitinase AC will cleave CS/DS copolymers but only at
linkages containing glucuronic acid (Gu et al., 1993; Linhardt et al., 1991).
F. Bacterial Hyaluronidases
Hyaluronidases have been purified from the bacterial genera Propioni-
bacterium, Peptostreptococcus, Staphylococcus, Streptococcus, and Strep-
tomyces (Linhardt et al., 1986). Specific activities of hyaluronidases vary
widely. The lyase from Peptostreptococcus has a remarkably high turnover
number, with an activity of 600,000 IU/mg (Tam and Chan, 1985). Hyal-
uronidase from Staphylococcus has a specific activity of 15 IU/mg (Rautela
and Abramson, 1973; Vesterberg, 1968). Though hyaluronate is the major
substrate, C4S and C6S can also be cleaved by many hyaluronidases, albeit
at lower rates. Because of the great variation in catalytic rates among
hyaluronidases and the relative inconsequentiality of pH for activity, it has
been suggested that these enzymes may employ a mechanism fundamentally
distinct from other GAG lyases.
VIII. Perspectives _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The limited availability and vast heterogeneity of tissue‐derived GalAGs
(and other GAGs) has hampered efforts to characterize their sequence‐
specific influences on proteins and other signaling molecules. Their complex
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nontemplate‐driven biosynthesis precludes the possibility of amplification,
unlike DNA and proteins, further complicating glycobiological study. Novel
synthetic strategies for the fabrication of complex polysaccharides are still
in their infancy. These limitations have forced investigators to cultivate
sensitive analytical systems to examine GAG properties.
FIGURE 8 Techniques for GalAG sequencing analysis. Three major developments have

propelled techniques to characterize the fine structural elements of complex polysaccharides:

(1) the development of enzymatic tools to specifically degrade functional groups on an
oligosaccharide chain, (2) analytical chemical approaches, including mass spectrometry,

capillary electrophoresis, and nuclear magnetic resonance to establish complementary,

orthogonal sets of structural data, and (3) a bioinformatics platform to integrate disparate
data elements into a numerical strategy for sequencing. These techniques allow for the rapid

and bias‐free sequencing of complex polysaccharides by considering all possible compositions

and converging at a single solution.



TABLE VII Biotechnological Applications of Chondroitinases

Enzyme Application Organization

cABC Promoting neural plasticity in the central

nervous system

Cambridge University; Massa-

chusetts Institute of Technol-

ogy; Acorda Therapeutics

cB mutants Rationally‐designed polysaccharide lyases
for compositional analysis and

inhibiting anticoagulant activity and

angiogenesis

Massachusetts Institute of
Technology

cAC and cB Attenuation of tumor growth, metastasis,
and angiogenesis

IBEX Technologies

cGP Human chondroitinase glycoprotein Deliatroph Pharmaceuticals

cABC Treatment targeting mucus resulting from

cystic fibrosis

Beth Israel Deaconess Hospital

cABC Treatment of chemonucleolysis Rush Presbyterian/St. Luke’s

Hospital

cB Treatment of surface tissue diseases Seikagaku Corporation
cABC Clearance of hemorrhagic blood from the

vitreous humor of the eye

Advanced Corneal Systems

cB and cAC Treatment of fibroproliferative diseases IBEX Technologies

cABC Treatment for disc herniation Seikagaku Corporation
cABC Cleaning and detergent compositions Procter & Gamble

Corporation

cABC I and II Method for disinserting vitreous body

from the neural retina

American Cynamid Company

cAC, cB,

cABC I and

II, mutants
thereof

Compositional analysis of GAG mixtures;

treatment of pathologies resultant from

the presence of GAGs; the use of defined
GAGs and GAGmixtures to treat cancer

Massachusetts Institute of

Technology
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The cloning and characterization of heparinase I allowed the first determi-
nation of a heparin‐binding site (Sasisekharan et al., 1993). Since then, there
has been a surge of activity regarding the development of biopolymer‐degrad-
ing enzymes, including various chondroitinases and exoenzymes. Structural
investigations of these enzymes, including crystallographic, spatial modeling,
and nuclear magnetic resonance studies, have shed considerable light on
enzyme interaction with substrate. Further, the study of GAG biosynthetic
and catabolic enzymes in vivo has revealed a wealth of insight regarding
structural and chemical properties of GAG populations. GAG detection on a
variety of platforms has been sensitized by introducing UV chromophores and
covalent derivitizationwith fluorescence or radioactive tags.Mass spectromet-
ric methods have enabled detection of pico‐ to femtogram quantities of
material. Matrix‐assisted laser desorption ionization MS of sulfated oligosac-
charides is now accurate to within 1 Da. Capillary electrophoresis and liquid
chromatography are now being used in tandem with MS to directly identify
disaccharides based onmass. These approaches have been coupledwith bioin-
formatics methodologies, including property‐encoded nomenclature, to form
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sequencing strategies (Fig. 8) to elucidate the fine structural elements of com-
plex polysaccharides (Sasisekharan and Venkataraman, 2000; Turnbull et al.,
1999; Venkataraman et al., 1999). These tactics rely on the integration of
disparate experimentally derived data sets, each of which reinforce each other
to provide a solution set of possible polysaccharide sequences. Numerical
constraints, including established rules for linkage susceptibility to cleavage,
further allow convergence to a single sequence. These attempts at sequence
elucidation will be crucial in extending our understanding of the emerging
paradigm of sequence‐specific binding and modulation of proteins by
polysaccharides.

The sweeping involvement of complex polysaccharides like GalAGs
within critical biochemical pathways and disease processes heralds a coming
age in which glycan biotechnologies will be central elements in diagnostic
strategies and therapeutic interventions (Table VII). Such biomedical tech-
nologies will include glycan‐based approaches for multicellular diseases
(Shriver et al., 2004), glycan‐based drug improvement strategies, enzyme
replacement therapies, and glycome profiling both to screen disease severity
in patients and to develop novel medical interventions.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin sulfate (CS) is a linear heteropolymer of the glycosamino-
glycan (GAG) family of polysaccharides formed by alternating residues of
N‐acetylgalactosamine and glucuronic acid with varying sites and degrees of
sulfation. Biosynthesis of this GAG has been investigated since 1960s,
initially with classic biochemical assays and more recently using genetic
approaches. The synthesis of CS occurs in the Golgi compartment by the
action of several glycosyltransferases and sulfotransferases and involves
basically three steps, namely the formation of the linkage region, followed
by polymerization and modification of the polysaccharide chain. The link-
age region, which is common to most of the GAGs, is formed by the
addition of one xylose residue to a specific serine on a polypeptide chain
followed by two galactoses and one glucuronic acid. These reactions are
catalyzed by specific glycosyltransferases, which add individual sugars from
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thei r respe ctive uridine dipho sphate nuc leotide s. Chain polym erizatio n
invol ves the sequen tial ad dition of N ‐acet ylgalact osamine and g lucuron ic
acid resid ues by the actio n of differe nt N ‐ acetylga lactosyl transfer ases a nd
glucur onylt ransferas es (GlcATs), respe ctively, an d occurs concom itan tly
with modi fications of the polym er by the action of several sulf otransfer ases.
The a ction of an ad ditional glucur onic acid ‐ iduroni c acid C‐ 5‐ epimera se
con tributes for the genera tion of derm atan sulfate (DS), an isom er of chon-
dro itin ‐4 ‐sulf ate. Medi al/trans Golgi‐ resid ent sulfotra nsferases catalyze the
trans fer of sulfate group s from the sulfate donor 30 ‐ phosp hoadenosi ne ‐ 50 ‐
phos phate to hy droxyl groups at sp ecific positions on both N ‐ acetylga lacto-
samin e and glucur onic/idur onic acid residu es on the growing polysa ccharide
chain, genera ting unique binding sequenc es withi n CS and DS with the
potent ial of recogn izing speci fic liga nts involved in normal and pathol ogical
pro cesses.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroi tin sulf ate is a linear heter opolym er of the GAG fam ily of
polysa cchari des, whose buil ding blocks con sist of N ‐ acetyl ‐D ‐galac tosamine
(G alNAc) and D‐ glucuron ic acid (GlcA) , varyin g in size up to a hundr ed or
more disacchari de ‐ repeating units. The GalNA c resid ues are substitut ed
with sulfate link ed to 4‐ or 6‐ hydroxyl pos itions, giving rise to the 4‐ sulfate d
(ori ginally den ominated as CS ‐A) and 6‐ sulfate d (CS ‐ C) isom ers ( Fig. 1A
an d B). In add ition to the typi cal disac charid e units shown in Fig. 1A and B,
sever al other types of disacchari des ha ve been observe d in CS varian ts,
espec ially in those obt ained from nonmam malian sou rces. Thus , a CS with
4,6 ‐ disulfat ed GalNA c was isol ated from squ id cartilage (deno minated as
CS ‐ E) while another chondro itin form, containing GlcA ‐ 2(SO4 ) ‐ b‐ 1! 3‐ Gal-
NA c‐ 6(SO4 ) disacchari des, was isolated from shark cart ilage (CS ‐ D) ( Suga-
ha ra et a l. , 2003 ). The occurr ence of 3‐ sulfate d GlcA units was report ed on a
CS from sea cucumber (Vieira et al., 1991). Furthermore, CSs containing
branches of either a‐L‐fucose (Vieira and Mourão, 1988), D‐glucose
(Habuchi et al., 1977), or b‐fructofuranose (Rodriguez et al., 1988) were
found in sea cucumber and squid cartilages and in a uropathogenic bacteria,
respectively.

Dermatan sulfate is another form of chondroitin‐4‐sulfate in which the
GlcA has been epimerized to iduronic acid (IdoA) (originally denominated
as CS‐B) (Fig. 1C). As reported for CS, several DS variants with different
sulfation patterns have been described. Thus, tunicates (ascidians) contain
oversulfated DSs, all of them 2‐sulfated on the IdoA units but differing on
the pattern of sulfation of the GalNAc residues (either 4‐ or 6‐sulfated)
(Pavão et al., 1995, 1998).



FIGURE 1 Structures of the disaccharides found in chondroitin‐4‐sulfate (A), chondroitin‐
6‐sulfate (B), and DS (C). The GAG chains are attached O‐glycosidically to a specific serine

residue in core proteins through a b‐D‐GlcA‐1!3‐b‐D‐Gal‐1!3‐b‐D‐Gal‐1!4‐b‐D‐Xyl

tetrasaccharide, denominated as ‘‘linkage region’’ (D).
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III. Precursor Discoveries on the Biosynthesis of CS ________________________________________________________________________________________________________________________________________________________

On the basis of the structure of CS ( Fig. 1A and B), at leas t four enzym es
could be predicte d in its biosynt hesis, including two glyc osyltrans fera ses
for the polym erization of GalNAc and GlcA units, a nd two sulfo transfer ases
for sulfati on at posit ions 4 and 6 of the GalNA c resid ues. However, we
presentl y know a larger number of enzymes invol ved in the biosynt hesis of
CS, as we will discuss later. But we will initially refer to some precur sor
studies, in the 1960s and 1970s , concer ning the biosynt hesi s of CS. This
was a pe riod of fundam ental discoveri es on the biosynthesi s of glyco -
conjuga tes. At that time the basic questions abou t the biosynthesi s of
CS were related with the mec hanisms of polym erizati on and sulfati on
of the polysa ccharide.

In 1957, Robbins a nd Lipm ann (19 57) isolate d 30 ‐ phos phoaden osine
50‐phosphosulfate (PAPS, ‘‘active sulfate’’) from rabbit and lamb livers. They
also purified a phenol sulfokinase, which catalyzes the transfer of sulfate
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from PAPS to nitrophenol. These findings called the attention that PAPS
could also be the sulfate donor in the biosynthesis of CS (and also of others
GAGs), as in fact, it was demonstrated by the studies of Suzuki and
Strominger (1960a) and D’Abramo and Lipmann (1957), using soluble
enzyme preparation from chicken oviduct and from embryonic chick
cartilage, respectively.

In the case of hen oviduct, the tissue also contained high con-
centrations of unusual nucleotides, including uridine diphospho‐N‐acetyl‐
galactosamine 4‐sulfate [UDP‐GalNAc‐4(SO4)]. This raised the possi-
bility that sulfate might be transferred from PAPS to the nucleotide
and only then incorporated into the GAG chain. Suzuki and Strominger
(1960b) investigated this possibility using low‐molecular weight oligo-
saccharides and clearly demonstrated that sulfate was introduced directly
into the acceptor without the simultaneous addition of monosaccharide
units.

These initial studies have utilized soluble enzyme preparations with
commercial CS or chemically desulfated CS as sulfate acceptor. However,
in these studies, the amount of sulfate incorporated into the GAG was too
small to affect measurably the anionic characteristic of the acceptor. This
aspect was overcome when microsomal preparations from chick embryo
epiphyseal cartilage were employed to study incorporation of 35S‐sulfate
into endogenous acceptor. A highly sulfated CS was indeed formed by the
microsomal preparation (DeLuca et al., 1973; Silbert and DeLuca, 1969).

Almost in parallel with the studies concerning the sulfation of CS and
subsequent to the discovery that sugar nucleotides were the intermediate in
the biosynthesis of several polysaccharides (including hyaluronic acid), it
became clear that UDP‐GalNAc e UDP‐GlcA were the donors of the sugar
units of the CS chains.

In a pioneer study, Silbert (1964) described the simultaneous and equi-
molar incorporation of GalNAc and GlcA into polysaccharides using a
microsomal preparation from chick embryo epiphyseal cartilage and
incubation mixtures containing labeled and nonlabeled sugar nucleotides
(Table I). When the reaction mixture contained a single nucleotide, the
incorporation of radioactive precursors into the endogenous acceptor re-
duced markedly (c and f in Table I). In contrast, when the two nucleotides
were added to the mixture, high amount of labeled polysaccharide was
observed (a, d, and e, Table I). This clearly indicated that the biosynthesis
of CS proceed through alternating transfer of GalNAc and GlcA units from
the sugar nucleotides to the polysaccharide. Furthermore, the incorporation
of GlcA was approximately one‐third when UDP‐GalNAc was replaced
by uridine diphospho‐N‐acetyl‐glucosamine (UDP‐GlcNAc) (b, Table I).
Several other studies demonstrated that a single GlcA was transferred
from UDP‐GlcA to a GalNAc residue at the nonreducing end of an odd
numbered oligosaccharide and a single GalNAc can similarly be transferred



TABLE I Incorporation of 3 H and 14C from Sugar Nucleotides into Poly-

saccharide Fraction of a Microsomal Preparation from Chicken Embr yo

Epiphyseal Cartilage*

Nucleotide added

Radioactivity incorporated into
polysaccharides (total cpm)

3H 14C

a. 3H‐UDP‐GalNAc þ UDP‐GlcA 3000 –

b. 3H‐UDP‐GlcNAc þ UDP‐GlcA 1010 –

c. 3H‐UDP‐GalNAc 290 –
d. 3H‐UDP‐GalNAc þ 14C‐UDP‐GlcA 3635 (0.091)** 1335 (0.089)**

e. UDP‐GalNAc þ 14C‐UDP‐GlcA – 990

f. 14C‐UDP‐GlcA – 110

*Data from Silbert, 1964.
**Values in parenthesis are mmmol of labeled sugar incorporated into the polysaccharide.
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from UDP ‐ GalNAc to the GlcA of the nonr educing end of an even numb er
oligosacc haride (Silbert et al. , 1976).

It became clear in these initial studi es that enzym es invol ved in the
sulfation and polym erizatio n of CS wer e located toget her on the microsom al
prepara tion. This sugges ted that sulf ation of the polysa cchari de pro ceeds
during polym erization or immediat ely following polym erizatio n.
IV. The Biosynthesis of the CS Star ts with the Formation of the
Linkage Region _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The CS chain is attached glycosidically to serine in core proteins through
a b‐D‐GlcA‐1! 3‐b‐D‐Gal‐1! 3‐b‐D‐Gal‐1! 4‐b‐D‐X yl t et ra sa cc ha ri de , d eno -
minated as ‘‘linkage region’’ (Fig. 1D). This observation raises another ques-
tion concerning the biosynthesis of CS/DS proteoglycans (PGs), related with
the incorporation of the four sugar units of the linkage region.

Initia l studi es revealed that xylose and galac tose wer e transfer red from
their respective uridi ne diphosphat e derivati ves to end ogenous accept ors in
cell‐ free systems (Gre bner et al. , 1966; Telser et al. , 1966 ). A furt her step was
the use of sever al well ‐ charac terized exogenou s acceptors, which permitted
the develop ment of sim ple assays for each one of the trans fer reactions .
Thus, diff erent fragment s of the carbohydr ate ‐ protein region , such as b‐  D‐
Xyl ‐ L‐seri ne, b‐ D‐ Gal ‐ 1! 4‐ b‐ Xyl, and b‐ D‐ Gal ‐ b‐ 1! 4‐  D‐ Xyl ‐ L‐ serine, were
used a s substr ates for the trans fer reactions and perm itted to distingui sh the
two galac tosyltra nsferases involved in the biosynt hesis of the link age region
(Helting and Roden, 1969a ).

Since the first glucur onic acid residu e in the CS/D S cha ins is lin ked to
galactose rather than to Gal NAc, two GlcAT could conceivabl y be involved
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in the biosynt hesis of the polysa ccharide. Infor mat ion regar ding this
pro blem was obtained by mixed substr ate experime nts in which b‐ Gal ‐
1 ! 3‐ D‐ Gal was incubated togeth er with CS trisacch aride or pentas acchar-
ide co ntaining GalNAc ‐ 6(SO4 ) at their reduci ng termin als (He lting an d
Roden, 1969b) . Glucuro nyl transfer to the trisacc haride procee ded equally
well in the presence of an excess of b‐Gal‐1!3‐D‐Gal (a in Table II). In
contrast, the pentasaccharide almost completely abolished glucuronyl trans-
fer to the homologous trisaccharide under similar conditions (b in Table II).
These findings indicated that the transfer of GlcA to the galactose residue of
the linkage region is mediated by an enzyme distinct from that involved in
the formation of the remainder of the CS chain.

Therefore, it is now clear that the biosynthesis of CS starts with xylose
addition to specific serine residues in a consensus sequence of a PG core
protein (Bourdon et al., 1987), followed by the sequential addition of two
galactose residues and a glucuronic acid. Then, chondroitin polymerization
takes place, by alternating incorporation of GalNAc and GlcA to constitute
the repeating disaccharide region. In these glycosyltransferase reactions the
sugar donors are always their respective uridine diphosphate derivatives.
Sulfation of the polymer by specific sulfotransferases occurs as the chain is
growing. The various steps involved in the biosynthesis of CS are summar-
ized in Fig. 2.

The four glycosyltransferases involved in the synthesis of the linkage
region (Fig. 2A), named O‐xylosyltransferase‐I (XylT‐I), galactosyltransfer-
ase‐I (GalT‐I), galactosyltransferase‐II (GalT‐II), and glucuronyltransferase‐
I (GlcAT‐I), have already been cloned (Almeida et al., 1999; Bai et al., 2001;
Gotting et al., 2000; Kitagawa et al., 1998).1

Peptide O‐xylosyltransferase was one of the first glycosyltransferase to
be described (Gregory et al., 1964). Although this enzyme has great ability to
transfer xylose to Ser‐Gly motifs in the core protein, it has been shown that
this is not an absolute requirement. There is evidence, using site‐directed
mutagenesis, that it may also transfer xylose to threonine (Rodén et al.,
1985).
1Glycosyltransferases are a superfamily of enzymes responsible for the transfer of specific

glycosyl residues from activated sugar-nucleotide donors to specific acceptor molecules. Thus,

these enzymes are involved in the synthesis of carbohydrate chains of GAGs, glycolipids, and

glycoproteins. Members of this superfamily of enzymes are usually named after the sugar
moiety that they transfer and are divided into subfamilies based on the linkage established

between the donor and acceptor such as b-1!4-, b-1!3-, a-1!4-galactosyltransferase,

xylosyltransferase, N-acetylgalactosaminyltransferase, sialyltransferase, and others.

For example, b-1!4-GalT forms a family including seven enzymes, from b-1!4-GalT1
through b-1!4-GalT7. All of them transfer galactose from UDP-Gal to the acceptor

through b-1!4-linkage, basically differing in the sugar acceptor used.



TABLE II Mixed Substrate Experiments, Which Provided the Initial Evidence that the Transfer of GlcA from UDP‐GlcA to

the Linkage Region of CS is Mediated by an Enzyme Distinct from that Involved in the Formation of the Remainder of the CS

Chain*

Substrates added to the reaction mixtures Reaction monitored on the assay

mmol Total cpm incorporated

into the oligosaccharide

a. 0 0.1 – 1459 –

0.5 0.1 – 1333 25300
1.0 0.1 – 949 29890

2.0 0.1 – 1580 39400

b. – 0.1 – 1040 –

– 0.1 0.07 73 –
– 0.1 0.10 80 –

*Data from Helting and Roden, 1969b.

represents b‐D‐Gal‐1!3‐D‐Gal disaccharide; the b‐D‐GalNAc‐6(SO4) units of CS; and□ b‐D‐GlcA residues of either the linkage region or of the
major CS structure.
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FIGURE 2 Schematic representation of the biosynthesis of CS/DS. (A) Formation of the
linkage region: The linkage region is formed by sequential addition of xylose, two galactoses,

and glucuronic acid catalyzed by xylosyltransferase I (XylT‐I), galactosyltransferase I (GalT‐I),
galactosyltransferase II (GalT‐II), and glucuronyltransferase I (GlcAT‐I), respectively. Sulfation
(S) and/or phosphorylation (P) of these units are regulatory mechanisms, which select the type

of GAG chain that will be synthesized, either a GalAG or a glucosaminoglycan. (B) Chain

polymerization: The transfer of the first GalNAc to the linkage region is catalyzed by a

chondroitin sulfate N‐acetylgalactosaminyltransferase‐1 (CSGalNAcT‐1). Subsequently, GlcA
and GalNAc units are added in an orchestrated and organized manner by the action of

chondrotin sulfate glucuronyltransferase (CSGlcAT) and chondroitin sulfate N‐acetylgalacto-
saminyltransferase‐2 (CSGalNAcT‐2), respectively. The addition of GlcA and GalNAc can also

be carried out by recently cloned enzymes namely chondroitin synthases 1–3 (CSS1–3). These
enzymes possess two catalytic domains for the transfer of GlcA and GalNAc units. The sugar

donors in all these glycosyltransferase reactions are their respective uridine diphosphate

nucleotides. In the panel we refer exclusively to glycosyltransferases that have already been
cloned. (C) Sulfation of CS: These reactions involve the transfer of a sulfate group from the

activated sulfate donor PAPS into specific position of the CS. Sulfation of position 6 of the CS is

catalyzed by C6ST1 or by C6ST2 or GST5. Another enzyme, named chondroitin 6‐O‐sulfate
sulfotransferase (GalNAc4S‐6ST), catalyzes transfer of sulfate to position 6 of nonreducing
GalNAc‐4‐sulfate residues and even to internal units in some invertebrate species. Three

chondroitin‐4‐sulfate sulfotransferases (C4ST1‐3) are involved in 4‐O‐sulfation of GalNAc

units. Finally, sulfation at position 2 of the GlcA involves a CS/DS 2‐O‐sulfotransferase (CS/

DS2ST). (D) Polymer modification and sulfation of DS: Biosynthesis of DS has an additional
step of C5‐epimerization of GlcA into IdoA. Thereafter, the polysaccharide is sulfated by a

dermatan 4‐sulfate sulfotransferase (D4ST) and, at a lower extension, by a dermatan 6‐sulfate
sulfotransferase (D6ST). Finally, position 2 of the IdoA can be sulfated on a reaction catalyzed

by the CS/DS 2‐O‐sulfotransferase (CS/DS2ST). Interestingly, sulfation prevents back‐
epimerization of the newly formed IdoA into GlcA. The monosaccharide units are represented

in the panels by symbols. These monosaccharides are assumed to be in the D‐configuration,
except for L‐iduronic acid, all in the pyranose form.
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V. Post‐Translational Modifications of the Linkage Region
Regulate the Synthesis of the GAG chain ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Different types of GAGs are assembled to the protein core through the
common linkage tetrasaccharide shown in Fig. 1D. The homogeneity of the
linkage region contrasts with the structural diversity of the repeating dis-
accharides found in each GAG chain. These observations led to speculations
concerning the reason why different types of GAG chains are synthesized,
starting from the same protein linkage region. What is the molecular signal
determinant for the type of glycan chain to be synthesized?

A clarification to this question came when several groups found sulfa-
tion at position O‐4 and/or O‐6 of the galactose residues in the linkage
region of CS, which does not occur in heparan sulfate (HS) (de Waard et al.,
1992; Sugahara and Kitagawa, 2000; Sugahara et al., 1988), even when
these two GAGs are attached to the same PG (Ueno et al., 2001). In contrast,
a 2‐phosphorylation in xylose residue has been found in all types of GAG
chains (Fransson et al., 1985;Moses et al., 1997). Furthermore, chondroitin‐
4‐sulfate and chondroitin‐6‐sulfate contain galactose residues 4‐ and 6‐
sulfated in the linkage region, respectively (Silbert and Sugumaran, 2002).
Thus, sulfation and phosphorylation of the sugar residues found in the
linkage region may constitute molecular signals to determine the type of
GAG chain that will be synthesized.

All these modifications of the linkage region occur as an early posttrans-
lational event (Lohmander et al., 1986) and have been shown to occur in
several tissues among different animals (Lauder et al., 2000; Sugahara et al.,
1992; Ueno et al., 2001). Sulfation of galactose and phosphorylation of
xylose are mutually exclusive events and also are not found in all chains
(Ueno et al., 2001). These observations suggest that sulfate and phosphate
may be added to specific sugar units of the linkage region as a signaling
marker and then removed, as a dynamic process. Certainly, these two major
modifications of the linkage region influence the specificity of the glycosyl-
transferases. Thus, phosphorylation of xylose occurs only after the addition
of the first galactose residue since GalT‐I is not able to catalyze the incor-
poration of galactose into phosphorylated xylose (Gulberti et al., 2005).
Moses (1997) reported that xylose residue is transiently phosphorylated
during decorin biosynthesis, while the linkage region is synthesized. Phos-
phorylation is essentially complete after the synthesis of the galactose‐galac-
tose‐xylose, but when the GlcA residue is added dephosphorylation takes
place. Therefore, the occurrence of phosphorylated xylose is an important
determinant for the GlcAT‐I activity. However, phosphorylation of xylose
on aggrecan appears to be stable (Oegema et al., 1984).

Overall, these observations suggest that phosphorylation of xylose can
arrest the biosynthesis of some GAG chains, representing a regulatory
mechanism in their biosynthetic rate. Likewise, sulfation can also be a
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regulator y mec hanism. GlcAT‐ I is not active toward 4‐ sulfate d galac tose
residues ( Gulbert i et al ., 2005 ). Moreove r, sulf ated galactose is hypothes ized
to be recognize d by an N‐ acet ylgalacto saminyl transfer ase (G alNAcT ),
named as chon droitin sulfate N ‐ acetylga lactosam inyltra nsferase ‐ 1 (CSGa l-
NAcT ‐ 1) ( Fig. 2B), specific for the linkage regi on an d migh t be a mol ecular
signal that promot es synthe sis of CS rathe r than HS chain ( Sugah ara and
Kitagawa, 2000 ). Also, 4 ‐sulf ation of GalNAc seems to stimul ate CSGal -
NAcT ‐ 2, an enzyme involv ed in elonga tion of CS cha ins ( Sato et al. , 2003 ),
whereas a termi nal 3‐ sulfate d GlcA or pen ultimate 4,6 ‐ disulfat ed GalNAc
residues inhib it the enzym e activity ( Kitaga wa et al. , 1997 ).

Despit e all these data, there is still strong evide nce of signa ls in the
structure of core protein that deter mine the select ion of the type of GAG
chain that wi ll be synthe sized ( Esko and Zhang, 1996 ).
VI. Chain Initiation and Polymerization of CS/DS ________________________________________________________________________________________________________________________________________________________________________________________________

The trans fer of a GalNAc to the li nkage regi on by CSGalNA cT ‐ 1 is the
initial step for the polymeri zation of CS/D S chain an d will drive the synthe sis
of a galactosa minog lycan (GalAG ) rather than of a glucos amin oglycan.
Subsequent ly, alt ernating add ition of GlcA an d GalNAc units goes on in a
highly organi zed mechan ism of polymeri zation in which the enzymes act in
an orches trated manner, ad ding each individual sugar to the nonredu cing
end of the accept or. Diff erent glyc osyltrans ferases are invol ved in elonga tion
of the CS ch ain ( Rohrm ann et al. , 1985 ), as descr ibed in Fig. 2B .

Recently, two GalNAcTs involved in the addition of GalNA c to CS
chains have been clone d (Uyam a et al., 2002, 2003). One is the CSGal -
NAcT ‐ 1, which exhibits a strong activi ty toward the link age region , as we
referred earlie r, and does not use CS chains as accepto r. Anot her enzym e,
named as CSGalNA cT ‐ 2, shows high acti vity toward CS substr ate and does
not recogni ze the tet rasacchari de ‐ serine of the linkage region as accept or.
In vivo studi es have not compl etely corrobor ated the in vitro studies yet.
Possibly, there are some factors regulatin g the activi ty of these enzym es such
as sulfation in the linkage region or the peptid e sequenc e of the core protei n.
In addition, the existence of a multimeric complex has been suggested
(Uyama et al., 2003).

The transfer of GlcA to elongate CS is achieved by a GlcAT‐II, distinct
from the GlcAT‐I that is involved in the addition of the ultimate residue of
the linkage region (Sugumaran et al., 1997). Searching the database for
homology to known genes allowed the cloning of a new GlcAT, known as
chondroitin sulfate glucuronyltransferase (CSGlcAT), which shows only
GlcAT ‐II activi ty (Gotoh et al ., 2002).

A new enzyme, named CS synthase (CSS1) was cloned and showed
both GlcAT‐II and GalNAcT‐II activities involved in CS polymerization



128 Pavão et al.
(Kitagawa et al., 2001). This enzyme possesses two catalytic domains, one
containing the b4GT motif that functions by transferring GalNAc to GlcA
via b1,4 linkage and other containing a b3GT motif that transfers GlcA to
GalNAc via b1,3 linkage. However, a chondroitin polymerization activity
has not been observed with the recombinant enzyme in vitro. This fact can
be explained by the requirement of the coexpression of another protein, the
recently cloned chondroitin polymerizing factor (ChPF). Perhaps CSS1 and
ChPF exist in vivo as a single protein complex. In fact, ChPF is a member of
the gene family of CS glycosyltranferases, as it presents homology to the
others enzymes previously cloned but shows little GalNAcT‐II or GlcAT‐II
activity (Kitagawa et al., 2003).

Despite all these reports, it is not clear which enzyme really acts on each
step of the chain polymerization. Both CSS1 and CSGlcAT possess GlcAT‐II
activity, however, they have different acceptor specificities. While CSGlcAT
prefers short acceptors, CSS1 acts on longer sequences (Gotoh et al., 2002b).
This could indicate that both enzymes take part in different stages of CS
polymerization. However, the activity and substrate specificity observed
in vitro might not represent the real situation in vivo.

Additional complexities on the mechanism of CS biosynthesis were
revealed on studies with the nematode Caenorhabditis elegans. In this
invertebrate, sqv‐5 and PAR2.4, CSS1 and ChPF orthologs, respectively,
were cloned (Hwang et al., 2003a; Izumikawa et al., 2004). In addition,
two new CSSs were cloned (named as CSS2 and CSS3). These enzymes
possess both GalNAcT‐II and GlcAT‐II activities, as CSS1. However, the
specific activity and the rate of expression in tissues of CSS1 are much more
significant than their counterparts, although the three enzymes are ubiqui-
tously expressed in animal tissues (Yada et al., 2003a,b).

Overall, the recent purification, cloning, expression, and characteriza-
tion of many glycosyltransferases have revealed new enzymes involved in the
polymerization of the CS chains. However, additional information is re-
quired in order to determine the role and specificity of each enzyme
under in vivo conditions. Furthermore, it is still necessary to clarify the
coordination of the event, which probably requires the formation of com-
plex machinery. Finally, the molecular mechanism of gene expression is a
critical step to determine the role of each one of these enzymes during CS
biosynthesis under normal and pathological conditions.
VII. Sulfation of CS: General Properties of the
Sulfotransferases __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The sulfation of GAGs occurs in the Golgi compartment and is catalyzed
by sulfotransferases, which catalyze the transfer of a sulfate group from the
universal activated sulfate donor PAPS to hydroxyl group of a specific position
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of the sugar residue. PAPS is synthesized in the cytosol and enters the Golgi
compartment via a PAPS/PAP (30 ‐phosphoadenosine‐50 ‐phosphate) translo-
case shuttle (Ozeran et al., 1996). Some sulfotransferases recognize not only
the kind and position of acceptor sugar but also the structure of the neighbor-
ing residues. The core protein to which the GAG chains are linked does not
d e te rm i n e s pe ci fi c it y o f s ul fa ti o n ( Uchimura et al., 2002).

Sever al GAG sulfotra nsferases have been ident ified, clone d, and /or pur-
ified from vertebrat es, such as human (Okud a et al., 2000; Sh worak et al.,
1999), mouse ( Kusche ‐ Gullbe rg et al., 1998; Yamauc hi et a l., 2000 ), chicken
(Fukut a et al ., 1995 ), and fish ( Bink et al., 2003 ), in a ddition to insect
(Dros ophil a) (Kamimur a et al ., 2001) and worm s (C. elegans ) (Tur nbull
et al. , 2003 ), providin g infor mation about their structura l organi zation.
Similar to other Gol gi‐ resident enzym es, such as glyco syltrans ferases, sulfo -
transfer ases have a type II trans membrane topolog y consisting of a sho rt
amino ‐ termi nal cytopl asmic domai n followed by a single trans membrane
domain and a carboxy ‐ termi nal doma in contain ing the catalytic sit e face d to
the lumen of the Gol gi.

X‐ ray crystallogr aph ic studi es of sulfo transfer ases revealed the structur-
al features an d the reaction mechan ism that can be appli ed to all su lfotrans -
ferases ( Kakuta et al ., 1997 ). These enzym es are a single a/b globul ar protein
with a charac teristic five ‐ stranded parallel b ‐sheet flank ed by a‐ helices on
both sides of the sheet ( Negishi et al., 2001 ). Stud ies on the reaction mech a-
nism indicate that sulfo transfer ases form a terna ry complex invol ving the
enzyme, PAPS, and the acceptor sub strate. Both the bind ing of the cosub -
strate to the enzym e and the release of the produ ct occu r in an ordere d
manner. PAPS binds first, followed by the accept or substr ate (car bohyd rate).
After sulfu ryl transfer, the su lfated pro duct is release d followed by PAP
(Negishi et al ., 2001 ).

The sulfati on heterogenei ty of CS/DS is a result of the acti on of sever al
sulfotra nsferases with differe nt isoform s, sub strate specifici ty, an d patterns
of expres sion. These enzym es can be grouped into three familie s, which
transfer sulfuryl g roups to positions 4 and 6 of Gal NAc residues and to
position 2 of GlcA or IdoA (in the case of DS) . The actions of these enzym es
are summarized in Fig. 2C and D.
VIII. 6 ‐O‐Sulfotransferase _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Sulfati on at pos ition 6 of the CS is catalyze d by chondro itin‐ 6‐sulf ate
sulfotra nsferase (C6ST1 ). The enzyme was first identifie d in extra cts from
chick embr yo epiphyseal cart ilage (Habu chi and Miyashita, 1982) and
subsequently purified (Habuchi et al., 1993) and cloned (Fukuta et al.,
1995) from cultured chick embryo chondrocytes. The purified enzyme cat-
alyzes the transfer of sulfate group from PAPS to the 6‐position of GalNAc
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residues in GlcA‐rich region of CS, in addition to the galactose residues of
keratan sulfate (KS) (Fukuta et al., 1995; Uchimura et al., 2002). The cDNA
of the chicken C6ST1 predicts a type II transmembrane protein, composed
of 458 amino acid residues, containing 6 potential sites for N‐glycosylation
(Fukuta et al., 1995).

Human and mouse C6ST1 cDNAs were isolated and cloned, based on
the avian C6ST1 sequence (Fukuta et al., 1998; Mazany et al., 1998;
Tsutsumi et al., 1998; Uchimura et al., 1998). The human C6ST1 displays
74% amino acid sequence identity to the chicken counterpart, and the major
difference between the human and chicken enzymes resides in the presence
of a unique hydrophilic domain in the human enzyme. Analysis of the
reaction products demonstrated that C6ST1 transfers sulfate to position 6
of GalNAc in GlcA‐b‐1!3‐GalNAc sequences. No reaction is observed
when GalNAc is 4‐sulfated or flanked by IdoA at the nonreducing terminal
(Tsutsumi et al., 1998). C6ST1 is ubiquitously expressed in various adult
human tissues, indicating that it may be involved in diverse biological
processes (Fukuta et al., 1998). Mouse C6ST1 is composed by 472 amino
acid residues and exhibits 71% sequence identity to the chicken enzyme.
Similarly to the avian enzyme, mouse C6ST1 also displays KS sulfotransfer-
ase activity, but in this case it is significantly lower (Uchimura et al., 1998).
Analysis of C6ST1 mRNA in mouse tissues indicates that it is strongly
expressed in spleen, lung, and eye.

Using the sequence of the human C6ST1, a novel human C6ST was
identified and named C6ST2 or GST5. The cDNA sequence of human
C6ST2/GST5 reveals a protein of 486 amino acids, which displays 24%
sequence identity to human C6ST1 (Kitagawa et al., 2000). A homologous
C6ST2/GST5 has also been identified in mouse (Bhakta et al., 2000). Based
on functional and structural similarities C6ST2/GST5 has been suggested to
belong to the Gal/GalNAc/GlcNAc 6‐O‐sulfotransferase (GST) family of
enzymes, which includes mainly Golgi‐resident GlcNAc 6‐O‐sulfotrans-
ferases (Bhakta et al., 2000). The substrate specificities as well as the tissue
distribution of the C6ST2/GST5 remain to be clearly determined.

A chondroitin 6‐O‐sulfate sulfotransferase (GalNAc4S‐6ST) that sul-
fates GalNAc 4‐sulfate residues on CS and DS was purified from human
serum (Inoue et al., 1986a) and from squid cartilage (Ito and Habuchi,
2000). The human enzyme transfers sulfate from PAPS mainly to position
6 of the nonreducing GalNAc 4‐sulfate residues (Inoue et al., 1986b),
whereas the squid counterpart transfers sulfate mainly to position 6 of
internal GalNAc 4‐sulfate residues (Ito and Habuchi, 2000). Human Gal-
NAc4S‐6ST was subsequently cloned based on the amino acid sequence of
the purified squid enzyme (Ohtake et al., 2001). Its cDNA predicts a type II
transmembrane protein, composed of 561 amino acid residues. Nucleotide
sequence of the human GalNAc4S‐6ST cDNA indicates that it is nearly
identical to the sequence of human B cell RAG‐associated gene. Based on
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the analysis of substrate specificities of human GalNAc4S‐6ST, it was sug-
gested that the enzyme is involved in the generation of highly sulfated
nonreducing terminal sequence in chondroitin‐4‐sulfate (Ohtake et al.,
2003).

A novel DS‐specific 6‐O‐sulfotransferase has been detected in bovine
fetal serum. The enzyme transfers sulfate to position 6 of GalNAc residues in
the sequence IdoA‐a‐1!3‐GalNAc‐b‐1!4‐IdoA of DS. No DS 6‐O‐sulfo-
transferase activity is observed toward CS or when the GalNAc residues in
the sequence IdoA‐a‐1!3‐GalNAc‐b‐1!4‐IdoA are 4‐sulfated (Nadanaka
et al., 1999). IdoA‐a‐1!3‐GalNAc‐6(SO4) disaccharide units are common
in DS from nonmammalian sources, such as hagfish notocord (Anno et al.,
1971), and embryonic and adult sea urchin (Vilela‐Silva et al., 2001),
implying the occurrence in these animals of 6‐O‐sulfotransferases with
substrate specificities similar to that of bovine fetal serum.
IX. 4‐O‐Sulfotransferase _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

4‐O‐sulfation of GalNAc is the most frequent modification of CS and
DS and is carried out by three chondroitin‐4‐sulfate sulfotransferases
(C4ST1–3) and one dermatan 4‐sulfate sulfotransferase (D4ST1), which
have been cloned and characterized (Evers et al., 2001; Hiraoka et al.,
2000; Kang et al., 2002; Yamauchi et al., 2000). These enzymes have
different degrees of homologies with HNK‐1ST, an enzyme that transfers
sulfate from PAPS to position 3 of terminal GlcA residues in the sequence
GlcA‐b‐1!3‐Gal‐b‐1!4‐GlcNAc found in natural killer cell antigen (HNK‐
1) (Baenzinger, 2003). C4ST1–3 transfer sulfate from PAPS to position 4 of
GalNAc residues in GlcA‐rich regions in both desulfated CS and DS.

C4ST1 was first purified to apparent homogeneity from the serum‐free
cultured medium of rat chondrosarcoma cells (Yamauchi et al., 2000). It is a
glycoprotein containing about 35% N‐linked oligosaccharides that contrib-
ute to the production and stability of the active form of the enzyme (Yusa
et al., 2005). Subsequently, C4ST1 cDNAs were isolated from mouse brain
and human fetal brain and cloned, based on the amino acid sequences
of peptides obtained from the purified rat enzyme (Okuda et al., 2000;
Yamauchi et al., 1999). Mouse and human C4ST1 share 96% of amino
acid sequence homology and are broadly expressed in adult human (pre-
dominant expression in hematopoetic tissues, peripheral blood leucocytes)
and mouse (predominant expression in brain and kidney) tissues, as
indicated by Northern blot analysis.

Using the conserved RDP motif in HNK‐1ST as a probe, which is a part
of the binding site for 30‐phosphate group of PAPS, the cDNA of the C4ST2
was cloned. The enzyme shares only 41.8% identity at the amino acid level
with C4ST1. Similar to C4ST1, C4ST2 transfers sulfate to position 4 of the
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GalNAc, located at GlcA‐GalNAc‐GlcA sequence in desulfated CS and DS
but not to chondrotin‐6‐sulfate. Northern blot analysis indicates that C4ST2
has a more widely expression than C4ST1 (Hiraoka et al., 2000).

A new C4ST namely C4ST3 has been identified based on its homology
to HNK‐1ST. Its cDNA encodes a 341‐amino acid protein with 45% and
27% sequence identity with C4ST1 and C4ST2, respectively. It has a highly
restricted pattern of expression, being expressed predominantly in adult
liver and at lower levels in adult kidney (Kang et al., 2002). Although all
C4ST share the same substrate specificities they have different patterns of
expression. This fact may suggest that these enzymes are involved in differ-
ent biological events.

D4ST1 has also been cloned based on its homology to HNK‐1ST (Evers
et al., 2001). Its cDNA encodes a 376‐amino acid protein containing two
potential N‐linked glycosylation sites at the cytoplasmic domain. D4ST1 has
27.3% and 22.8% amino acid identity to C4ST1 and C4ST2, respectively.
Enzymatic and structural analysis of the reaction products indicate that the
sulfotransferase is able to transfer sulfate group to position 4 of GalNAc in
DS, located not only in the sequence IdoA‐GalNAc‐IdoA but also in GlcA‐
GalNAc‐IdoA and IdoA‐GalNAc‐GlcA. In addition, it has been suggested
that 4‐sulfation stimulates subsequent 4‐sulfation of GalNAc in the neigh-
boring disaccharide unit. Enzymatic studies using microsomes showed that
4‐sulfation follows C5‐epimerization of GlcA into IdoA, and the sulfation
prevents back epimerization of the newly formed IdoA into GlcA (Mikami
et al., 2003; Silbert and Sugumaran, 2002). This epimerization reaction is
shown in Fig. 2D.
X. 2‐O‐Sulfotransferase __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Sulfation at position 2 of IdoA is a frequent modification found in DS. It
creates unique motifs within the polymer necessary for specific interactions
with several molecules. For example, 2‐sulfation of IdoA in IdoA‐GalNAc‐4
(SO4)‐rich region in DS accounts for the presence of a specific sequence
required for binding and activation of heparin cofactor II (Maimone and
Tollefsen, 1990; Pavão et al., 1998). Sulfation at position 2 of GlcA on CS
may also occur, but it is less frequent. The transfer of sulfate groups to IdoA/
GlcA is catalyzed CS/DS 2‐O‐sulfotransferase (CS/DS2ST). 2‐sulfation of
IdoA during biosynthesis of DS polymers normally occurs next to 4‐sulfated
GalNAc residues (Silbert et al., 1986). A probable exception to this rule
occurs during the biosynthesis of DS in the ascidian Ascidia nigra. The DS of
this marine invertebrate is composed mainly by IdoA‐2(SO4)‐GalNAc‐6
(SO4) disaccharide unities, indicating that 2‐sulfation occurs exclusively
next to 6‐sulfated GalNAc (Pavão et al., 1995, 1998) by a 2‐O‐sulfotrans-
ferase with different substrate specificity, which remains to be identified.
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Human CS/DS2ST had been cloned based on the amino acid sequence of
the HS iduronyl 2‐O‐sulfotransferase (Kobayashi et al., 1999). The full‐
length cDNA encodes a 406‐amino acid protein possessing the characteristic
type II transmembrane topology of other Golgi‐resident sulfotransferases.
The fact that 2‐sulfation takes place preferentially after sulfation of GalNAc
suggests that it is probably the last step in the biosynthesis of CS/DS and
would occur in a relatively late Golgi trans network. Northern blot analysis
demonstrated that it has a ubiquitous expression in various human tissues
and in several human cancer cell lines (Kobayashi et al., 1999).
XI. Genetic Defects Affecting the Biosynthesis of CS ________________________________________________________________________________________________________________________________________

Only few heritable disorders involving the biosynthesis of CS have been
described. A C6S with low sulfate content was reported in the urine of
patients with an unusual form of spondyloepiphyseal dysplasia, having an
autosomal recessive inheritance (Mourão et al., 1973). This undersulfated
CS possibly results from a low activity of a CS sulfotransferase (Mourão
et al., 1981). Another study reported that homozygous brachymorphic mice
have a considerable increase in the amounts of nonsulfated disaccharide
units in the CS extracted from the abnormal cartilage (Orkin et al., 1976).
Additional studies on these mice indicated a defect in the synthesis of PAPS
from ATP and sulfate, the availability of PAPS possibly being the rate‐
limiting factor in the sulfation of the CS. Curiously, no abnormalities were
found in skin fibroblasts of the patients with spondyloepiphyseal dysplasia
(Mourão et al., 1981) or of the brachymorphic mice (Sugahara et al., 1986).
Both genetic defects were restricted to cartilage. These were very early
evidences that differences may exist in the distribution of enzymes involved
in the biosynthesis of CS.

Now it is clear that a great number of glycosyltransferases and sulfo-
transferases genes participate in the biosynthesis of CS, as we already
discussed. As various enzymes are involved in CS synthesis, it is complicate
to investigate the mechanism of biosynthesis of this GAG by gene knockout
and, besides, in some cases, this approach results in animal lethality
(Narimatsu, 2004; Sugahara and Kitagawa, 2000). Nevertheless, the genetic
approach may constitute an advance in the understanding of CS biosynthesis
and also may help to clarify the molecular mechanisms underlying the
pathology of various diseases that involve CS or DS.

Mutations in genes that encode glycosyltransferases involved in the
formation of the linkage region, which affects both GalAGs and GAGs
synthesis, have demonstrated the importance of GAG in some diseases.
This is the case of a progeroid variant of Ehlers‐Danlos syndrome, caused
by two mutations in gene encoding galactosyltransferase I (Furukawa and
Okajima, 2002). Also, mutations in sqv‐2 and sqv‐6 genes, which encode



134 Pavão et al.
xylosyltransferase and galactosyltransferase II, respectively, have shown to
influence C. elegans development (Hwang et al., 2003a).

It is known that CS plays several roles in cell adhesion, migration,
recognition, proliferation, morphogenesis and recently becomes implicated
in the formation of neural network during the development of mammalian
brain (Sugahara et al., 2003). However, we still have little knowledge about
the involvement of specific enzymes of CS biosynthesis in diseases. Cloning
of a homolog of human chondroitin synthase inC. elegans showed that CS is
essential for embryonic cytokinesis and cell division. The depleted expres-
sion of the enzyme resulted in cytokinesis defects in early embryogenesis and
in an interruption of cell division, which produced an early embryonic death
(Hwang et al., 2003b).
XII. Future Perspectives ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The recent cloning of various enzymes involved in the biosynthesis of CS
may help to understand the molecular basis of several biological events
compromised by alterations in the pathways of CS biosynthesis. Another
possible avenue to follow is the study of the biosynthesis of CS/DS with
unusual structures in invertebrate tissues. These GAGs with unique structure
already revealed useful tools to determine structure vs. biological activity or
the involvement of rare sulfation pattern on biological events in mammalian
tissues. These were the case of studies concerning the anticoagulant activity
of DS (Pavão et al., 1995, 1998) and the importance of disulfated disaccha-
ride units found in DS for the formation of neural network during the
development of mammalian brain (Hikino et al., 2003). It may be difficult
to discover genes and enzymes implicated in the biosynthesis of these rare
structures found in mammalian CS/DS. But, as an alternative, the inverte-
brates may provide a clue.
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Chondroitin/dermatan sulfate (CS/DS) is a glycosaminoglycan (GAG)
found in extracellular matrix (ECM) and cell surface, and participates in
various ECM and cell‐ECM interactions. It is made from the alternate
addition of glucuronic acid (GlcA) and N‐acetylgalactosamine (GalNAc).
However, during biosynthesis, CS/DS is sulfated on C‐4 and/or C‐6 of the
GalNAc and of C‐2 of GlcA and part of GlcA is epimerized on C‐5 to obtain
iduronic acid (IdoA), all steps depending on the tissue or cell status, making
the molecule more complex. Due to the complexity of CS/DS, its analysis is
useful to characterize the molecules present in a sample and identify altera-
tions with respect to their amounts and fine structural features in various
pathological conditions. In this chapter we present the various techniques
developed to analyze and characterize CS/DS.
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II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin/dermatan sulfate is a member of GAG family, a specific
class of biological macromolecules distributed among all organisms that are
carbohydrate polymers of a repeating disaccharide unit. Five different types
of GAGs are known, namely hyaluronan, CS/DS, keratan sulfate (KS),
heparan sulfate (HS), and heparin. CS/DS is composed of variable number
of repeating disaccharide units (20–50) consisting of one N‐acetyl‐D‐galac-
tosamine (GalNAc) and one uronic acid (D‐GlcA or L‐IdoA). According to
the type of the uronic acid present, the polysaccharide is termed CS (100%
GlcA) or DS (variable amounts of IdoA).

CS/DS, as all other GAGs with the exception of hyaluronan, is
synthesized under the form of proteoglycans (PGs) in the Golgi apparatus
by elaborate biosynthetic machinery. Biosynthesis is initiated by a
linkage region composed of four monosaccharides (GlcA1b!3Gal1b!
3Gal1b!4Xyl1b!) linked via an O‐glycosidic bond to certain serine or
threonine residues on a specific protein, the core protein. The GAG chain is
elongated on this tetrasaccharide by alternative additions to the nonreducing
termini of GlcA and GalNAc, both derived from UDP‐sugar donors. During
chain elongation, a series of enzymatic modifications of the growing poly-
saccharide chain determines its final structure.

CS is constructed by the repeating disaccharide unit !4GlcAb1!
3GalNAcb1!, which is then sulfated at the C‐4 or C‐6 positions of GalNAc
(Fig. 1) with 30‐phosphor‐adenosine‐50‐phosphosulfate as a donor of sulfate
group. Few of these positions remain unsulfated. Thus, CS may be sulfated
at C‐4 (CS‐A) and C‐6 (CS‐C), whereas in tissues of invertebrate origin
different or mixed sulfation occurs and the GAG is termed CS‐D, CS‐E,
and CS‐K. In these cases, its main disaccharide unit contains two sulfate
ester groups at C‐2 of GlcA and C‐6 of GalNAc, at C‐4 and C‐6 of GalNAc,
and at C‐3 of GlcA and C‐4 of GalNAc, respectively (Fig. 1).

In the case of DS, further enzymatic modifications complete its final
structure such as C‐5 epimerization of GlcA to IdoA and O‐sulfation at C‐2
of IdoA. The characteristic disaccharide unit of DS is !4IdoAa1!
3GalNAcb1! (Fig. 1). Although the principles of the biosynthetic process
are not yet fully elucidated, it is well known that this process results in the
generation of highly modified oligosaccharide domains within the polymer
chain, which are separated by regions of relatively low‐degree structural
modifications. Thus, DS has a hybrid copolymeric structure consisting of
low modified (CS) and highly modified (DS) domains (Karamanos et al.,
1994). The IdoA‐containing units are often sulfated at C‐4 of the GalNAc,
while sulfation at C‐6 is frequently associated with GlcA‐containing disac-
charides (Karamanos et al., 1995a).

The detailed structure of CS/DS is modified during development (Carulli
et al., 2005; Domowicz et al., 2000, 2003; Masuda and Shiga, 2005; Pinto



FIGURE 1 Chemical structure of the main disaccharide repeating unit of the various CSs.
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et al., 2004; Rauch, 2004) and in most diseases (Vynios et al., 2002). The
well‐described structural modifications involve changes in ratios of IdoA to
GlcA and of 4‐sulfated to 6‐ and nonsulfated disaccharides. Changes in the
size of chains are also described. Many of these alterations can be observed
after analysis of CS/DS not only in the tissue or organ affected but also in the
urine of patients.
A. Properties of CS/DS
The strong negative charge of CS/DS and its presence under the form of
PGs is responsible for water retention within the tissues and space filling
ability (Carney and Muir, 1988; Hardingham et al., 1994a). Chemical
structure characterization of CS/DS has shown that both these properties
are influenced by the presence and position of sulfate ester groups. Non-
sulfated or less‐sulfated CS/DS, which is not a normal figure for this GAG,
possesses decreased ability for water retention and space filling, as compared
with normally sulfated or oversulfated CS/DS. Furthermore, the axial
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pos ition of sulf ate at C‐ 4 of GalNAc seems to be respons ible for higher space
fill ing ab ility, as co mpared wi th the equator ial posit ion of su lfate at C ‐6. In
ad dition to the posit ion of sulfate , the epim erization of GlcA to Ido A plays
also very critical role , and DS seems to occu py les s space a nd have higher
negati ve charge as compar ed with CS.

CS pos sesses the ability to interact with a number of protei ns or cells,
usu ally due to its high ‐ negative charge (Carou lli et al. , 2005; Kinsella et al .,
2004; Kresse et al., 1994; Pan et al., 2002; Schwartz and Domowicz, 2004;
Sugahara et al., 2003; Wadstrom and Ljungh, 1999). In some cases adhesion
properties were observed (Johnson et al., 2005; Kokenyesi, 2001; Masuda
and Shiga, 2005; Sherman et al., 2003). DS, due to the complexity of its
structure, can either selfinteract to produce high molecular mass aggregates
(Cöster et al., 1981; Fransson et al., 1982) or interact with a variety of
extracellular macromolecules, thus regulating their biological functions
(Iozzo, 1997; Kresse et al., 1993). DS interactions seem to be regulated by
its fine chemical structure, and therefore, analysis may provide information
about cell and tissue status.
B. Enzymes Applied in CS/DS Analysis
The first known enzyme degrading GAGs is testicular hyaluronidase
that hydrolyzes randomly glycosidic linkages within hyaluronan and CS. It
is an endo‐N‐acetyl‐b‐D‐hexosaminidase (EC 3.2.1.35) with final products
mainly tetra‐ and hexasaccarides. It also cleaves DS but only in GlcA‐rich
sequences. Hyaluronidase from Streptomyces hyalurolyticus (EC 4.2.2.1) is
a lyase that specifically cleaves hyaluronan in a similar manner.

The most helpful enzymes in the analysis of CS/DS were isolated from
bacteria. They belong to the class of lyases (EC 4.2.2.‐), and they specifically
degrade CS/DS according to its fine chemical structure. Chondroitinase ABC
from Proteus vulgaris attacks the same glycosidic bond as hyaluronidase and
produces unsaturated disaccharides (D‐disaccharides). It acts also to hyalur-
onan; however, quantification is performed after D‐disaccharides separation,
so the enzyme is extensively used for quantitative purposes. Chondroitinase
ACI and ACII, from Flavobacterium heparinum and Arthrobacter aures-
cence, respectively, act like chondroitinase ABC but without cleaving IdoA‐
containing glycosidic bonds. Chondroitinase B from Flavobacterium hepar-
inum degrades only IdoA‐containing glycosidic bonds within CS/DS, simi-
larly as the other chondroitinases. Chondroitinases ACI, ACII, and B are
applied to distinguish between CS and DS structures.

Flavobacterium heparinum is a source of two additional classes of
GAG‐degrading enzymes. The first one is that of heparin lyases I (EC
4.2.2.7), II, and III (EC 4.2.2.8). They possess different activities against
specific structures within heparin or HS and are used in a mixture to degrade
both in about 90% as D‐disaccharides. The second one is keratanase (EC
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3.2.1.103) that hydrolyzes b‐galactosidic linkages in KS in which nonsul-
fated galactosyl residues participate. Its major products are monosulfated
disaccharides.

The analysis of only CS/DS in a biological sample requires its purifica-
tion or digestion of the preparation with Streptomyces hyaluronidase, hepa-
rin lyases, and keratanase to obtain intact CS/DS. However, in most of the
cases, analysis of CS/DS is performed after its specific degradation with
chondroitinases, followed by separation and quantification of the resulting
D‐disaccharides.
III. Chromogenic Quantitative Methods ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The detection and quantification of CS/DS in purified preparations is
accomplished by colorimetric assays based on either uronic acids or galac-
tosamine. In addition, simplified quantitative assays, based on the reaction
of CS/DS with cationic dyes due to its negative charge, are used.
A. Uronic Acids
It was initially proposed that hydrolysis of GAGs with concentrated
sulfuric acid for 20 min at 100 �C and subsequent reaction with carbazole
for 30 min at room temperature produced a color, from the absorbance of
which at 530 nm their uronic acid content can be determined. Since the
chromogens formed by both GlcA and IdoA are sensitive to light and that of
IdoA is unstable, Bitter and Muir (1962) introduce 0.025 M borax during
the hydrolysis step to stabilize them and decrease hydrolysis time to 10 min,
followed by reaction with carbazole (0.125% w/v in absolute ethanol)
for 15 min at 100�C. The colored product is detected at 530 nm, and exactly
the same sensitivity for GlcA and IdoA is obtained. The detection range is
5–100 mg/ml with detection limit at about 500 ng.
B. Hexosamines
The first assay for the determination of hexosamines was described by
Elson and Morgan (1933). It is based on their reaction with acetylacetone,
which produces a colored product with maximum absorbance at 525 nm.
According to the assay, GAGs are hydrolyzed with 8MHCl for 3 h at 95�C,
hexosamines are liberated and left to react with acetylacetone for 15 min at
room temperature. The color produced from galactosamine and glucos-
amine is the same, so the assay can be applied only in purified CS/DS. The
method is subjected to several modifications, due to its sensitivity to pH, salt
content, and presence of interfering substances (Herbert et al., 1971; Immers
and Vasseur, 1950; Jang et al., 2005).
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Another assay is descr ibed by Tsuji et al. (196 9) . The samples are
hy drolyzed with 2 M HCl for 2 h at 100 � C, followed by deamin ation of
the liberat ed hexosam ines by nitrous acid. The anhydroh exoses pro duced
react with 3‐ meth yl‐ 2‐ benzo ‐ thia zolone in the prese nce of FeCl3 to devel op a
color with maxi mum absorbanc e at 650 nm. Its advan tages are the great
sensi tivity (less than 1 mg of hexosam ines) and the short time requi red for the
an alysis.

In pure CS/D S prepara tions, what ever of the ab ove assays can be dire ct-
ly a pplied, wher eas in GAG mixture s, separa tion of hex osamines is requ ired
afte r their liberat ion ( Haye s and Cas tellino, 1979). Alter nativel y, vari ous
high perfor mance liquid chrom atogra phy (HPLC) procedu res with pre ‐ or
pos tcolumn derivati zation are propo sed with highl y increase d sensiti vity
( Hjerpe et al ., 1980; Hond a et al., 1983 ).
C . Application of Cationic Dyes
The presen ce of negatively charge d macro molecules in biol ogical sam-
ples may be exami ned after react ion with a catio nic dy e (Fig. 2). S ince the
react ion is not speci fic for CS/DS and highly affected by salts and pH, it is
used for rapid scre ening of biologic al sampl es for the prese nce of GAG s.
How ever, under well ‐ defin ed conditions , it can be applied for qua ntitative
pur poses, and by intr oducing specific enzym atic de gradation steps , the
qua ntificatio n of CS/D S is achieved.
1. Alcian Blue
Alcian blue is a tetraval ent cati on with a hydrop hobic core ( Fig. 2),
throug h which it is bound to variou sly negativel y ch arged polym ers. Bindi ng
of alcian blue is eff ective at high ionic stren gth but only with highl y charge d
polyanions, such as CS/DS, in contrast to other cationic dyes. The assay is
performed at a pH value low enough to neutralize all other than sulfate
groups and at an ionic strength high enough to eliminate ionic interactions
other than those betw een the dye and the sulf ated GAG s (Bjö rnsson, 1993;
Kar lsson an d Bjö rnsson, 2001) . The absorban ce is read at 600– 620 nm.
Hyaluronan, the nonsulfated GAG, does not interfere in this assay. There
is not also interference from proteins or nucleic acids, in contrast to other
dye binding assays (Björnsson, 1993). The detection range of the assay is
12.5–400 mg/ml.
2. 1,9‐Dimethylmethylene Blue
The basic dye 1,9‐dimethylmethylene blue (Fig. 2) is one of the most
sensitive thiazine compounds, giving a more marked shift when complexed
with GAGs than do other thiazine dyes.

The instability of the dye–GAG complexes has been overcome by
Farndale et al. (1982) who used formate buffer instead of the tribasic



FIGURE 2 Structure of the main cationic dyes used in CS/DS detection and analysis.
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citrate/phosphate buffer recommended previously. The pH of the dye solu-
tion is set at 3.5 in which the metachromatic color obtained after mixing
with sulfated GAGs is stable and linear up to concentrations of about 60 mg/
ml, when read at 595 nm. GAG oligosaccharides smaller than decasacchar-
ides do not produce metachromatic color.

However, polyanions other than sulfated GAGs, including hyaluronan,
DNA, and RNA, interfere in the assay. Thus, Farndale et al. (1986) intro-
duced new modifications of the procedure to eliminate this interference and
also showed that the assay can be used after specific ‘‘polysaccharidases’’
treatment to permit quantification of individual sulfated GAGs. The color
yields of hyaluronan and DNA are negligible, and this is attributed to
suppression of their relatively weak interaction with the dye by the lower
pH and higher salt concentration of the modified reagent. The color
reagent is prepared in glycine–HCl buffer pH 3, and the absorbance is
read at 525 nm. The detection range of the assay is 2–50 mg/ml with
detection limit at about 200 ng.
IV. Chromatographic Methods __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chromatographic procedures are widely used for the separation and
characterization of CS/DS, which may give information on charge density,
polydispersity, and molecular size of the chains.
A. Intact Molecules

1. Ion‐Exchange Chromatography
This type of chromatography, by using various types of anion exchan-
gers, is mainly applied for the enrichment in GAGs of a biological sample
digested with proteases and/or treated with alkaline borohydride or for the
purification of the sulfated GAGs from glycopeptides and hyaluronan and
their subsequent characterization and quantification after enzymatic treat-
ment and HPLC or another analytical technique. Nonsulfated carbohydrate
structures are removed by washing with 0.1MNaCl, and sulfated GAGs are
recovered following a gradient elution ranging from 0.1 to 1.2 M NaCl. CS/
DS elution depends on its charge density and when bears one sulfate ester
group per disaccharide unit, it is eluted with 0.5–0.6MNaCl (Papadas et al.,
2002; Vynios et al., 2002).

Ion‐exchange chromatography is not usually applied for CS/DS fine char-
acterization due to its natural structural variations. However, under many
pathological conditions, charge density changes were observed; therefore,
ion‐exchange chromatography techniques are helpful, and by combining
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specific enzymatic treatment, this separational technique becomes a quanti-
tative one. Such alterations are observed in various diseases in which the
chains are usually undersulfated (Capon et al., 2003; De Muro et al., 2001;
Inazumi et al., 1997; Papadas et al., 2002; Theocharis et al., 2003;
Tsara et al., 2002).
2. Gel Permeation Chromatography
Chromatography of purified CS/DS on various gels with different pore
sizes provides useful information on the homogeneity of the population
according to its size, and its average molecular mass can be determined. In
most pathological conditions, especially cancer, there is a decrease of the size
of CS/DS, possibly due to the high‐biosynthetic rate of PG core protein,
which, together with the activity of the various glycosyltransferases, deter-
mines the size of CS (Theocharis, 2002; Theocharis et al., 2000, 2003; Tsara
et al., 2002). When low amounts are available, traditional gel chromatogra-
phy should be replaced by gel permeation HPLC.
B. Digested Molecules
Information of the chain composition in absolute quantitative terms can
be easily obtained after depolymerization of CS/DS by specific enzymatic
degradation, followed by the separation of the obtained products. Digestion
is performed by the various chondroitinases, and D‐disaccharides are
obtained, containing a double bond between C‐4 and C‐5 of the uronic
acid that absorbs UV light with a maximum at 232 nm, thus allowing
their specific quantification.
1. High‐Performance Liquid Chromatography
Over the last 30 years various HPLC methods of normal phase, reverse
phase, ion pair, and ion‐exchange chromatography have been used for
compositional D‐disaccharide analysis of GAGs. Due to the complexity of
CS/DS, its digestion with chondroitinase ABC produces 23 different
D‐disaccharides, 12 of which are derived from DS and 11 from CS structures
(Karamanos et al., 1994). By monitoring the absorbance of the effluent at
232 nm the exact chemical composition of CS/DS can be identified.

All differently sulfated D‐disaccharides can be quantitatively analyzed in
nmol range with ion‐exchange HPLC using three different elution buffers
for non‐, mono‐, and oversulfated species (Karamanos et al., 1995a). The
column is eluted isocratically with 5 mM NaH2PO4, pH 2.55, for nonsul-
fated D‐disaccharides, 50 mM NaH2PO4, pH 2.5, for monosulfated
D‐disaccharides, and 50 mM Na2SO4, 10 mM CH3COONa, pH 5, for di‐
and trisulfated D‐disaccharides. This method is very useful for total D‐dis-
accharides analysis, since all types of D‐disaccharides are identified. By using
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the appropriate enzymatic treatment and well‐selected conditions, detailed
characterization of CS/DS structure can be performed (Fig. 3).

For the compositional analysis of CS/DS and also its sequence determi-
nation after limited digestion with chondroitinases, ion‐pair reversed‐phase
HPLC is proposed (Karamanos et al., 1997), using tetrabutylammonium
hydrogen sulfate as ion‐pairing agent.
FIGURE 3 HPLC analysis of CS/DS for the identification of low IdoA‐containing chains.
GAGs were isolated from laryngeal cartilage and then digested with the various

chondroitinases and subjected to HPLC eluted with either 20 or 50 mM phosphate buffer to

identify IdoA‐containing structures, other than disaccharides (D. H. Vynios, unpublished

results).
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2. Gel Permeation Chromatography
When populat ions of CS/D S of differe nt fine chem ical struc ture are
present in a sampl e, together or not with other GAG s, degradat ion with
specific enzym es and subseque nt g el chrom atogra phy does not necessari ly
result in clear separa tion of the obtained products , a nd thus it is diffic ult or
impossib le to qua ntify and charac terize the undiges ted one. This led to the
idea of secondar y profile deter minatio n a s extens ively described by
Theochari s et al . (20 01b). The purifie d CS/D S chains of the sample under
study are subjected to chromatography on a well‐calibrated gel chromatog-
raphy column, native and after being treated with chondroitinase B to
degrade only DS structures (Fig. 4A). The absolute GAG content in each
chromatography fraction before and after the enzymatic treatment is
measured, and from the profile shift to the total volume of the column, the
determination of the amount of the digested GAG is enabled. In addition,
from the difference in GAG content in each fraction from both chromato-
graphies, the elution profile of the digested molecules is derived (Fig. 4B).
Thus, by applying this methodology the absolute content and the size
distribution of the populations present in a mixture of CS/DS is obtained.
This procedure has been successfully applied to determine the net amounts
and size distributions of pure CS and DS populations in samples from
various cartilages (Theocharis et al., 2001a,b) and from normal and cancer-
ous tissues (Theocharis et al., 2003). The procedure can be applied for
similar determination of CS/DS, when it is present in mixtures with KS or
HS, by applying suitable treatment of the samples.
V. Electromigration Methods _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Electromigration methods are based on the ability of molecules to be
separated according to their charge density and/or molecular size on a solid
support. This field of research is extensively studied and various methods are
developed for the separation of GAGs. Conventional electromigration meth-
ods are cellulose acetate electophoresis and gel (agarose or polyacrylamide)
electrophoresis. Two additional methods, that is, fluorophore‐assisted car-
bohydrate electrophoresis (FACE) (Fig. 5) and capillary electrophoresis (CE)
are developed during the last decade and seem to be very promising for GAG
analysis.
A. Cellulose Acetate Electrophoresis
Electrophoresis on cellulose acetate strips is a simple, rapid, and very
sensitive method to characterize the GAGs present in biological samples.
The method is based on the different mobility of various GAGs when



FIGURE 4 Determination and characterization of DS in CS/DS preparations. (A) The CS/

DS preparation was chromatographed before ( )̈ and after ( �) digestion with chondroitinase B,

and the fractions were analyzed for their uronic acid content. (B) Secondary profile of DS
obtained from the positive differences of uronic acid in each fraction of A (from Theocharis

et al ., 2001b).
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FIGURE 5 Application of FACE in 35% polyacrylamide gels for the analysis and

characterization of CS/DS (M. Assouti and D. H. Vynios, unpublished results). Lanes 1–4: CS/

DS from pig laryngeal cartilage. Lanes 5–8: CS/DS from shark cartilage. Quantification of the

various products is achieved after scanning of the gel (left).
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moving on the strip by applying constant current. Electrophoresis can be
held in various buffers, as it has been proposed by Hata and Nagai (1972,
1973), the most common being that of 0.2 M CaCl2 pH 7.2, 0.1 M
Ba(CH3COO)2 pH 8.0, and 0.1 M pyridine/0.47M HCOOH pH 3.1
(Table I). The separated GAGs can be stained with various dyes, such as
azure A, toluidine blue, or alcian blue (Volpi, 1996), and subjected to
densitometric analysis for quantitative purposes. The detection limit is
down to 25 pmol. To improve quantification of CS/DS, GAG specimens
may be subjected to electrophoresis after specific enzymatic digestion.

In addition, two‐dimensional electrophoresis for the improvement
of separation is proposed (Hata and Nagai, 1972, 1973; Stevens et al.,



TABLE I Buffer and Staining Conditions for Optimum Separation and

Detection of CS/DS upon Cellulose Acetate Electrophoresis

Buffer
Electrophoresis
conditions Staining Destaining

0.1 M barium

acetate pH 5.0
(Volpi, 1996)

(a) 20 mA, 40 min

at 10�C
(1) 0.08% azure A

in water for 5 min

Water

(b) 5 V/cm, 180 min

at room

temperature

(2) 0.2% toluidine

blue in ethanol:

water:acetic acid
(50:49:1) for 5 min

Ethanol:water:

acetic acid

50:49:1

(3) 2.5% alcian blue

in water for 5 min

5% acetic acid

0.2 M calcium
acetate pH 7.2

(Johansson et al.,
2001)

0.6 mA/cm for 5 h at
room temperature

0.5% alcian blue in
3% acetic acid for

20 min

1% acetic acid

0.47 M formic
acid–0.1 M

pyridine pH

3.1 (Papadas
et al., 2002)

200 V for 45 min at
room temperature

0.2% toluidine blue
in 15% ethanol

Water

0.47 M formic

acid–0.1 M

pyridine pH 3.1
(Papakonstantinou

et al., 2003)

7 mA for 70 min at

room temperature

0.2% alcian blue in

0.1% acetic acid

for 10 min

0.1% acetic acid
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1976; Toyoki et al., 1997). The first solvent is 0.1 M pyridine/0.47 M
HCOOH, and the electrophoresis is performed at 185 V for 80 min or at
1 mA/cm for 1 h. The second solvent is 0.1 M Ba(CH3COO)2 pH 8.0, and
the electrophoresis is performed at 100 V for 6 h or at 1 mA/cm for 4 h.
B. Gel Electrophoresis

1. Agarose Gel Electrophoresis
The application of gel electrophoretic techniques for GAG analysis is
limited due to their high hydrodynamic size and polydispersity, which, in
addition with the presence of strong negative charge, results in bands broad-
ing. From the various procedures proposed, electrophoresis on agarose gels
seems to be very useful tool. The initial protocol uses a separation buffer of
0.1 M Tris/Acetate pH 6.8 in composite gels containing 0.8% agarose and
1.2% polyacrylamide (McDevitt and Muir, 1971). The other protocols
proposed are mainly modifications of the above to obtain better separation
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of the GAGs and decreased broading of the bands (Dietrich et al., 1977;
Volpi, 1994). Thus, agarose concentration of 0.5% and running buffers
containing Ba(CH3COO)2 have been proposed. Staining of the gels is per-
formed with Toluidine blue, however, silver nitrate, Stains‐all or sequential
staining with Toluidine blue and Stains‐all, is also proposed (Volpi and
Maccari, 2002; Volpi et al., 2005). Quantification is then achieved by
scanning of the gels.
2. Fluorophore‐Assisted Carbohydrate Electrophoresis
When the biological sample contains complex mixtures of GAGs, quan-
tification of CS/DS with concomitant structural characterization may be
achieved by chondroitinases’ degradation of only this GAG, followed by
electrophoretic separation of the obtained D‐disaccharides on polyacryl-
amide gels of very high concentration of monomer, usually 30% or 35%
of acrylamide containing 5% of N,N0‐methylene‐bis‐acrylamide. Since
the known dyes cannot stain D‐disaccharides, the degradation products,
prior to electrophoresis, are subjected to labeling by reductive amination
with specific fluorescent substances, such as 2‐aminoacridone (2‐AMAC),
2‐aminopyridine, 7‐aminonaphthalene‐1,3‐disulfonic acid, and 8‐amino-
naphthalene‐1,3,6‐trisulfonic acid (Gao, 2005; Jackson, 1996), the pre-
ferred substance being 2‐AMAC. The final characterization of the
D‐disaccharides is performed after removal of their sulfate ester groups
(Fig. 6), which, in addition, can be used for their quantitative analysis.
The detection limit is down to attomol level. The assay can be applied for
the characterization of GAGs present in tissues or biological fluids, such
as plasma and urine, in various diseases (Calabro et al., 2000, 2001;
Karousou et al., 2004, 2005; Mielke et al., 1999; Plaas et al., 2001; Volpi
and Maccari, 2005).
C. Capillary Electrophoresis
Capillary electrophoresis is considered to be a unique method since it
utilizes the principles of both the electrophoresis technique and the liquid
chromatography, combining by this way resolution and sensitivity. CE is
commonly used in the analysis and the structural characterization of various
GAGs. Various modes of CE have been developed up to now, according to
the molecules under study.
1. Conventional Techniques
Capillary zone electrophoresis (CZE) is a widely used mode because it is
simple and accurate. It can be applied as long as the molecule is charged.
Upon the application of a constant voltage, the negatively charged wall of
the uncoated fused‐silica capillary causes electroosmotic flow (EOF) of
buffer species, which moves all molecules toward the negative electrode.



FIGURE 6 Typical electropherograms showing the separation of reference sulfated
D‐disaccharides (A) and of those of CSA obtained after digestion with chondroitinases ABC

and AC (B). CE was performed with 15 mMorthophosphate buffer (pH 3.0) as operating buffer

at 20 kVand 258�CusingLIF detectionwithAr‐ion laser source. 1:D‐tri(2,4,6)S; 2:D‐di(2,6)S; 3:
D‐di(2,4)S; 4: D‐di(4,6)S; 5: D‐mono2S; 6: D‐mono4S; 7: D‐mono6S (From Lamari et al., 1999).
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The separation of the molecules is accomplished by the vector sum of EOF
and their electrophoretic mobility (EM). The EM is depending on the charge
to mass ratio of the molecule.

CZE analysis of variously sulfatedD‐disaccharides of the GAGs involves
two operating systems, reverse polarity at low pH or normal polarity at high
pH. The first provides a rapid resolution of all D‐disaccharides derived from
vari ous GAGs ( Karamanos et al ., 1995b ; La mari et al., 1999; Mitrop oulou
et al., 2001). The only problem observed in this system is the lack of
reproducibility of the migration time of nonsulfated disaccharide, which
may be attributed to the stability of the capillary used. The second involves
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triethylamine as additive in alkaline borate buffer (pH 8.8–10.4), which
suppresses EOF and EM and provides efficient separation of eight CS
D‐disaccharides (Scapol et al., 1996). The same separation conditions can
be applied for the separation of 2‐AMAC‐derivatives of D‐disaccharides.

Micellar electrokinetic capillary chromatography (MECC) mimics
reversed‐phase HPLC conditions, since the analyzed molecules interact
with micelles of surfactants in the operating buffer. The elution of the
analyzed molecules therefore depends on their hydrophobicity. MECC is
applied to analyze both charged and neutral molecules bearing either hydro-
phobic or hydrophilic characteristics. GAGs D‐disaccharides analysis can be
performed by the addition of various detergents and additives such as
sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide in the
alkaline borate buffers commonly used (Michaelsen et al., 1993).

Microemulsion electrokinetic capillary chromatography (MEEKC) is
another mode of CE in which neutral and charged molecules can be ana-
lyzed. Separation is based on their partitioning into oil droplets moving in
the operating buffer. The microemulsion droplets are generally formed by
mixing immiscible solvents, such as heptane or octane, with high pH aque-
ous buffers such as borate and phosphate. SDS at relatively high concentra-
tions stabilizes the emulsion by coating the outside part of the droplet. A
solvent miscible with water, such as butan‐1‐ol, further stabilizes the micro-
emulsion. The electrophoretic migration of the droplet, due to the SDS‐
derived negative charge, attempts to oppose the EOF, which is directed to
positive electrode. Hydrophobic solutes prefer their partitioning into the
oil droplet and therefore are more retarded than hydrophilic ones.
MEEKC is applied to determine D‐disaccharide composition of GAGs
after treatment with chondroitinases and derivatization with 2‐AMAC
(Mastrogianni et al., 2001).

All CE modes, predominantly CZE, are applied for the characterization
of GAGs in biological samples revealing differences between normal and
pathological conditions and also during the development of the disease
(Mitropoulou and Stagiannis, 2004; Mitropoulou et al., 2001; Theocharis
and Theocharis, 2002). They can also be applied for simple quantification of
CS/DS after its digestion with chondroitinases and chondrosulfatases, espe-
cially in small‐sized samples.
2. Hyphenated Techniques
Conventional CE methodology by measuring either the absorbance at
232 nm of D‐disaccharides or the fluorescence obtained by the specific
derivatization of the D‐disaccharides permits CS/DS quantitative analysis
and structural characterization with high accuracy and sensitivity. However,
the establishment of the fine structure of CS/DS can be facilitated by using a
variety of spectroscopic techniques such as NMR spectroscopy and mass
spectroscopy (MS). NMR and MS are widely used in the characterization
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and analysis of various natural products and drugs, but their use is limited in
CS/DS analysis.

In hyphenated CE, the first step in the analysis is the isolation and/or
subfractionation of the specific CS/DS products, followed by CE and
characterization of the separated products by NMR or MS. Hyphenated
techniques have been used in studies concerning the presence of specific
structures within CS/DS chains (Kinoshita et al., 2001; Nadanaka and
Sugahara, 1997). Zamfir et al. (2004) developed an on‐line sheathless CE/
nanoelectrospray ionization‐tandem MS for the analysis of GAG oligosac-
charides of large size. By this method, in data‐dependent acquisition mode,
the oversulfated oligosaccharides species can be sequenced and the localiza-
tion of the additional sulfate group along the chain can be determined.
VI. Solid Phase Assays, ELISA and
ELISA‐Based Procedures ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

After the pionee ring work of Kohler and Milst ein (197 6), scientist s
working with glycoconjugates have directed their efforts to prepare MAbs
against GAGs. The first report describing the isolation of such MAbs was
that from Bruce Caterson’s group (Caterson et al., 1985; Couchman et al.,
1984). They used chondroitinase ABC degraded aggrecan as antigen, and a
lot of MAbs has been obtained, the most famous being 3‐B‐3, 2‐B‐6, and
1‐B‐5, which recognize the D‐di‐mono6S, D‐di‐mono4S, and D‐di‐nonS,
respectively, and are commercially available. Thereafter, the analysis of
CS/DS can be performed by using the various immunochemical techniques
already established. The main advantage of the application of immuno-
chemical techniques is that they do not normally require purified samples
in contrast to chromatography and electromigration procedures.
A. Immunohistochemistry
Immunohistochemistry is a very helpful tool for CS/DS analysis, since it
can be applied in several kinds of tissues and is able to determine the
sulfation pattern. It is very simple and of high sensitivity. The analyzed
specimens are usually treated with specific enzymes, and after blocking for
avoiding non‐specific reactions, they are incubated with the suitable anti-
body. The obtained antigen–antibody complex is left to react with the
secondary antibody conjugated with peroxidase, and staining is developed
with diaminobenzidine. The technique is widely used for structural analysis
of CS/DS in various pathological conditions (Detamore et al., 2005;
Skandalis et al., 2004; Worrall et al., 1994). As an alternative, labeling of
the antibodies can be performed with colloidal gold (Chan et al., 1997;
Iozzo andClark, 1987). Both types of the technique are qualitative, however,
by using the suitable scanning system they may give quantitative results.
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B. Immunoblotting
Immunoblotting is a technique for the detection of macromolecules
immobilized on solid supports, which follows their electrophoretic separa-
tion. Various types of solid supports are used, the most familiar being
nitrocellulose (NC), nylon, or polyvilylidene fluoride membranes. NC
membranes are treated with cetylpyridinium chloride prior to GAG electro-
transfer to ensure their efficient immobilization (Maccari and Volpi, 2003;
Rosen et al., 2002). The visualization of GAGs is achieved immunochemi-
cally as described earlier or by the use of enhanced chemiluminescense
reaction. The assay is usually applied for qualitative purposes; however,
quantification can also be done.
C. ELISA and ELISA‐Like Techniques
ELISA and ELISA‐like techniques are widely used in the analysis of
various macromolecule components of either inter‐ or extracellular origin.
They are very important tools in the analysis, since they combine increased
sensitivity together with the ability to analyze numerous of samples in 2–3 h.
The isolation of MAbs against GAGs substructures has facilitated CS/DS
quantitative analysis, together or not with its fine chemical structure deter-
mination (Hardingham et al., 1994b). The techniques usually applied are of
competitive nature, and alterations observed under pathological conditions
can be expressed in quantitative terms.

Quantitative analysis of intact CS/DS can also be performed by an
ELISA‐like methodology. In this case, the available MAbs cannot be used,
thus labeling of the chains should be followed, the most preferable being
biotinylation (Vynios et al., 1999). In addition, and since CS/DS cannot be
immobilized directly on to the hydrophobic polysterene, due to its hydro-
philic character, an activation step is required to incorporate positive
charged groups on the plate wells (Grigoreas et al., 2003; Vynios, 1999;
Vynios et al., 1998). Application of this methodology gives information on
the total amount of CS/DS in a biological sample, especially when it is
combined with the analysis of the same sample after specific enzymatic
degradation (Vynios et al., 2001). The assay is very simple and of high
sensitivity, since its detection limit is down to 10 ng of GAG and it can be
automated, thus it is applicable in clinical diagnosis.
VII. General Conclusions ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Analysis of CS/DS is used for either quantitative purposes or its charac-
terization. Very simple assays of high efficiency are developed for analytical
determinations, with or without prior separation or degradation of the other
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GAGs such as chromogenic, electrophoretic, and solid phase assays. In
addition, more sophisticated techniques are proposed for CS/DS structural
characterization in highly purified samples, such as HPLC and CE, and very
recently hyphenated CE.

The analytical methodology depends on the type and the size of the
sample, the type of analysis required and the type and the amount of other
GAGs present. In samples with high‐GAG content, a purification step is
introduced to separate CS/DS from other GAGs. On the contrary, in samples
with low‐GAG content, additional steps prior to analysis resulted in
decreased recovery of CS/DS and therefore should be avoided. However,
direct chondroitinases’ and/or chondrosulfatases’ treatment of samples with
very low CS/DS content in order to be subjected in quantitative analysis
results in significant variations, thus an enrichment of the samples in CS/DS
is a prerequisite. A very smart procedure for such enrichment is proposed
(Volpi and Maccari, 2005).

Analysis of CS/DS is required to elucidate the state of a biological
sample. GAGs, generally, may be implicated in a disease for a variety of
reasons. There may be an inbuilt structural defect in the GAGs, or alterna-
tively, defects may be present, for example, in matrix proteins with which
GAG chains are involved or deficiencies may be present in GAGs meta-
bolism. Among the latter, characteristic examples are many types of cancer
in which impairment in the biosynthesis of GAGs is observed and all muco-
polysaccharidoses in which an inherited deficiency of at least in one enzyme
involved in GAG catabolism is found. All these result in the alteration of the
content of GAG in the tissue and the plasma, and its excretion with the
urine. Quantitative analysis of CS/DS alone may be sufficient only for a
small number of cases and especially when extreme differences appeared.
However, in most of the cases when healthy and pathological samples have
to be analyzed, their quantitative differences in CS/DS amounts are not
substantial and additional information regarding CS/DS fine chemical struc-
ture is required. In those cases, separational techniques should be applied in
partially or totally digested CS/DS for its fingerprinting (Lauder et al., 2000;
Volpi, 2004). From the various separational techniques proposed, each one
provides different information and the selection of the appropriate depends
on the type of CS/DS alterations observed in a disease and the amount of the
sample required.

The use of MAbs for quantification and/or structural characterization of
CS/DS is an alternate methodology, which is applicable in most of the cases
and especially in samples with very low‐CS/DS content. All the known types
of immunochemical techniques may be applied, depending on the answer
required. Analysis through MAbs may also give information on the distri-
bution of different types of CS/DS in a tissue without any requirement
of GAGs purification, by applying immunochemical staining. This type of
analysis can also be applied in biopsy specimens for diagnostic purposes.
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Cöster, L., Fransson, L. A., Sheehan, J., Nieduszynski, I. A., and Phelps, C. F. (1981). Self‐
association of dermatan sulphate proteoglycans from bovine sclera. Biochem. J. 197,
483–490.

Couchman, J. R., Caterson, B., Christner, J. E., and Baker, J. R. (1984). Mapping by

monoclonal antibody detection of glycosaminoglycans in connective tissues. Nature 307,
650–652.

De Muro, P., Faedda, R., Formato, M., Re, F., Satta, A., Cherchi, G. M., and Carcassi, A.

(2001). Urinary glycosaminoglycans in patients with systemic lupus erythematosus. Clin.
Exp. Rheumatol. 19, 125–130.

Detamore, M. S., Orfanos, J. G., Almarza, A. J., French, M. M., Wong, M. E., and Athanasiou,
K. A. (2005). Quantitative analysis and comparative regional investigation of the

extracellular matrix of the porcine temporomandibular joint disc.Matrix Biol. 24, 45–57.
Dietrich, C. P., McDuffie, N., and Sampaio, L. O. (1977). Identification of acidic

mucopolysaccharides by agarose gel electrophoresis. J. Chromatogr. 130, 299–304.
Domowicz, M., Mangoura, D., and Schwartz, N. B. (2000). Cell specific‐chondroitin sulfate

proteoglycan expression during CNS morphogenesis in the chick embryo. Int. J. Dev.
Neurosci. 18, 629–641.

Domowicz, M. S., Mueller, M. M., Novak, T. E., Schwartz, L. E., and Schwartz, N. B. (2003).

Developmental expression of the HNK‐1 carbohydrate epitope on aggrecan during

chondrogenesis. Dev. Dyn. 226, 42–50.



162 Stylianou et al.
Elson, L. A., and Morgan, W. T. J. (1933). A colorimetric method for the determination of

glucosamine and chondrosamine. Biochem. J. 27, 1824–1933.
Farndale, R. W., Sayers, C. A., and Barrett, A. J. (1982). A direct spectophotometric

microassay for sulphated glycosaminoglycans in cartilage cultures. Connect. Tissue Res.
9, 274–278.

Farndale, R. W., Buttle, D. J., and Barrett, A. J. (1986). Improved quantitation and

discrimination of sulphated glycosaminoglycans by use of dimethylmethylene blue.
Biochim. Biophys. Acta 883, 173–177.
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Chondroitin Sulfate Lyases:

Applications in Analysis

and Glycobiology
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin sulfate (CS) and dermatan sulfate (DS) are largely dis-
tributed as glycosaminoglycan (GAG) side chains of proteoglycans (PG)
found on cellular membranes and in the extracellular matrix (ECM) of
mammalian tissues. They are known to participate in various physiological
functions as, for example, interactions with matrix proteins, activation of
growth factors, regulation of angiogenesis, and melanoma cell invasion and
proliferation. So, preparation of CS oligosaccharides is now becoming
an important task, first, to investigate their structure–function relationship
and second, as an approach to develop new therapeutic agents. For this,
CS lyases constitute a powerful tool for generation of CS oligosaccharides.
Cleavage of CS glycosidic linkage is conduced by specific sulfatation pat-
tern, thus different CS lyases activities have been reported. This review
catalogs the potentialities of these polysaccharide cleavage enzymes in the
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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structural investigations of sulfated galactosaminoglycans (GalAGs) and
in the preparation of novel highly charged oligosaccharides as potential
drug.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

There is a large number of polysaccharide degrading enzymes generally
classified in two groups: polysaccharide hydrolases (EC 3.2.1.‐) and poly-
saccharide lyases (PL, EC 4.2.2.‐). First group catalyzes the hydrolysis
of glycosidic bonds in neutral and acidic polysaccharides (Fig. 1A), while
the second group cleaves in large majority (1!4) glycosidic bonds on
anionic polysaccharides by a b‐elimination three stages reaction mechanism.
First, the carboxyl group of the substrate is neutralized, probably by forma-
tion of a salt bridge with a positively charged amino acyl side chain in
the active site of the enzyme (lysine is the most described); second, a base‐
catalyzed abstraction of the proton at C‐5 of the uronic acid occurs, with
formation of a resonance‐stabilized enolate intermediate. One residue
may be required as the proton acceptor and another as the proton donor.
Finally, a transfer of electrons from the carboxyl group to form a double
bond between C‐4 and C‐5 results in the elimination of the 4‐O‐glycosidic
bond and in the formation of 4‐deoxy‐L‐erythro‐hex‐4‐enopyranosyluronate
(Fig. 1B).

The PL classification by EC number considers the PL specificity
relative to the substrates but not to the structurally related catalysis. In this
context, another classification, based on amino acid sequences similarities,
was proposed (Coutinho and Henrissat, 1999; see Carbohydrate‐Active
enZYm es server at URL: http: //afmb.c nrs ‐ mrs.fr/ �cazy/ CAZY/inde x.
html). In this clas sificatio n, PL belong to one of the fiv e clas ses of carbohy-
drate‐acting enzymes with glycosidases and transglycosidases (or glycoside
hydrolases), glycosyltransferases, carbohydrate esterases, and carbohydrate‐
binding modules. In each class, divisions are operated into families. Actually
14 PL families are identified for 491 sequences.

PL are found in many organisms, and in general, they act as endoen-
zymes even if some exoenzymes are described in literature. Their products
are in majority unsaturated oligosaccharides with degree of polymerization
(DP) between 2 and 5, and they are significantly inhibited by polysaccharide
substitutions asO‐acetates and sulfates (Michaud et al., 2003). Degradation
of GAGs in mammalian systems occurs by the action of hydrolases, whereas
bacteria express GAGs lyases. Among them, those acting specifically on
chondroitins have been biochemically classified as chondroitinases ABC,
AC, B, and C depending to their substrate specificities. This review is focused
on these chondroitinases.

http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html
http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html


FIGURE 1 Schematic representations of the polysaccharide depolymerization by the action of polysaccharide hydrolases (A) and polysaccharide

lyases (B).



FIGURE 2 Generalized structure of the major forms of PGs.
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III. Structures of Chondroitin Sulfates ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CS and DS, as HS, are synthesized as GAGs side chains of PGs (Fig. 2).
CS are linear polymers constructed from 40 to more than 100 repeating
disaccharide units containing a hexosamine, N‐acetyl galactosamine
(GalNAc), and a glucuronic acid (GlcA) jointed by b(1!3) and b(1!4)
linkages, respectively. DS contain varying proportions of iduronic acid
(IdoA) in place of GlcA. Various types of CS are distinguished in function
of their constitutive disaccharides structures. Six typical disaccharide units
found in CS and DS backbone are represented in Fig. 3 (Sugahara et al.,
2003). Chondroitin‐4‐sulfate (CS‐A) and chondroitin‐6‐sulfate (CS‐C) are
respectively characterized by their GalNAc(4S) and GalNAc(6S) units. Some
hybrid chains contain units including GalNAc(4S) and GalNAc(6S) in the
same GAG and occasionally GalNAc(4S,6S). Some GlcA(2S) or (3S) have
also been identified. DS (or CS‐B) contains usually GalNAc(4S) and IdoA(2S)
with some nonsulfated IdoA and sometimes GalNAc(6S). Hybrid CS/DS
structures have been characterized. In addition, in all chondroitins there are
variable amounts of unsulfated GalNAc.

The identification of these various sulfated residues in CS/DS depends in
some extent on the utilization of the different CS lyases, and this subject has
been reviewed here in detail.
IV. Degradation of Chondroitin Backbone by CS Lyases ________________________________________________________________________________________________

CS and DS lyases are bacterial enzymes acting on 3)‐bGalNAc(4x,6x)/
GluNAc‐(1!4)‐bGlcA(2x,3x)/‐aIdoA(2x)‐(1, in where x is either a sulfated
or an unsubstituted site. The chondroitinases AC (EC 4.2.2.5) cleave CS‐A
and CS‐C but not DS. They display a varied degree of activity toward



FIGURE 3 Six typical disaccharide units found in CS/DS chains.
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hyaluronic acid (HA) (Hiyama and Okada, 1976). The chondroitinases B
(no EC number) degrade DS whereas chondroitinases C (EC 4.2.2.‐) depoly-
merise CS‐C and HA. Finally, chondroitinases ABC (EC 4.2.2.4) are active on
DS and CS (Table I). The majority of data concerning purification of chon-
droitinases are relative to soil bacterial species that may depend on animal
tissues as a nutrient source, notably Flavobacterium heparinum (Pedobacter
heparinus). The enzymes are currently inducible by CS or DS and optimal
expressions are reached when CS are used as the sole carbon source (Ernst
et al., 1995). Nevertheless, some anaerobic bacteria from the human colonic
microflora as Bacteroides species are able to metabolise CS.

The lyases cleave CS by a b‐elimination endolytic or exolytic mechan-
isms. Their action is usually optimal at pH values in the range 7.0–8.0, and
their products are commonly oligosaccharides ranging in size from a DP of
2 to 4–6. Nonetheless, oligosaccharides with higher DP are sometimes
described and may be the result of resistant sequences of the substrate
(Gu et al., 1993). We noted the lack of any observed transglycosylation.
None of the chondroitinases have any activity toward exclusively (1!4)
linked GAGs as heparin. So, even if it is the (1!4) glycosidic bond of CS that
is cleaved by chondroitinases, the (1!3) linkage is essential for enzymatic
activity. Even if all CS lyases are bacterial proteins, those expressed by
Flavobacterium are glycosylated (Lechner, 1989). Effectively, this strain
unlike most bacteria, is capable of posttranslational glycosylations.
A. Chondroitin Sulfate AC Lyases
CS‐AC lyases cleave the glycosidic bond on the nonreducing end of an
uronic acid and use as substrate [3)‐bGalNAc(4S)‐(1!4)‐bGlcA(2x,3x)‐(1]
in CS‐A, or [3)‐bGalNAc(6S)‐(1!4)‐bGlcA(2x,3x)‐(1] in CS‐C and
[3)‐bGluNAc‐(1!4)‐b‐D‐GlcA‐(1,] in HA. These enzymes have in majority
a random endolytic mode of action ( Jandik et al., 1994) affording mixtures
of disaccharides and longer products. However, ArthroAC, expressed by
Arthrobacter aurescens, displays higher activity toward HA than to CS‐A
and CS‐C acting as an exolyase releasing disaccharides (Jandik et al., 1994).
By comparison, F. heparinum periplasmic chondroitinase AC (FlavoAC) acts
as an endolyase and do not produce disaccharides until late in the reaction
(Gu et al., 1995). Regarding the relative activity with unsulfated, results
are not homogenous. Globally, excepted for ArthroAC, chondroitinases
AC are active toward unsulfated substrates with lower relative activity
than those detecte with sulfated substrates (Ernst et al., 1995). This obser-
vation could indicate that ionic or hydrophobic interactions between
enzymes and sulfate substituants contribute to the binding step, as corre-
lated by lower KM with CS and chondroitin O‐methyl ester, than with
unsulfated chondroitin (Avci et al., 2003). DS has an inhibitory effect on
chondroitinases AC indicating that these enzymes act only on linkage with



TABLE I Biochemical Properties of Chondroitinases from Various Sources

Species and enzyme type Enzyme Mol mass (kDa) pHopt Topt (�C) pI
Cleavage
mode Reference

Chondroitinase AC

Arthrobacter aurescens ArthroAC 79 6.0 50 5.5 Exo Hiyama and Okada, 1977;

Lunin et al., 2004
Aurebacterium 81 7.5 37 Endo Takegawa et al., 1991
Aeromonas liquefaciens 6.6 <46 Kitamikado and Lee, 1975

Bacteroides stercoris 170 5.7–6.0 45–50 8.3 Endo Hong et al., 2002
Flavobacterium heparinum ChnAC/FlavoAC 74 6.6 40 8.85 Endo Gu et al., 1995; Hiyama

et al., 1976
Flavobacterium columnare Stringer‐Roth et al., 2002

Chondroitinase ABC

B. stercoris 83 7.0 40 7.9 Exo Hong et al., 2002
Bacillus sp. 53 5.5–6.0 75–80 Bellamy et al., 1990
P. vulgaris cABC I 100 8.0 37 8.25/8.50 Endo Hamai et al., 1997
P. vulgaris cABC II 105 8.0 40 8.45 Exo Hamai et al., 1997

Chondroitinase B
F. heparinum ChnB 55 9.05 Endo Gu et al., 1995

Chondroitinase C

F. heparinum Ototani and Yosizawa, 1979
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GlcA (Gu et al., 1993 ). How ever, when the negati vely charge d carboxyl
grou p of GlcA is repl aced with a ne utral carboxyl methyl ester, FlavoAC
cle aved chond roitin O ‐ methyl ester ( Avci et al., 2003 ).

As sho wn in Table I, three genes coding for chondroi tinase AC have
been isola ted from F. hepa rinum, F. colum nare , and A. au rescens . Ba sed on
ded uced amin o acid sequenc e similari ties, the pr oteins have been classi fied in
the family 8 of PL with HA lyas e (EC 4.2.2.1) , CS ‐ ABC lyase (EC 4.2. 2.4),
an d xanthan lyase (EC 4.2. 2.12). Cry stal struc tures of ArthroA C an d
FlavoA C have been determi ned (Fé thiere et al. , 1999; Lunin et al. , 2004 )
( Table II ). ArthroA C has an overal l a þ b archi tecture. This structure
sup ports the lyt ic mechanis m wher e Tyr242 acts as a base that abstra cts
the proton from the C ‐ 5 position of GlcA , while Asn183 and His23 3
neu tralize the charge on the carboxyl ate group . The N‐ termi nal a‐heli cal
domai n includ es 13 a ‐helices , 10 of whi ch form an incom plete double ‐
layered (a/a)5 toroid. The active and substrate‐binding sites have been located
on a long, deep groove on one side of the toroid. By comparison, FlavoAC
is also composed of two domains (Féthière et al., 1999). The N‐terminal
domain includes 12 a‐helices, and 10 of them are arranged into an open
toroid. As for ArthroAC, a‐helices that do not participate to the double
layered toroid closes off the central cleft on one side. The C‐terminal domain
is built from antiparallel b‐strands arranged into four b‐sheets as described
for ArthroAC. Huang et al. (2001) have investigated the crystal structure of
FlavoAC bound to various oligosaccharides. His225, Tyr234, Arg288,
and Arg292 were the most likely candidates for the active site residues.
Authors pointed out that Arg292 was primarily involved in recognition of
the N‐acetyl and sulfate moieties of GalNAc. So, despite a low homology
(24%) of their amino acid sequences, ArthroAC and FlavoAC present a
common fold, similar to the other GAG lyases with a (a/a)5 fold. The closest
similarity of ArthroAC is with S. pneumonia HA lyase (SpHL; Jedrzejas
et al., 2002). However, the two CS‐AC lyases act differently toward their
polysaccharidic substrate (Capila et al., 2002). Comparison of the two
enzyme structures showed that ArthroAC has two insertions in the
N‐terminal domain relative to FlavoAC. The limited space in the cavity
can accommodate only two or three sugars and is responsible of the exolytic
activity. In opposite, the cleft of FlavoAC allows binding to the middle of a
long carbohydrate. However, the Arg to Ala292 mutation on FlavoAC leads
to a subsequent processive stepwise exolytic mechanism due to a loss of
high‐affinity contact (Capila et al., 2002). As a residue corresponding to this
amino acid involved in N‐acetyl or O‐sulfate moieties of galactosamin
residues, is maintained in sequences of HA lyases (Huang et al., 2001) and
has been shown to interact with the N‐acetyl moiety of HA GlcNAc
(Ponnuraj and Jedrzejas, 2000), authors concluded that this amino acid
have a similar function in the HA lyases.



TABLE II Genes Encoding Chondroitinases and their Assignment to the PL Families

Species Activity Gene
Glycosidase
family

Database
accession no. PDB/3D Reference

Flavobacterium heparinum Chondroitinase AC cslA 8 U27583 1CB8A Fethiere et al ., 1999
Arthrobacter aurescens Chondroitinase AC 8 1RW9A Lunin et al., 2004
Flavobacterium heparinum Chondroitinase B cslB 6 U27584 1DBGA Tkalec et al., 2000
Flavobacterium columnare Chondroitinase AC 8 AY912281 Unpublished

Proteus vulgaris Chondroitinase ABC 8 P59807 1HN0A Huang et al., 2003
Proteus vulgaris Chondroitinase ABC 8 AAB43333 Unpublished
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B. Chondroitin Sulfate B Lyases
Chondroi tinase B from F. hepari num , the only example of cho ndroitin
lyas e active tow ard DS, is a peri plasmi c O ‐ glyc osylated protein that cleaves
the follow ing glyc osidic bond [3) ‐ bGalNAc( 4x6x) ‐ ( 1! 4) ‐ aIdoA(2x )‐ (1] in a
rand om endolytic manner to produce uns aturated disac charides ( Gu et al .,
1995 ). Its gene was cloned and the deduced amino acid sequenc e was
clas sified in PL famil y 6 that includ es only three pro teins an d notab ly an
algin ate lyase. The struc ture of this enzym e ha s been resolved with an d
withou t a disac charidic pro duct ( Huang et al ., 1999 ) (Table II). The pr otein
assum es a right ‐ha nded pa rallel b‐ helix fold as descr ibed in pectate lyas e.
Aut hors sugges ted that the substr ate specifi city of cho ndroitinas e B acting
only on DS is due to Arg 318 and Arg 363 that make polar interact ions with
the carbo xyl group of the uns aturated IdoA. Moreove r, DS is sulfate d in
maj ority on the C4 of the Gal NAc ( Ernst et al ., 1995 ) an d Arg 364 inte racts
dire ctly with this C ‐ 4 su lfate group to reinforc e the specifici ty. Pojase k et al.
(200 2) have ident ified Lys250, His ‐ 272, and Arg36 4 as residu es pot entially
invol ved in substr ate bindin g and catalysis. The co crystal structure of the
enzym e compl exed with DS and CS oligo saccha rides has been underta ken
( Mich el et al., 2004) and revealed a Ca 2 þ ion coordin ated with amino acids
in the protein site. As for other enzymes that degrade polysacchar ides
( Herro n et al ., 2003; Liu et al ., 1999 ), the Ca 2 þ ion pa rticipate in substrate
bindi ng an d is directly invol ved in enzym atic activi ty.
C . Chondroitin Sulfate ABC Lyases
CS‐ ABC lyas es (EC 4.2. 2.4) are main ly exp ressed by Pro teus vu lgaris ,
an d the conven tional prepara tions from this bacte ria contained two dist inct
enzym es, an end o and an ex olyase ( Hamai et al ., 1997 ). The first (cABC I)
catalyze s the endolyt ic cleava ge of CS and the oth er (cAB C II) sp lit off
disaccharide residues from the nonreducing ends of both polymeric CSs
and their oligosaccharides. These two CS‐ABC lyases show activity with
CS‐A, CS‐B, and DS (Hamai et al., 1997). Their genes have been cloned
(Sato et al., 1994 and unpublished data) and deduced amino acid sequences
were classified in the family 8 of the PL. The two sequences comparisons
with other proteins show a clear homology with the C‐terminal domains of
CS ‐ AC lyase (Fethiè re et al., 1999) an d bacteria l HA lyase ( Li an d Jedrzeja s,
2001; Li et al., 2000). It is notable that despite little sequence homologies
between CS‐B lyase and cABC I, this last depolymerizes DS. The crystal
structure of the cABC I (Table II) reveals three domains arranged in a linear
fashion with a catalytic domain in a wide‐open cleft (Huang et al., 2003).
Authors propose that substrate binding provokes a closure of the binding
site, within which a flexible side chain of an Arg residue can interact with the
carboxylic group of GlcA or IdoA explaining the enzyme ability to cleave the
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two substrates. The N‐terminal domain has a jellyroll fold and consists of a
two‐layered bent b‐sheet sandwich with one short a‐helix. The central cata-
lytic domain is a helical domain formed by a‐helices arranged into an incom-
plete toroid. The fold of this domain is similar to that of the catalytic domain
in other GAG lyases despite the lack of detectable sequence homology. The
C‐terminal domain, composed of a stack of four antiparallel b‐sheets, exhi-
bits structural similarity with CS‐AC lyase from F. heparinum sequence
homology. Recombinant expression in Escherichia coli of the cABC I as
expected from P. vulgaris, and mutagenesis revealed that a tetrad residue
(His501, Tyr508, Arg560, and Glu653) is crucial for enzyme activity. As
observed previously with other GAG lyases, it seems that this group of
residue is potentially capable of performing the stabilization of the proton
shuffling responsibilities required for GAGs degradation (Prabhakar et al.,
2005).
V. Applications of Chondroitin Sulfates Lyases ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. CS Lyases for Production of
Oligosaccharide Libraries
Several studies have been directed to gain insights into the chemical
structure of CS/DS through the preparation and structural characterization
of pure oligosaccharides. Enzymatic digestion of CS/DS with CS lyases is
one of the more rapid and reliable strategies developed to access to the
construction of oligosaccharides libraries. Other approaches to production
of CS oligosaccharides libraries, including chemical, chemoenzymatic, or
enzymatic synthesis, are still expensive and long time consuming (Hanson
et al., 2004; Karst and Linhardt, 2003; Perugino et al., 2004). CS lyases are
commercially available and optimal digestion conditions have clearly been
reported (Hernaiz and Linhardt, 2001). Several authors have described the
application of CS lyases to prepare CS oligosaccharides from diverse biologi-
cal sources including porcine intestinal mucosal and skin CS‐B (Karamanos
et al., 1995; Yang et al., 2000), shark cartilage CS‐D (Sugahara et al., 1996),
hagfish notochord CS‐H (Ueoka et al., 1999), human articular cartilage
(Lauder et al., 2001), and so on. Squid cartilage CS‐E chains have been
extensively digested with chondroitinase AC‐II to yield highly sulfated tetra-
saccharides containing an internal GlcA(3S) residue (Kinoshita‐Toyoda
et al., 2004), supposed to be decomposed by digestion with chondroitin
ABC lyase (Kinoshita et al., 1997). Homogeneous, structurally character-
ized CS/DS‐oligosaccharides standards are useful to facilitate the develop-
ment of new GAG sequencing technologies. They help to better understand
the structure and size specificities of the binding sites within CS with biolog-
ically important proteins and with chondroitin lyases and hydrolases
(Huang et al., 1999).
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B. Structural Analyses
Structural analys is of CS/DS chains are ofte n real ized by deter mination of
the disac charid e compos ition after treatmen t with CS lyases. By enzym atic
diges tion, num erous disacch arides, contain ing an uns aturation at the nonre-
duc ing end, which is detec ted by UV absorbanc e at 232 nm, have been
isolate d from diver se so urces. Imanari et al. (1996) report ed a revi ew on the
separa tion and detecti on of uns aturated disac charides by high ‐ performanc e
liq uid chrom atogra phy (HPLC ) techniqu es. Unsa turated disacchari des are
also easily separa ted by capill ary electro phoresis (C E) (Al ‐ Haki m a nd
Linhard t, 1991 ).

Disacch aride deri vatizat ion with UV ‐ abso rbing or fluor escent mol ecules
signifi cantly enh ances detecti on sensi tivity of HPLC, CE, and gel ele ctro-
phor esis. Review by Lamar i et al. (2003) detai ls variou s kinds of labeli ng
reage nts and methods for carbo hydrate s analysis .

Nuclear magne tic resonanc e (NM R) and mass spectrosc opies have been
highl y v aluable to fully determin e the disac charid es and oligo saccharide
struc tures ( Huckerb y et al. , 2001). Fast atom bombardm ent was used
to identify oligosacc haride s resist ant to chondroi tinase ABC digestion
( Sugah ara et al. , 1994 ) or GlcA (3S) residues on CS from vario us source s
( Kitaga wa et al. , 1997 ). Elec trospray mass spectrom etry (ESI) ha s also been
used along (Ya n g et al. , 2000 ) or couple d with HPLC ( Zaia and Costel lo,
2001 ) or CE techniq ues (Zam fir et al. , 2002 ). M atrix ‐ assisted laser desorp-
tion ionization and time of flight mass spectrometry (MALDI‐TOF) has
proved to be highly useful for the analysis of heparin oligosaccharides by
using thei r ionic complex with synthe tic arginine– glyc ine pepti de ( Juhasz
an d Biemann, 1995) or other mat rix ( Dai et al. , 1997 ). By using this
technique, no previous derivatization is required for analyzing oligosaccha-
ride obtained from the action of CS‐ABC lyase on cartilage (Schiller et al.,
1999).

The progress in the analytical technologies have brought an important
gain in sensitivity, the biological effects of some CS/DS structures could be
highlighted by analyzing their particular residue composition. The CS lyases
play a key role in this determination.
C. CS Oligosaccharides of Biological Interest
One of the first examples of specific CS oligosaccharides of biological
interest concerned the sequences required for the binding and activation
of heparin cofactor II (Tollefsen et al., 1986). The finding that DS from
wound fluid is an activator for fibroblast growth factor (FGF‐2) signaling
indicated the importance of discrete domain structures on CS/DS in efficient
signaling (Penc et al., 1998). CS‐B lyase digestion of CS/DS from human skin
fibroblasts allowed the detection and partial identification of a pentasulfated
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hexasaccharide, containing either the aIdoA(yS)‐(1!3)‐bGalNAc(yS)‐
(1!4)‐bGlcA(yS)‐(1!3)‐bGalNAc(yS) or the aIdoA(yS)‐(1!3)‐bGalNAc
(yS)‐(1!4)‐bGlcA‐(1!3)‐bGalNAc(yS) moiety (in where y is position of
sulfate group) that showed to interact with FGF‐2. This hexasaccharide
and larger oligosaccharides bind to FGF‐2, albeit with lower capacity than
the intact GAG chains, showing their potential relevance for in vivo protein
interactions (Zamfir et al., 2003).

Other authors have established that for binding to type V collagen,
CS‐E oligosaccharides must have, at least, an octasaccharide size with a
continuous sequence of three 4)‐bGlcA‐(1!3)‐bGalNAc(4S,6S)‐(1 units
together with either a 4)‐bGlcA‐(1!3)‐bGalNAc(4S,6S)‐(1, or 4)‐bGlcA‐
(1!3)‐bGalNAc(4S)‐(1 or 4)‐bGlcA‐(1!3)‐bGalNAc(6S)‐(1 unit at the re-
ducing terminal. It is likely that these oversulfated oligosaccharide sequences
play key roles in cell adhesion and ECM assembly (Takagaki et al., 2002).

Oversulfated CS/DS chains containing 4)‐bGlcA/aIdoA‐(1!3)‐bGal-
NAc(4S,6S)‐(1 have been found in mast cells (Katz et al., 1986), neutrophils
(Ohhashi et al., 1984), monocytes (Uhlin‐Hansen et al., 1989), glomeruli
(Kobayashi et al., 1985), and mesangial cells (Yaoita et al., 1990) and have
been supposed to interact with various biologically active molecules and
regulate their functions in vitro.

Analogously, the oversulfated tetrasaccharide 4)‐bGlcA/aIdoA‐(1!3)‐
bGalNAc(4S,6S)‐(1!4)‐bGlcA/aIdoA‐(1!3)‐bGalNAc(4S,6S)‐(1 was found
to bind preferentially to L‐ and P‐ selectins and to chemokines and to
regulate their activities (Kawashima et al., 2002). This tetrasaccharide has
also been detected in CS‐H from hagfish notochord (Ueoka et al., 1999) and
in CS‐E from shark cartilage, which exhibits axonic and dendritic neurito-
genic activities for mouse hippocampal neurons (Nadanaka et al., 1998) and
binding activities for a number of growth factors and a few major neuro-
trophic factors expressed in brain (including FGF‐2, FGF‐10, FGF‐18, mid-
kine (MK), and pleiotrophin (PTN) and heparin‐binding epidermal growth
factor (Nandini et al., 2004). A different CS‐E structure containing 4)‐bGlcA‐
(1!3)‐bGalNAc(4S)‐(1 or 4)‐bGlcA‐(1!3)‐bGalNAc(6S)‐(1 appears to in-
teract with CD44 (Kawashima et al., 2002). It has been demonstrated that
mono‐ and disaccharides including a GalNAc residue with (4S), (6S),
or (4S,6S) substitution bind the Ab peptide implicated in the major patholog-
ical features of Alzheimer’s disease with a potent effect on the formation and
structure of Ab fibrils. GAG‐derived disaccharides were suggested as a tem-
plate for designing GAGmimetics for potential amyloid therapeutics (Fraser
et al., 2001).

CS‐A derived oligosaccharides with antihyaluronidase activity reduce
polyspermy during in vitro fertilization of porcine oocytes. These oligosac-
charides constitutes an efficient probe for promoting normal fertilization
process in terms of an effective decrease in the incidence of polysperm during
IVB of porcine oocytes (Tatemoto et al., 2005).
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The new carboh ydrate microar ray technolo gies are now develo ped
for glyc oconjuga tes and glycans including CS ( Feizi and Chai, 2004; Park
et al. , 2004 ). The approach ope ns the way for discoveri ng new carbohyd rate ‐
recogni zing proteins and for mappin g the reper toire of carbohydr ate
recogni tion struc tures. New leads to biologic al pathw ays and new thera peu-
tic targe ts are among biomedic ally important outcomes anticipa ted
from app lications of these techno logies. Werz and Seeber ger (200 5) have
revi ewed applicat ions concer ning the therapeuti c potent ial of synthe tic
oli gosacch arides.
D. CS Lyases as Therapeutic Use
It has been well estab lished that the variation in the sulfation pro file of
CS/DS chains regulates central nervous system (CNS) development in verte-
brate s (Hwang et al. , 2003; Zou et a l. , 2003 ).

One of the major advances in CNS regeneration has been assessed with
the use of CS‐ABC lyases to treat injury of CNS in vivomodels (Rhodes and
Fawcett, 2004). For many neurons, the migration and axon elongation
occurs through the ECM, which is filled with a network of glycoproteins,
HA, and PGs including CSPGs. CS‐ABC lyases has proven to be highly
beneficial toward regenerating axons, by degrading the axon‐inhibitory
HA and CS chains in the ECM in astroglial scar (Bradbury et al., 2002;
Moon et al., 2001; Zuo et al., 2002). This enzyme has shown to restore
synaptic plasticity in visual cortex of adult rats (Pizzorusso et al., 2002).
The combined treatment with brain‐derived neurotrophic factor and chon-
droitinase ABC shows synergistic regenerative effects on axon growth in
damaged retinal fibers (Tropea et al., 2003).

Degrading the GAG components of perineuronal nets restore the ability
of cortical neurons to interact with one another more freely, and neuronal
processes, such as axon and dendrite, should be able to grow in the extra-
cellular space. These findings suggest that treatment with chondroitinase
ABC can be relevant in therapies for the repair of the damaged adult CNS,
however, interference with protective roles of CS have to be clarified. For
instance, it has been suggested that CS functions in memory and learning
(Brakebusch et al., 2002; Zhou et al., 2001) and that chondroitinase ABC
treatment of normal mice hippocampal slices reduces 50% of long‐term
potentialization (Bukalo et al., 2001). Moreover, CS chains with particular
oversulfated structures containing the E and/or D disaccharide units known
to be involved in neuronal migration, adhesion, and neuritogenesis. These
CS chains are present in the signal transducing receptor‐type protein tyrosine
phosphatase PTPz (also known as RPTPb) and in its variant phosphocan
(also known as DSD‐1‐PG), both of them mainly expressed in glial cells and
neurons. The typical ligands of these CSPG are the heparin‐binding growth
factors MK and PTN. CS‐ABC lyase removal of the CS chains leads to
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aberrant morphogenesis of neurons in a cerebellar organotypic slice culture
(Tanaka et al., 2003). Moreover, CS‐ABC or CS‐B lyases treatment abol-
ished the neuritogenic activity of phosphocan on embryonic mesencephalic
and hippocampal mice neurons (Clement et al., 1998).
VI. Conclusions _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In summary, this review covers advances on structure characterization
and active site chemistry of chondroitinases and their implication for ad-
vancing knowledge on the CS/DS degradation mechanism. Chondroitinases
constitute until now a valuable tool for the generation of disaccharides
indispensable for fineCS analyses assisted by analytical techniques. Similarly,
generation of biological active oligosaccharides affords tools for the study of
carbohydrate–protein interactions and to the development of new therapeu-
tic solutions. The use of chondroitinase ABC to treat CNS injury has proven
to be highly beneficial toward regeneration of axons and restoring synaptic
plasticity in the visual cortex. This suggests exiting prospects in the use of
these enzymes in therapeutics for CNS.
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I. Chondroitin Sulfate Glycosaminoglycans _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Glycosaminoglycans (GAGs) are a family of highly sulfated, complex
mixture of linear polysaccharides that display a wide array of biological
activities (Boneu, 1996; Jackson et al., 1991). GAGs can be classified into
four basic types—hyaluronan, chondroitin/dermatan sulfates (CS/DS), hepa-
rin/heparan sulfate, and keratan sulfate (Capila and Linhardt, 2002; Esko and
Selleck, 2002; Iozzo, 1998; Linhardt and Toida, 2004). Chondroitin/dermatan
sulfates are the focus of this chapter. Chondroitin/dermatan sulfates are linear,
polydisperse GAGs with a repeating core of disaccharide structure composed
of a D‐glucopyranosyl uronic (GlcAp) acid or L‐idopyranosyl uronic (IdoAp)
acid glycosidically linked to 2‐deoxy, 2‐acetamido‐D‐galactopyranose
(GalpNAc) residue (Fig. 1). The major classes of the chondroitin family of
GAGs are: chondroitin; chondroitin‐4‐sulfate (CS‐A); dermatan sulfate (CS‐B
or DS), and chondroitin‐6‐sulfate (CS‐C).
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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FIGURE 1 CS, oversulfated CS and chondroitin: the molecular weight ranges from 5000–

50,000 (average 25 kDa). DS and oversulfated DS: the molecular weight ranges from
5000–50,000 (average 25 kDa).
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GAGs are the sulfated polysaccharide side chains of proteoglycans
(PGs). These PGs are ubiquitous in animals and found localized on the
external cell membrane and extracellular matrix (ECM) in all tissues
(Iozzo, 1998). Despite intensive studies on this class of biopolymers, their
precise chemical structures and biological functions are still not well under-
stood. The major families of GAGs differ based on their disaccharide re-
peating unit, their linkage chemistry, and their sulfation pattern. Our current
understanding of GAG structure and the biosynthetic pathway of GAG
synthesis suggest the presence of defined sequences that specifically interact
with an array of GAG‐binding proteins (Esko and Selleck, 2002). Among
these proteins are several families of growth factors, chemokines, enzymes,
and adhesion proteins (Capila and Linhardt, 2002). The GAG chains of PGs
act as receptors in signal transduction, controlling cell growth, differentia-
tion, migration, adhesion, and other important physiological and patho-
physiological events (Linhardt and Toida, 2004). CS is the predominant
GAG present in aggrecan, the major PG of cartilage (Kresse and Schonherr,
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2001). Due to the sulfo and carboxyl moieties of their GAG components,
PGs concentrate large amounts of negative charge in the ECM. This has
direct osmotic effects on these tissues in which the GAGs are under hydrated
due to constraints imposed by the collagen fiber network, giving cartilage its
shock‐absorbing function (Kempson, 1980). GalNpAc O‐sulfonation of
chondroitin can occur at the 4‐ and/or 6‐positions (CS‐A and CS‐C, respec-
tively), and it is not known how the sulfated units are distributed throughout
the PG molecules or whether particular regions have different biological
functions. CS‐A, CS‐C, and DS are found within the ECM or on cell
membranes attached to a variety of proteins, including decorin, biglycan,
and aggrecan (Kresse and Schonherr, 2001).
II. Enzymes Mediating GAG Synthesis ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

GAG presence is associated with all animals, ranging from C. elegans to
man (Esko and Selleck, 2002). These polysaccharide chains are synthesized
by a set of specialized enzymes that assemble an initiation tetrasaccharide
on specific serine residues of the core protein, followed by successive addi-
tion of repeating disaccharide units to the nonreducing end by synthases
(Spicer and McDonald, 1998; Yada et al., 2003). GAGs, however, are not
unique to eukaryotes. Several specialized microorganisms also produce
simpler forms of these polymers. The enzymes mediating GAG synthesis
have been characterized, and the ability to express them in large quantities
would greatly facilitate the production of defined GAG components (Spicer
and McDonald, 1998; Yada et al., 2003).

Glycosaminoglycans are synthesized by the serial addition of UDP‐sugars
through the action of dedicated membrane anchored glycosyl transferases
followed by several sulfotransferases, deacetylases, and epimerases (Esko
and Selleck, 2002; Hannesson et al., 1996; Silbert and Sugumaran, 2002;
Sugahara and Kitagawa, 2002). Sugar transfer occurs in the Golgi, and the
type ofGAGadded is believed to be dependent on as yet unclear signals present
on the core proteins (Iozzo, 1998; Rosenberg et al., 1997). In general, GAGs
are added to a specific region of the core protein. In most cases a common
tetrasaccharide linkage region is assembled by xylosylation of specific serine
residues, followed by addition of two galactose units and glucuronic acid. The
next step, addition of N‐acetyl hexosamine determines whether the resulting
chain will be CS/DS or heparan sulfate (HS). The three‐dimensional structures
of two of these biosynthetic enzymes have been determined (Negishi et al.,
2003). The final glycosyl transferases that add repeating disaccharides to
extend the growing GAG chain are of greatest interest. These are bifunctional
enzymes that alternatively addGlcUApandGalNpAcorGlcNpAc. Families of
these enzymes have been identified for humanCS (Kitagawa et al., 2001, 2003;
Uyama et al., 2003; Yada et al., 2003) and HS (Esko and Selleck, 2002)
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synthesis. A gene coding for chondroitin synthase was identified in the K4
strain of E. coli (Ninomiya et al., 2002). While the mammalian enzymes can
only be expressed in tiny amounts, bacterial chondroitin synthase has been
produced as a soluble recombinant protein (Yada et al., 2003).

Since no protein core is associated with hyaluronic acid, a different
biosynthetic mechanism is in place for this macromolecule. Two classes of
hyaluronan synthases (HAS) have been characterized (DeAngelis, 1999).
The class I enzymes are integral membrane proteins whereas the class II
members are membrane associated through a C‐terminal membrane span-
ning segment. Mammalian HAS belong to class I and appear to be bifunc-
tional enzymes that add alternating UDP sugars to the growing hyaluronan
chain, which is extruded onto the cell surface and into the ECM. Three
mammalian genes coding for HAS have been identified, and their gene
structures are evolutionarily well conserved (Monslow et al., 2003). These
isoforms show high‐amino acid sequence identity between themselves and to
some bacterial enzymes, for example, Streptococcus pyogenes HA synthase.
They contain seven putative membrane‐spanning regions with a long cyto-
plasmic loop containing the putative UDP binding and glycosyltransferase
catalytic sites (Itano and Kimata, 2002). A soluble and active fragment of
human HAS2 was expressed in E. coli (Hoshi et al., 2004), opening the door
to functional and structural studies of this enzyme.

Assembly of heparan and chondroitin chains involves two additional
modifications—sulfation of specific positions of the N‐acetyl hexosamine
and the uronic acid units and epimerization of glucuronic acid residues.
C5‐epimerases responsible for this step in heparan biosynthesis have been
characterized (Li et al., 1997), but those responsible for chondroitin to
dermatan conversion remain unclear (Seidler et al., 2002). Finally, a series
of sulfotransferases acts to modify the CS/DS and HS/heparin families of
PGs. The three‐dimensional structures of two of these biosynthetic enzymes
have been determined (Moon et al., 2004; Thorp et al., 2004).
III. CS Degrading Enzymes ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Two chemically distinct enzymatic mechanisms have evolved for the
degradation of GAGs, and the enzymes are accordingly classified as either
hydrolases or lyases. Henrissat has divided these enzymes into families based
on sequ ence similari ty (http ://afmb.cnrs ‐ mrs.f r/CAZY/ ). Cleavag e of the
hexuronic acid!hexosamine bond always involves a standard glycosidase
mechanism of either inverting or retaining type in which the glycosidic bond
is hydrolyzed by addition of a water molecule (Fig. 2) (Zechel and Withers,
2000). In contrast, cleavage of the hexosamine!hexuronic acid bond can
occur through either a hydrolytic, catalyzed by hydrolases, or an eliminative
mechanism, catalyzed by lyases (Fig. 2) (Ernst et al., 1995; Linhardt et al.,

http://afmb.cnrs%E2%80%90mrs.fr/CAZY/%00%00


FIGURE 2 Mechanism for the enzymatic breakdown of GAGs. Lyases catalyze eliminative

cleavage and hydrolases catalyze hydrolytic cleavage leading to different oligosaccharide

products.
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1986; Michaud et al., 2003). While polysaccharide hydrolases are found in
virtually all organisms, polysaccharide lyases are not found in vertebrates.

In many tissues GAGs undergo rapid turnover. Hyaluronan degradation
plays a major part in the release of PGs from cartilage that occurs in normal
development and in arthritis (Sztrolovics et al., 2002). It has been estimated
that in the dermis, which contains more than half of the HA in the body,
50–75% of this GAG is turned over every 24 h (Frost et al., 1996; McCourt,
1999). Similarly, cell surface HSPGs have a half‐life of 3–8 h (Stringer and
Gallagher, 1997), indicating the efficiency with which these molecules can be
broken down. Following endocytosis of the substrates into the cell, complete
GAG disassembly proceeds by an ordered desulfation/exolytic cleavage to
yield monosaccharide products. The consequences of defects in enzymes med-
iating intracellular GAG degradation are evidenced by the different patholo-
gies of themucopolysaccharidoses (Leroy andWiesmann, 1993). Extracellular
GAG degradation, although of equal importance, is an incompletely under-
stood process. Extracellular endolytic GAG‐degrading enzymes, the hyaluro-
nidases (Frost et al., 1996), and heparanase (Vlodavsky et al., 1999) have been
characterized, and they play major roles in normal and pathological turnover
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of the ECM, and specific inhibitors of these enzymes would have important
therapeutic benefits.

Testicular hyaluronidase has been known for many years (Kreil, 1995).
This membrane‐bound hydrolase cleaves hyaluronate but can also degrade
CS and plays an important role in fertilization. It has been shown that this
GAG hydrolase is the prototype of a six‐member human gene family. Five
functional hyaluronidases and an expressed pseudogene have been charac-
terized. Hyal‐1, ‐2, and ‐3 occur as a cluster on chromosome 3 at position
3p21, while the well‐characterized testicular hyaluronidase (also termed
PH20) as well as hyal‐4 and the pseudogene (hyalP1) are found on chromo-
some 7q31 (Csóka et al., 1999). While ‘‘hyaluronidase’’ has been generally
considered to be a lysosomal enzyme, there is strong evidence for extra-
cellular hyaluronidase activity. Various reports have associated elevated
hyaluronidase levels with increased tumorogenicity (Madan et al., 1999a,b;
Novak et al., 1999), and it has been demonstrated that hyal‐2 is a cell surface
receptor for a retrovirus in sheep (Miller, 2003).
A. Microbial CS‐Degrading Enzymes
(Polysaccharide Lyases)
In contrast to the vertebrates, microorganisms utilize an eliminative
mechanism to breakdown GAGs, which involves abstraction of the proton
at C‐5 of the hexuronic acid by a general base and b‐elimination of the 4‐O‐
glycosidic bond with concomitant formation of an unsaturated C4–C5 bond
within the hexuronic acid located at the nonreducing end (Fig. 2). The
leaving group must be protonated, either by a side chain acting as a general
acid or by proton abstraction from a water molecule. Proton abstraction and
b‐elimination are expected to proceed in a stepwise as opposed to concerted
manner (Godavarti and Sasisekharan, 1998; Guthrie and Kluger, 1993).
There is an extensive variation in specificity among lyases for different
GAG types. Thus, chondroitinase B is specific for cleavage of DS, accepting
only an iduronic acid, whereas chondroitinase ABC will accept either glu-
curonic acid or iduronic acid. Extensive biochemical and mutagenesis stud-
ies have been carried out on enzymes obtained from Flavobacterium
heparinum (Pedobacter heparinus) that produces two chondroitinases (Fla-
voAC and FlavoB) (Gu et al., 1995) and on two general specificity chon-
droitinases from Proteus vulgaris (PvulABCI and PvulABCII) (Hamai et al.,
1997). In addition, several hyaluronate lyases contributing to virulence have
been characterized from different bacteria and bacteriophage (Hynes and
Walton, 2000; Li et al., 2000; Rigden and Jedrzejas, 2003). Of particular
interest is the genomic sequence of the commensal bacterium, Bacteroides
thetaiotaomicron (Xu et al., 2003). B. thetaiotaomicron and B. stercoris
(Ahn et al., 1998; Kim et al., 2000) are dominant members of the intestinal
microbiota of humans and other mammals. Most notably the genome of
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B. thetaiotaomicron shows a markedly expanded repertoire of genes
involved in polysaccharide uptake and degradation, specifically for utilizing
a large variety of complex polysaccharides as a source of carbon and energy
(Xu et al., 2003). Among these are several chondroitinases (BthetABC and
BsterABC) and heparinases, which contribute to the nutrition of the host
(Ahn et al., 1998; Kim et al., 2000; Xu et al., 2003).

While glycoside hydrolases display an extraordinary variety of folds
(Bourne and Henrissat, 2001), only three folds have been identified for
GAG lyases, the (a/a)5‐toroid, the right‐handed b‐helix, and a b‐sandwich.
The intriguing observation of both eliminative and hydrolytic enzymes
within the first two‐fold families and similarity of the b‐sandwich to the
N‐terminal domain of PvulABCI suggest that binding of linear uronic acid‐
containing polysaccharide substrates demands special structural features. Of
the 15 classified lyase families and over 25 unclassified sequences, the fold
has been established for 9 families encompassing several pectate/pectin lyase
families, alginate, chondroitin, and rhamnogalacturonan lyases.
B. Purification and Characterization of Chondroitinases
Chondroitin AC and B lyases from Flavobacterium heparinum (FlavoAC
and FlavoB) were first purified to homogeneity, and their physical and kinetic
constants were determined in the Linhardt laboratory in 1995 (Gu et al.,
1995). From the N‐terminal sequences that we determined, these enzymes
were subsequently cloned and expressed in E. coli (Pojasek et al., 2001).
Chondroitinase ABC (BsterABC) was first isolated from B. stercoris by the
Kim laboratory in 1998 (Ahn et al., 1998), and the B. thetaiotaomicron
chondroitinase ABC (BthetABC) has been cloned and expressed in the Kim
laboratory (in preparation). The BsterABC and BthetABC enzymes appear
to be structurally and catalytically similar to one another. The P. vulgaris
chondroitinase ABC (amixture of PvulABCI and ‐II) is the only commercially
available chondroitinase ABC preparation (Seikagaku, Tokyo, Japan).
The endolytic chondroitinase ABC (PvulABCI) was cloned and expressed in
E. coli (Prabhakar et al., 2005). Some of the well‐characterized polysaccha-
ride lyases acting on chondroitins are listed in Table I.
C. Chondroitin Lyase Structures and Mechanism
The Cygler laboratory has determined the three‐dimensional structures
of representatives of chondroitinases B, AC, and ABC (Fig. 3).
1. Chondroitin AC Lyase
The three‐dimensional structures and the enzymatic mechanisms of two
chondroitin AC lyases from F. heparinum (FlavoAC) and Arthrobacter
aurescens (ArthroAC) were investigated. Both FlavoAC and ArthroAC act



TABLE I Properties of Polysaccharide Lyases Acting on Chondroitins

Namea Substrates Linkage specificityb Action pattern Mr (Da) KM
c,d Vmax

c,e

Chondroitinase AC (Fh)

(Gu et al., 1995)
CS‐A (4S) CS‐C (6S) HA !3)GalNAc(or GlcNAc) 4X,6X(1!4)

GlcA(1!
Endo 74,000 9.3 121

Chondroitinase AC (Aa)
(Linhardt, 1994;

Lunin et al., 2004)

CS‐A (4S) CS‐C (6S) HA !3)GalNAc(or GlcNAc) 4X,6X(1!4)
GlcA(1!

Exo 79,840 0.01

Chondroitinase B (Fh)
(Gu et al., 1995)

DS !3)GalNAc 4X,6X(1!4)IdoA2X(1! Endo 55,200 7.4 209

Chondroitinase ABC (Bs)

(Hong et al., 2002)
CS‐A (4S) CS‐C (6S) DS !3)GalNAc 4X,6X(1!4)UA2X(1! Endo 116,000 45.7

Chondroitinase ABC I (Pv)
(Hamai et al., 1997)

CS‐A (4S) CS‐C (6S) DS !3)GalNAc 4X,6X(1!4)UA2X(1! Endo 100,000 66 310

Chondroitinase ABC II (Pv)

(Hamai et al., 1997)
CS‐A (4S) CS‐C (6S) DS !3)GalNAc 4X,6X(1!4)UA2X(1! Exo 105,000 80 34

Hyaluronate lyase (Pa)
(Ingham et al., 1979)

HA CS‐A (4S) CS‐C (6S) !3)GalNAc(or GlcNAc) 4X,6X(1!4)
GlcA(1!

85,110 7.75

aFh: Flavobacterium heparinum; Aa: Arthrobacter aurescens; Pv: Proteus vulgaris; Bs: Bacteroides stercoris.
bThe primary sites of action are shown. X ¼ SO3

� or H, UA ¼ glucuronic or iduronic acid.
cKinetic parameters are given for the primary substrates.
dApparent KM in mM.
eVmax in mmol min�1 mg�1.



FIGURE 3 Comparison of crystal structures of chondroitinases PvulABCI (left), FlavoAC

(center), and FlavoB (right).
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on CS‐A and CS‐C as well as on hyaluronan (Linhardt, 1994). Neither
enzyme acts on pure DS, containing only repeating units of!3)GalNpAc4S
(1!4)IdoAp(1!, and both AC lyases are inhibited by this GAG (Gu et al.,
1993). Studies in the Linhardt laboratory confirmed that both FlavoAC and
ArthroAC act on the !3)GalNpAc(4S or 6S)(1!4)GlcAp(1!4) sequences
found within CS and in many DS (Gu et al., 1993). FlavoAC is an endolytic,
and ArthroAC is an exolytic chondroitin lyase (Jandik et al., 1994). The
substrate specificities of both AC lyases have been extensively investigated
on natural (Hernáiz and Linhardt, 2001; Linhardt, 1994; Yang et al., 2000)
as well as unnatural (Avci et al., 2003) substrates. The structure of FlavoAC
was determined at 1.9 Å resolution and revealed a two‐domain molecule
with the N‐terminal a‐helical domain and the C‐terminal b‐sheet domain
(Fig. 3) (Féthière et al., 1999). The N‐terminal domain is folded into an
incomplete double‐layered (a/a)5 toroid. This domain contains the catalytic
machinery and provides a major part of the substrate‐binding site. The C‐
terminal domain is composed of four antiparallel b‐sheets. Since chondroitin
AC lyase is inhibited by DS, we investigated complexes of FlavoAC with DS
oligosaccharides. The tetrasaccharide binding site [subsites �2, �1, þ1, þ2
with the cleavage site between �1 and þ1 using nomenclature according to
Davies and coworkers (Davies et al., 1997)] and four putative catalytic
residues—His225, Tyr234, Arg288, and Glu371—have also been identified
(Huang et al., 2001). Expression of His225Ala, Tyr234Phe, and Arg288Ala
mutants in F. heparinum, by integration of the DNA containing the mutated
gene into the genomic DNA of the bacterium, rendered the enzyme inactive
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(Blain et al., 2002). Candidates for the general base, abstracting the glu-
curonic acid C‐5 proton, were Tyr234 (transiently deprotonated during
catalysis) or His225. The Tyr234 was deemed to be the best candidate to
protonate the leaving group. Arg288 likely contributes to charge neutraliza-
tion and stabilization of the enolate anion intermediate during catalysis.

Subsequently, the crystal structure of Tyr234Phe mutant with a CS‐A
tetrasaccharide was determined, confirming the general features of substrate
binding, but this structure was inconclusive in the assignment of the role of
general acid to either His225 or Tyr234 due to an enzymatically noncompe-
tent conformation of the substrate (Fig. 4) (Huang et al., 2001).

A breakthrough that allowed the assignment of the catalytic general
base came from the investigation of chondroitin AC lyase from A. aurescens
(ArthroAC). Although the amino acid sequence of this protein was not
known at the onset of our investigations, it was likely that it shared homol-
ogy with FlavoAC. We were fortunate in obtaining crystals diffracting to
near atomic (1.25 Å) resolution (Lunin et al., 2004). The resulting electron
density maps allowed us to determine the amino acid sequence (Fig. 5),
which was confirmed subsequently by mass spectrometry (MS) of tryptic
peptides. This sequence showed 24% identity to FlavoAC. Using a series of
short soaks of the crystals with CS‐A tetrasaccharide, their immediate
FIGURE 4 Chondroitin‐4,6‐sulfate tetrasaccharide in the active site of FlavoAC Tyr234Phe
mutant.



FIGURE 5 Experimental electron density map of the active site region of ArthroAC. Green

contours are drawn at 3s level, red contours at 5s level. In the native structure, there is a
phosphate ion in the active site. Nitrogen atoms are blue, oxygens are red, carbons are gray,

and phosphorus is yellow.
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freezing in liquid nitrogen, and data collection at the synchrotron, we
showed that the enzyme acted slowly in the crystal, allowing us to capture
the enzymatically active conformation. This data resolved that Tyr242 acts
as the general base that abstracts the proton and His233 helps in deprotona-
tion of Tyr242 and in the proper orientation of the glucuronate acidic group.
The glucuronate assumes a distorted boat conformation, much like that
observed in lysozyme (Fig. 6).

Chondroitin O‐methyl ester (C‐OMe) is also depolymerized by chon-
droitin AC lyase from F. heparinum (Avci et al., 2003). The major product
isolated from the depolymerization reaction was found to be chondroitin
Ddi‐O‐methyl ester (Fig. 7). Although, in chemical terms, abstraction of
an acidic proton at the a‐position of methyl ester group is expected, the
FIGURE 6 Conformation of the chondroitin‐4‐sulfate tetrasaccharide substrate bound in the
active site of ArthroAC. Omit electron density map is drawn at the 3s level.



FIGURE 7 Enzymatic depolymerization of chondroitin O‐methyl ester.
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esterification of the carboxylate group might alter the interaction of anion‐
stabilizing elements in an enzymatic reaction, adversely impacting catalysis
(Fig. 2). Kinetic studies show that the KM on C‐OMe (12.0 mM) is com-
parable to CS‐A (7.0 mM) and lower than that observed on chondroitin
(63.0 mM). In contrast, the Vmax on C‐OMe (0.3 mmol min�1 mg�1) is
significantly lower than on CS‐A (2.0 mmol min�1 mg�1) or chondroitin
(3.3 mmol min�1 mg�1) suggesting that the binding step is less adversely
impacted than catalytic step by methylation of the carboxyl group. The low
KM observed for C‐OMe (comparable to CS‐A) might be ascribed to the
contribution of hydrophobic interactions between the methyl ester and
the enzyme, replacing ionic interactions lost through the desulfonation and
methyl esterification of the substrate. Both chondroitinase AC I from
F. heparinum and chondroitinase AC II from A. aurescens were demon-
strated by the Toida laboratory to be capable of depolymerizing hyaluronan
O‐methyl ester (Hirano et al., 2005).
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2. Chondroitin B Lyase
The Cygler laboratory has determined the structure of native F. hepar-
inum chondroitin B lyase (FlavoB) and its complex with the reaction disac-
charide product (Huang et al., 1999). The fold of this lyase is completely
different to that of FlavoAC and belongs to the b‐helix family with 13 coils.
The soaking of chondroitin B lyase crystals with a DS tetrasaccharide
resulted in a complex with two DS disaccharide reaction products occupying
(�2, �1) and (þ1, þ2) subsites in the substrate‐binding site. Unexpectedly,
this structure showed the presence of a Ca2þ ion coordinated by conserved
acidic residues and by the carboxyl group of the L‐iduronic acid at the þ1
subsite (Fig. 8).

Chondroitin B lyase was subsequently shown to absolutely require
calcium for its activity, indicating that the protein‐Ca2þ‐oligosaccharide
complex is functionally relevant. We proposed that the Ca2þ ion neutralizes
the carboxyl moiety of the L‐iduronic acid at the cleavage site, while the
FIGURE 8 Three disaccharide products bound in the active site of chondroitinase B. Bound
calcium atom is shown as a yellow sphere, two water molecules as red spheres.
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conserved Lys250 and Arg271 act as general base and acid, respectively.
Model building showed that a DS substrate would bind in a bent confor-
mation and that this sugar ring adopts a distorted conformation. The re-
quirement of Ca2þ for catalysis was further investigated in collaboration
with Dr Sasisekharan by measuring Kcat and KM as a function of calcium
concentration (Michel et al., 2004).
3. Chondroitin ABC I (endo) Lyase
The Cygler laboratory crystallized (Huang et al., 2000) and determined
the structure (Huang et al., 2003) of chondroitin ABC I (endo) lyase from
P. vulgaris (PvulABCI). This 110 kD protein consists of three domains. The
amino acid sequence comparison indicated only that the C‐terminal domain
is homologous to the C‐terminal, noncatalytic domain of FlavoAC, and this
was confirmed by the structure. The N‐terminal domain has a similar fold to
carbohydrate‐binding domains of xylanases and some lectins while the
middle domain showed, unexpectedly, structural similarity to the catalytic
domain of FlavoAC and to hyaluronan lyases. The superposition of these
two domains showed the conservation of residues forming the active site
tetrad (Fig. 9).
FIGURE 9 The superposition of the active‐site tetrad of FlavoAC and PvulABCI. The
Asn175 of FlavoAC and Arg500 of PvulABCI are also shown.
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The Asn175 of FlavoAC, which plays an essential role in binding the
acidic group of glucuronic acid, is not conserved in PvulABCI. Instead,
the side chain of Arg500 may perform this function. We speculated that the
charged guanidinium group at the end of a long arm provides the flexibility
essential for adapting the enzyme’s catalytic machinery to two possible con-
figurations of the acidic group at the C‐5 position of the uronic acid ring. The
substrate binding area in this structure is wide open, and we have not yet
been able to obtain complexes with oligosaccharides (Fig. 10). It has not
yet been possible to unequivocally deduce from this structure residues that
contribute to substrate binding and the key protein–substrate interactions.
FIGURE 10 The disposition of the substrate in FlavoAC (left) was transferred to PvulABCI

(right) based on the superposition of the active site tetrad. In this open form of PvulABCI are
very few contacts between the enzyme and its substrate.
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Further efforts toward obtaining PvulABCI complexes with substrate or
inhibitors are essential for the understanding of the mechanistic properties
of these enzymes and their ability to break down CS and DS.

While the PvulABCI is an endolytic lyase, this bacterium also produces a
closely homologous enzyme chondroitin ABC II (exo) lyase (PvulABCII)
with similar spectrum of substrate specificities while being an exolytic
lyase. We have obtained crystals of this protein and would like to determine
its structure to understand the mechanism underlying exolytic vs. endolytic
selectivity and to detail the catalytic mechanism.
IV. Analytical Applications _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Determination of CS/DS oligosaccharide structure is a formidable ana-
lytical problem that has limited structure–activity relationship studies, and
the development of improved methods is necessary for further progress.
Current approaches involve the preparation of CS/DS oligosaccharides
using chondroitin lyases followed by separation techniques including gel
permeation chromatography (GPC) (Yang et al., 2000), strong anion
exhange‐high performance liquid chromatography (SAX‐HPLC) (Linhardt
et al., 1994; Yang et al., 2000), polyacrylamide gel electrophoresis (PAGE)
(Linhardt et al., 1991, 1994), and capillary electrophoresis (CE) (Al‐Hakim
and Linhardt, 1991; Pervin et al., 1993, 1994). These provide important
data on composition and domain structure but generally yield indirect and
incomplete sequence information. MS has also been applied to the analysis
of CS/DS oligosaccharides (Kitagawa et al., 1997; Lamb et al., 1992; Yang
et al., 2000). Fast‐atom bombardment (FAB‐MS), electrospray ionization
(ESI‐MS), and matrix‐assisted laser desorption ionization (MALDI‐MS) are
capable of determining the molecular weight of oligosaccharides. Nuclear
magnetic resonance (NMR) spectroscopy provides for the accurate deter-
mination of the chemical fine structure of small CS/DS oligosaccharides
(containing 2–14 saccharide units) (Linhardt et al., 1992; Yang et al., 2000).
A. Oligosaccharide Structure Analysis
GAG lyases are used for the structural analysis of GAGs. In a general
oligosaccharide structure analysis procedure first, a small quantity of the
polysaccharide is exhaustively depolymerized in the reaction using the prop-
er lyase enzyme (Table II) (Linhardt, 1994). Next, a controlled, partial
depolymerization is performed to obtain the UV absorbance value at
232 nm (the nonreducing end uronic acid residue absorbs at 232 nm)
corresponding to the maximum number of oligosaccharides that can be
detected. The partial depolymerization reaction is next scaled up, and the
resulting oligosaccharide mixture is next size fractionated by GPC. This



TABLE II Reaction Conditions for Polysaccharide Lyases Acting on Chon-

droitins with Optimum Buffers and Reaction Conditions

Lyase Buffer
Optimum
temperature (�C)

Chondroitinase ABC Tris.Cl/sodium acetate, pH 8 37
Chondroitinase AC Tris.Cl/sodium acetate, pH 8 37

Chondroitinase B Ethylenediamine/acetic acid/NaCl, pH 8 25

Hyaluronate lyase Sodium acetate/NaCl, pH 5.2 30

204 Linhardt et al.
separation affords size‐uniform oligosaccharide mixtures corresponding to
oligosaccharides ranging in size from disaccharide to octadecasaccharide.
PAGE analysis of these size‐fractionated oligosaccharides demonstrates the
degree of size separation. The size fractions are next purified by semipre-
parative SAX‐HPLC, desalted and lyophilized. Analytical SAX‐HPLC is
used to assess whether a second semipreparative SAX‐HPLC separation
step is necessary. Finally, mass spectral analysis and 1D/2D NMR analysis
are acquired for their structural elucidation.

Using chondroitin ABC lyase, we prepared eight oligosaccharides from
DS and elucidated their structures (Fig. 11) (Yang et al., 2000). Treatment of
tetrasaccharide and hexasaccharide fragments with mercuric acetate af-
forded trisaccharide and pentasaccharide products, respectively. The purity
of the oligosaccharides obtained was confirmed by analytical SAX‐HPLC
and CE. The molecular mass and degree of sulfation of the eight purified
oligosaccharides were elucidated using ESI‐MS, and their structures were
established with NMR. These DS oligosaccharides are being used to study
interaction of the DS with biologically important proteins.
B. Oligosaccharide Mapping
Quantitative saccharide compositional analysis of GAGs can be conve-
niently performed using high resolution, high sensitivity CE. CS and DS can
be depolymerized using chondroitin lyases (or hyaluronate lyases) into eight
to nine different disaccharides that can be easily resolved by CE (Al‐Hakim
and Linhardt, 1991). Sensitive (picomole range) UV detection is possible due
to the presence of an unsaturated residue formed in each disaccharide
through the eliminase action of the polysaccharide lyases. Oligosaccharide
mapping of GAGs is comparable in principle to the peptide mapping of
protein and has been widely used for the comparison of GAGs from different
tissues or species (Linhardt et al., 1991, 1992; Loganathan et al., 1990).
A GAG is first treated, either partially or completely, with various depoly-
merizing chemicals or enzymes, and PAGE maps are prepared using PAGE
and SAX‐HPLC (Linhardt et al., 1988). Using this approach we have



FIGURE 11 Controlled enzymatic depolymerization of DS by chondroitinase ABC and
mercuric acetate treatment to remove the unsaturated nonreducing end residue.
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studied chondroitinase ABC depolymerized mixtures of DS sample obtained
from different species and tissue origins. High molecular weight and low‐
molecular weight DS as well as charge‐fractionated DS, having substantially
different heparin cofactor‐II (HC‐II) mediated antithrombin activities were
examined. Gradient PAGE was used to study the DS oligosaccharide mix-
tures prepared by chondroitinase ABC treatment. Commercially available
disaccharide standards have been examined by SAX‐HPLC, and their reten-
tion times compared with the oligosaccharide mixture obtained from chon-
droitinase ABC treated DS. On the basis of these studies, certain structural
features associated with DS have been established (Linhardt et al., 1988).
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C. Disaccharide Analysis
CS is widely used as a neutraceutical and pharmaceutical raw materials.
As the number of products containing CS increases, stricter and more
accurate evaluation should be required for the manufacture of high‐quality
products. Disaccharide analysis using HPLC should be useful for evaluation
of the quality of CS as a pharmaceutical and nutraceutical ingredient.
The pretreatment method followed by enzymatic digestion makes it possible
to quantify CS content in soft capsules and liquid preparations and should
be applicable for the quality control of CS. The present methods can be
applied to confirm the purity and label claim of CS in raw materials,
pharmaceuticals, and neutraceuticals.

The Kim laboratory performed the quantitative analysis of CS obtained
from raw materials and various pharmaceutical preparations (Sim et al.,
2005). To quantify CS content in raw materials and in an ophthalmic
solution, each test sample and the authentic CS were first digested by
chondroitinase ABC. The CS disaccharides produced were analyzed by
HPLC, and CS content was quantified by calculating the total peak areas
of the disaccharides derived from a CS calibration curve. In the case of soft
capsules, CS was first extracted with hexane followed by phenol‐chloroform
to remove oil and protein ingredients. The extracted CS samples were
depolymerized by chondroitinase ABC, and CS content was determined.
Quantitative analysis of the disaccharides derived from raw materials
and an ophthalmic solution showed the CS contents (%) were 39.5–105.6
and 103.3, respectively. In case of CS analysis in soft capsules and liquid
preparations, the overall recovery (%) of the spiked CS was 96.79–103.54
and 97.10–103.17, respectively (Table III). In conclusion, the quantitative
analysis of the disaccharides produced by enzymatic digestion can be used in
the direct quantitation of CS containing pharmaceutical formulations.
TABLE III Quantitation of CS from Pharmaceuticalsa

Sample
Labeled
amount (mg)

Determined
amount (mg) Label claim (%)

Ophthalmic solution 2 2.07 103.33
Liquid preparation 30 29.25 97.48

Soft capsule 120 114.06 95.05

aThe CS content was quantified by calculating the total peak areas of the disaccharides derived
from a CS calibration curve.
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V. Synthetic Applications __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Oligosaccharide Preparation
Polysaccharide lyases have been used to produce D4‐uronate disaccharides
and higher oligosaccharides from heparin, HS, CS, DS, hyaluronan, and chemi-
cally modifiedGAGs (Linhardt and Al‐Hakim, 1991; Pervin et al., 1995;Weiler
et al., 1992). Because both the polysaccharide substrates and enzymes are
relatively inexpensive, these oligosaccharides can be prepared in large quantities
at a low cost. The discovery of new GAGs, such as acharan sulfate (Kim et al.,
1996) as well as themild acid hydrolyzateE. coli polysaccharide K5 (Razi et al.,
1995), can afford novel structures in large quantities and at low cost.
B. Chemoenzymatic Synthesis
We proposed that the lyase‐derived oligosaccharides could be chemically
linked together to form larger oligosaccharides with the requisite structure for
a wide variety of biological activities. The first objective would be to differen-
tially protect enzymatically prepared desulfated disaccharides and to use
these neutral disaccharides to prepare larger target oligosaccharides (Fig. 12)
(Islam et al., 2003). The advantages of this approach are (1) disaccharides can
be assembled into oligosaccharides with a reduced number of glycosylation
reactions and (2) a high level of structural complexity (i.e., stereochemistry,
sulfation pattern) is already built into these disaccharides. In addition, we
investigated the use of 2,2,2‐trifluorodiazoethane as a reagent for sulfo group
protection in enzymatically prepared CS disaccharides (Fig. 12) (Avci et al.,
2004). This approach was first used for sulfate ester protection in carbohy-
drates by Flitsch and coworkers (Proud et al., 1997). Once the sulfo groups
have been protected, the free hydroxyl and carboxyl groups could be protected
in organic solvents used in standard carbohydrate synthesis. This chemistry
has been successfully used to selectively protect primary and secondaryO‐ and
N‐ sulfo groups in unprotected sulfatedmono‐ and disaccharides in high yields
(Karst et al., 2003, 2004).
VI. Therapeutic Applications ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Bacterial GAG‐degrading enzymes also have direct medical applica-
tions. Heparinase is an important reagent that can be used to remove
anticoagulant heparin from blood in the prevention of excessive bleeding
following coronary artery bypass surgery (Langer et al., 1982). In vitro
experiments have revealed that chondroitinases inhibit melanoma invasion,
proliferation, and angiogenesis (Denholm et al., 2001). Subretinal injection
of chondroitinase ABC (PvulABCI and PvulABCII) promotes retinal reat-
tachment in rabbits (Yao et al., 1992). Chondroitinase ABC (PvulABCI



FIGURE 12 Preparation of desulfated and sulfoprotected disaccharide starting materials

for the synthesis of CS/DS/HA oligosaccharides.
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and ‐II) has also been applied therapeutically to treat invertebral disc
protrusion (Kato et al., 1990).

It has been shown that chondroitinase ABC (PvulABCI and ‐II) pro-
motes the regeneration of central nervous system axons (Bradbury et al.,
2002; Pizzorusso et al., 2002). Permanent paralysis can result in adult
mammals following spinal cord injuries due to the inability of axons to
regenerate (Fawcett and Asher, 1999). A glial scar develops at the site of
the central nervous system injury (Fitch and Silver, 1999). This scar is
composed of ECM molecules and is particularly rich in CSPGs (Fawcett
and Asher, 1999; Fitch and Silver, 1999). In vitro CSPGs inhibit axonal
growth (McKeon et al., 1991; Niederost et al., 1999; Smith‐Thomas et al.,
1994), and in vivo regions rich in CSPGs stop regenerating axons (Davies
et al., 1999). Chondroitinase ABC catalyzed removal of CS chains in vitro
can reverse this inhibitory activity (Fidler et al., 1999; McKeon et al., 1995;
Moon et al., 2001; Zuo et al., 1998). In a recent in vivo study in an adult rat
spinal cord injury model, the delivery of chondroitinase ABC directly to the
injury site promoted functional recovery (Bradbury et al., 2002). In this
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study, chondroitinase ABC was delivered intrathecally to lessoned dorsal
columns of adult rats. This treatment upregulated regeneration‐associated
protein in injured neurons, promoting regeneration of both ascended senso-
ry projections and descending corticospinal tract axons. This treatment
restored postsynaptic activity below the lesion after electrical stimulation
of corticospinal neurons. Chondroitinase ABC also promoted functional
recovery of locomotor and proprioceptive behaviors.
VII. Conclusions __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Modern analytical methods, including NMR and MS, are widely used
for the determination of CS structure. While modern spectroscopic tech-
niques provide limited information on the structure of the intact CS poly-
saccharide, it is often useful to utilize chondroitin lyases to prepare
oligosaccharides for more detailed structural determination. The structure,
activity, and specificity of these enzymes were the focus of this chapter.
These lyases can be combined with separation methods, such as chromatog-
raphy and electrophoresis, for the preparation of CS oligosaccharides for
biological evaluations as well as for disaccharide analysis, oligosaccharide
mapping, and polysaccharide sequencing. These enzymes have also been
shown to have direct therapeutic value. This chapter examined the various
applications for this important class of enzymes.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Proteoglycans (PGs) are a complex group of glycoproteins that are
characterized by the presence of one or more sulfated glycosaminoglycan
(GAG) chains and various oligosaccharides that are covalently attached to a
core protein. The majority of chondroitin sulfate proteoglycans (CSPGs)
belongs to the group of large aggregating PGs (hyalectins) and small leucine‐
rich PGs. The sulfated GAG chains, oligosaccharides, and domains within
the core proteins of these macromolecules allow PGs to interact with a large
number ofmacromolecules. As a result PGs havewide‐ranging roles in tissues
where they are involved in the organization and function of extracellular
matrices, matrix cell interactions, and the regulation of cellular processes.
The cellular and tissue location of PGs is largely dependent on the interac-
tions of specific domains in the core proteins and the GAG chains with other
molecules present in the cell membrane or extracellular structures.
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II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Proteoglycans are ubiquitous macromolecules that are expressed to a
varying degree by most mammalian cells and are characterized by the
presence of sulfated GAG chains that are covalently attached to a core
protein (Hascall and Hascall, 1981). Proteoglycans were initially defined
as proteins that contain one or more sulfated GAG chains, but it is now clear
that different species of PGs have genetically distinct core proteins and can
be classified into families on the basis of common structural features of their
core proteins (Iozzo, 1998). The core proteins of PGs are also substituted
with oligosaccharide groups. This gives rise to a group of macromolecules
that have a high degree of complexity and heterogeneity. The GAGs as well
as domains present within the core proteins allow PGs to specifically interact
with a wide range of molecules (Iozzo, 1998). It was initially thought that
the principal role of PGs was in the formation and organization of the
extracellular matrix (ECM) of tissues or basement membranes where they
contribute directly to the mechanical properties of tissues. However, it is
now clear that PGs have far more diverse roles since they are present on
or interact with the plasma membranes of cells, where they are involved in
cell‐matrix interactions and regulation of cellular processes that include
differentiation, cell division, and migration (Iozzo, 1998).
III. Major Structural Features of Proteoglycans ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The core proteins of all PGs are coded for by the genome of the cell, and
the expression of a particular core protein gene will determine the specific
type of PG synthesized by a cell. The core proteins contain a number of
distinct domains that are made up of protein motifs that are involved in
specific interactions with other molecules and therefore contribute to the
function of a PG. In addition, the messenger RNA can undergo alternate
splicing that is likely to modify the function and distribution of the PGs. Also
present in the core proteins of PGs are attachment sites for GAG and
oligosaccharide chains, both of which have the potential to interact with a
range of molecules. The degradation of PGs in the ECM involves proteolytic
processing of the core protein (Campbell et al., 1989; Ilic et al., 1992). There
is growing evidence that proteolytic processing of PGs depends on the action
of specific proteinases at specific sites within the core proteins (Ilic et al.,
1998). Such proteolytic processing of PGs is not only critical for the catabo-
lism of these macromolecules but may also play a role in the functional
properties of PGs.

Glycosaminoglycan chains are made up of repeating disaccharides usu-
ally composed of hexuronic acid andN‐acetylhexosamine sugars that can be
sulfated on either monosaccharide unit. In the case of chondroitin sulfate



FIGURE 1 The structure of GAGs.
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(CS), the repeating disaccharide unit is made up of glucuronic acid and
N‐acetylgalactosamine sugars that contain sulfate groups attached to either
carbon 4 or 6 of the hexosamine residues or occasionally carbon 2 of
the hexuronic acid residue (Fig. 1). In some PGs the hexuronic acid in the
disaccharide unit is epimerized to iduronic acid that gives rise to dermatan
sulfate (DS). Dermatan sulfate GAGs can contain CS disaccharides. Chon-
droitin sulfate chains are attached to the core protein through a linkage
region made up of glucuronic acid‐galactose‐galactose‐xylose monosacchar-
ides, and the xylose is attached to a serine residue by an O‐glycosyl bond
(Muir, 1958). Keratan sulfate (KS) is another GAG that is found in some CS‐
containing PGs, and this GAG is made up of disaccharides consisting of
galactose and N‐acetylglucosamine sugars.

The synthesis of GAG chains is a complex process and unlike protein
synthesis is not based on a template directed by the genetic code but ins-
tead relies on the activity of a group of specific glycosyltransferase and
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sulfotransferase enzymes that are present in the Golgi apparatus of cells (Prydz
and Dalen, 2000). The synthesis of PGs containing CSGAGs involves the
addition of xylose to selective serine residues in the core protein followed
by the addition of two galactose and a glucuronic acid monosaccharides;
each step is catalyzed by a specific glycosyltranserase from nucleotide precur-
sors (Robinson et al., 1966). After synthesis of the linkage region, the GAG
chains are elongated by the sequential addition of N‐acetylgalactosamine
and glucuronic acid monosaccharides from nucleotide precursors. The
N‐acetylgalactosamine residues can be substituted by 4‐ and/or 6‐sulfate
groups or the hexuronic acid groups on carbon 2 by the action of specific
sulfotransferases. Some or all of the glucuronic acid residues present in the
nascent chondroitin chain can undergo isomerization to iduronic acid by
the action of an epimerase followed by the addition of sulfate groups to give
DS. This synthetic pathway gives rise to GAGs that have complex and
variable structures that can also vary in response to changes in physiological
conditions including disease. The biological significance of these structures
is becoming evident. Good examples of the relationship between the fine
structure of the GAGs and their function can be seen from the pioneering
work investigating the relationship between the structure of heparin and
heparan GAGs and their growth factor binding properties and anticoagulant
activity (Gallagher and Lyon, 2000).

Little is known about the regulation of enzymes involved in GAG
synthesis. The amino acid sequence around a GAG attachment site in the
core protein of a PG determines whether a particular serine residue will be
substituted with a GAG chain (Zhang et al., 1995). The availability of
nucleotide sugars and precursors of sulfation have been implicated in the
regulation of the nature, size, and sulfation patterns of GAG chains (Toma
et al., 1996). It has also been suggested that the enzymes involved in GAG
chain synthesis are organized into complexes that will synthesize specific
GAGs andmay be separated from each other within the Golgi apparatus and
require the core proteins to be targeted to the respective enzyme complex
(Sugumaran et al., 1998). Although a number of potential regulatory
mechanisms in GAG synthesis have been identified, it still remains to be
established how these are modulated to generate both gross and subtle
changes in the structure of GAGs.
IV. Major Species of Chondroitin Sulfate Proteoglycans ______________________________________________________________________________________________________
A. Hyalectins
Hyalectins are a group of large PGs that can form aggregates with
hyaluronan (hyaluronic acid), a large nonsulfated linear GAG made up of
repeating glucuronic acid and N‐acetylglucosamine disaccharide units.
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These PGs have a large core protein made up of a number of distinctive
domains that are substituted with many CS and KSGAG chains (Fig. 2).
Examples of these PGs are aggrecan, versican, neurocan, and brevican.
1. Aggrecan
Aggrecan is the major PG of cartilage but is also present in a number
of other connective tissues that include tendon, ligament, joint capsule,
and neural tissue. Aggrecan specifically interacts with hyaluronan and link
protein to form large complexes comprising of up to 100 aggrecan PGs
associated with one molecule of hyaluronan (Buckwalter and Rosenberg,
1982).

The aggrecan core protein is approximately 220 kDa in size and has a
number of distinctive globular domains termed the G1, G2, and G3 (Fig. 2).
The G1 domain is at the amino‐terminal end of the core protein and is
involved in the interaction of aggrecan with hyaluronan and link protein
to form aggregates. Between the G1 and G2 domains is the interglobular
domain that is important in the catabolism of aggrecan since it contains an
amino acid sequence that is specifically cleaved by aggrecanase proteinases
(Ilic et al., 1992). The G2 domain is unique to aggrecan, but its role is
obscure. The G3 domain is at the carboxyl‐terminal end of the core protein
and has the potential to interact with other matrix components. Between the
G2 and G3 domains of aggrecan there are three regions that are substituted
with GAG chains. The KS attachment region is directly next to the G2
domain to which are attached KS chains and oligosaccharide chains
(Antonsson et al., 1989). Adjacent to the KS attachment region and extend-
ing to the G3 domain are the CS attachment regions 1 and 2 that are
substituted with approximately 150 CS chains (Doege et al., 1991).

The number, size, and composition of the KS and CS chains associated
with aggrecan show variation. In aggrecan from newborn human articular
cartilage, CS makes up about 90% of the total GAG content of the PG. The
amount of KS increases to about 30% of the total GAGs in aggrecan from
mature human cartilage, and this can be explained in part by an increase in
the size of the KS chains (Brown et al., 1991). There are age‐related changes
in the size and fine structure of CS chains associated with aggrecan. Chon-
droitin sulfate chains present in aggrecan from mature cartilage are approx-
imately 18 kDa in size, which is half the size as that observed for GAGs from
newborn individuals. In tissue from young individuals, there are equal levels
of both chondroitin 6‐ and 4‐sulfate GAGs present in aggrecan, but in the
adult more than 90% of CS chains present are in the form of chondroitin 6‐
sulfate (Calabro et al., 2000). These age‐related changes in the structure of
both GAGs associated with aggrecan occur around adolescence and reflect
changes in the regulation of the synthesis of these GAG chains.

The role of aggrecan in cartilage is to maintain the hydration of the
tissue by attracting and binding water and in doing so gives cartilage its
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ability to resist compression. This property of attracting water comes from
the high density of negative charges that are associated with the GAG chains
(Maroudas et al., 1969). Aggrecan appears to be trapped within the collagen
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network of cartilage as the result of the formation of aggrecan complexes
with hyaluronan and link protein (Bolis et al., 1989). There is little evidence
of interactions of aggrecan with other molecules in the ECM of cartilage that
result in the retention of this PG in the tissue, since after the cleavage of the
core protein the carboxyl‐terminal fragments rapidly exit the tissue (Campbell
et al., 1984). Thiswork also suggests that aggrecanmonomerswithin cartilage
may be in a compressed state, thus occupying their ownmolecular domain that
precludes interactions between adjacent aggrecan PGs. In other tissues, such as
tendon, aggrecanmost likely has a similar role of maintaining tissue hydration
and contributing to the mechanical properties of the tissue. However, the G3
domain of aggrecan may be involved in the retention of this PGwithin tendon
(Samiric et al., 2004). The CS chains may also be involved in interactions with
other components of the matrix.
2. Versican
Versican is the most common PG in the hyalectin family of PGs and is
present in the ECM of most connective tissues as well as smooth muscle, the
nervous system and the kidney. This PG can have the largest core protein in
this family of PGs (Mr �400 kDa), and in mammalian tissues four splice
variants of versican have been identified and are termed V0, V1, V2, and V3
(Fig. 2) (Dours‐Zimmermann and Zimmermann, 1994). The domain struc-
ture of the core proteins of versican shows some similarity to that of
aggrecan in that they contain G1 and G3 domains but no G2 domain. A
striking feature of versican is that it is less substituted with CS chains than
aggrecan and contains no KS chains. The splice variants contain different
numbers of CS chains. The size of the CSGAGs of versican varies between 25
and 80 kDa in different tissues. The GAG chains are substituted with both
chondroitin 4‐ and 6‐sulfate GAGs, and it appears that chondroitin 6‐sulfate
is the predominant GAG (Schonherr et al., 1991). However, the ratio of the
two isomers of CS can differ between tissues. Versican can also contain DS
chains. There is little information about age‐related changes in the structure
of GAG chains associated with versican.

Versican is likely to have a similar role to that of aggrecan and is
important for the maintenance of the hydration of ECM of tissues due to
the formation of large complexes with hyaluronan and the water binding
properties of CS chains (LeBaron et al., 1992). Versican interacts with a
number of extracellular macromolecules and cell surface receptors and
therefore is likely to be involved in the organization of the ECM (Aspberg
et al., 1999). The V0 and V1 splice variants of versican inhibit the attach-
ment of cells to extracellular proteins such as Type I collagen, fibronectin,
and laminin, and this property appears to be due to the CS chains associated
with these PGs (Yamagata et al., 1993). Versican can also be involved in the
regulation of cell proliferation and migration since there is an increase in
the expression of versican by rapidly growing cells (Zimmermann et al.,
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1994). Versican also appears to be essential in development since versican‐
knockout mice do not survive in utero (Mjaatvedt et al., 1998).
3. Other Hyalectins
Neurocan and brevican are two CSPGs of the hyalectin family of PGs
that are expressed specifically by the nervous system (Fig. 2). Their expres-
sion by neural tissue is dependent on the developmental stage of the tissue as
well as its anatomical location (Bandtlow and Zimmermann, 2000). Neu-
rocan is synthesized by neural cells and has a core protein that contains G1
and G3 domains similar in structure to those found in other hyalectins
(Margolis and Margolis, 1994). This PG is involved with neural cell adhe-
sion and outgrowth since it specifically interacts with a number of neural
adhesion cell molecules (Ng‐CAM and N‐CAM) as well as tenascin‐C, and
there is evidence to suggest that the presence of CS chains is critical for
these interactions (Margolis and Margolis, 1997). Neurocan‐deficient mice
do not appear to have changes in brain structure, development, or physio-
logy compared with wild type animals. This suggests that neurocan may
have a limited role or is replaced by other extracellular macromolecules in
neurocan‐knockout mice (Zhou et al., 2001).

Brevican is expressed by astrocytes of the central nervous system and is
the smallest PG in the hyalectin family of PGs. The core protein of this PG
has both G1 and G3 domains and a very short CS attachment region that has
three CS attachment sites (Yamada et al., 1994). Brevican can be found in
tissue either with or without GAG chains. The secreted form of brevican has
an intact G3 domain and can undergo proteolytic processing between the G1
and G3 domains (Yamada et al., 1995). Another form of brevican exists and
is a product of alternate splicing, where the G3 domain is replaced by a
glycosylphosphotidyl‐inositol (GPI) anchor and is incorporated into plasma
membranes (Seidenbecher et al., 1995). Brevican‐deficient mice show some
changes in the development of the brain and a decrease in memory, but
otherwise the animals have a normal physiology. In brevican‐knockout
mice, there are changes in the expression of neurocan that may reflect a
compensatory process (Brakebusch et al., 2002).
B. Small Leucine‐Rich Proteoglycans
A prominent family of CSPGs present in the ECM is small leucine‐rich
PGs characterized by a core protein that contains repeating leucine‐rich
motifs (Hocking et al., 1998), and compared with the hyalectin family of
PGs the core proteins of these PGs are smaller of approximately 40 kDa in
size (Fig. 3). Decorin and biglycan are members of the small leucine‐rich
family of PGs that are substituted with one or two CS/DSGAG chains,
respectively (Fisher et al., 1989).



FIGURE 3 Schematic diagrams of decorin and biglycan, two DS/CS containing small
leucine‐rich PGs.
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1. Decorin
Decorin is present in the ECM of most connective tissues and is the
predominant PG in dense connective tissues such as tendon and ligament
(Vogel and Heinegard, 1985). The central part of the core protein of human
decorin is made up of 10 leucine‐rich repeat motifs. Between the amino‐ and
carboxyl‐terminal ends of the core protein, there are clusters of cysteine
residues that are organized into loops stabilized by disulfide bonds (Fig. 3).
Decorin contains one GAG chain attached to a serine that is the fourth
amino acid residue from the amino‐terminus of the core protein (Chopra
et al., 1985).

Decorin interacts with Type I and II collagens to inhibit collagen fiber
formation that results in thinner collagen fibrils (Vogel et al., 1984). The
leucine‐rich repeat sequences give decorin a horseshoe shape that allows it to
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bind to a single molecule of collagen (Weber et al., 1996). The fourth and
fifth leucine‐rich repeat sequences appear to be important for the binding of
decorin to collagen (Kresse et al., 1997). Removal of the GAG chain or the
amino‐terminal sequence does not alter the ability of decorin to influence
collagen fibrillogenesis suggesting that the interaction with collagen depends
on the protein core (Vogel et al., 1987). However, the size and the ratio of CS
to DS of the glycosaminoglycan chain associated with decorin appear to
influence collagen fiber diameter (Kuc and Scott, 1997). Decorin has been
reported to interact with other collagens that include Type VI collagen that is
associated with Type I collagen, and this interaction may indirectly influence
the organization of Type I collagen (Bidanset et al., 1992). Decorin also
binds to the nonfibrillar collagens Type XII and XIV collagen, and this
interaction appears to require the presence of the GAG chain (Font et al.,
1996). The importance of decorin in the organization of the ECM has been
demonstrated in work using decorin‐knockout mice. In the skin of these
animals, the diameter of the collagen fibers shows a greater variation com-
pared with controls, and their arrangement is also different. These changes
are also reflected in reduced tensile strength of the skin of these animals
(Danielson et al., 1997).

As well as being a component of the ECM, decorin plays a role in the
regulation of cell proliferation by interacting directly with cells or with
growth factors. The core protein of decorin depresses the rate of cell divi-
sion, and this occurs as the result of decorin binding to specific cell mem-
brane receptors. The core protein of decorin also binds to transforming
growth factor‐b and controls the levels of this growth factor that are avail-
able to cell signaling. This can influence a number of cellular functions that
include cell division, differentiation, adhesion, and synthesis of components
of the ECM (Yamaguchi et al., 1990). Decorin also binds to epidermal
growth factor receptors and modulates cellular functions associated with
this growth factor (Moscatello et al., 1998). These observations are sup-
ported by work using decorin‐knockout mice where it has been observed
that the periodontal ligaments of these animals are more cellular than those
observed in wild type animals (Hakkinen et al., 2000).
2. Biglycan
Biglycan is another member of the small leucine‐rich family of PGs and
is found in a number of tissues that include capillary endothelium, skeletal
muscle, cartilage, bone, and tendon (Fisher et al., 1989). In contrast to
decorin, biglycan is substituted by two CS/DSGAG chains on serine residues
at positions 5 and 10 of the core protein (Fig. 3) (Kresse et al., 2001).

Unlike decorin, biglycan does not inhibit cell division, but there are reports
that this PG may activate cell division of bone marrow stromal cells. In
biglycan‐knockout mice, there is a slower rate of bone growth and the ani-
mals show signs of early osteoporosis, which supports the observations that



CSPGs 229
biglycan is involved in bone development and regeneration. Furthermore, in
these animals there were changes in the organization of the collagen network
of a number of connective tissues,which support the suggestion that biglycan is
involved in the organization of collagen fibers (Xu et al., 1998).
V. Concluding Remarks ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Proteoglycans are multifunctional macromolecules that have wide rang-
ing functions within the body. Not only are they involved in the organization
of extracellular functions, they also have cell regulatory functions. These
attributes of PGs arise from structural domains that are present on both the
core proteins and the GAG chains of this group of macromolecules. The use
of knockout mouse models to understand the tissue and cellular roles of PGs
has revealed information that has supported the previous work, which has
utilized physical methods to study the interactions of PGs and associated
GAG chains with matrix and cell components. Knockout technology has
also raised a number of questions especially the ability of animals to develop
normally in the absence of a particular PG. Furthermore, protein modeling
has given an insight into the potential of the core protein domains and sub‐
domains to interact with other extracellular proteins. It is also evident that
the fine structure of GAGs is important for the interactions with other
molecules and therefore has an impact on the overall functional properties
of a PG. However, the details of such structures within GAG chains have yet
to be discovered. The understanding of such structures will give insights into
the significance of the changes in CSPGs that occur in ageing and disease. All
these changes must involve the modulation of the synthesis of GAG chains,
and although the enzymes involved in the synthesis of GAGs have been
well described, little is known about their regulation. Gene expression can
be routinely measured in the laboratory, but elucidating the mechanisms
of regulation of posttranslational modifications of PGs that have been
described in this chapter pose an exciting challenge.
References ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Antonsson, P., Heinegard, D., and Oldberg, A. (1989). The keratan sulfate‐enriched region of

bovine cartilage proteoglycan consists of a consecutively repeated hexapeptide motif.
J. Biol. Chem. 264, 16170–16173.

Aspberg, A., Adam, S., Kostka, G., Timpl, R., and Heinegard, D. (1999). Fibulin‐1 is a ligand

for the C‐type lectin domains of aggrecan and versican. J. Biol. Chem. 274,
20444–20449.

Bandtlow, C. E., and Zimmermann, D. R. (2000). Proteoglycans in the developing brain: New

conceptual insights for old proteins. Physiol. Rev. 80, 1267–1290.



230 Handley et al.
Bidanset, D. J., Guidry, C., Rosenberg, L. C., Choi, H. U., Timpl, R., and Hook, M. (1992).

Binding of the proteoglycan decorin to collagen type VI. J. Biol. Chem. 267, 5250–5256.
Bolis, S., Handley, C. J., and Comper, W. D. (1989). Passive loss of proteoglycan from articular

cartilage explants. Biochim. Biophys. Acta 993, 157–167.

Brakebusch, C., Seidenbecher, C. I., Asztely, F., Rauch, U., Matties, H., Meyer, H., Krug, M.,

Bockers, T. M., Zhou, X., Kreutz, M. R., Montag, D., Gundelfinger, E. D., et al. (2002).
Brevican‐deficient mice display impaired hippocampal CA1 long‐term potentiation but
show no obvious deficits in learning and memory. Mol. Cell. Biol. 21, 7417–7427.

Brown, T. A., Bouchard, T., St John, T., Wayner, E., and Carter, W. G. (1991). Human

keratinocytes express a new CD44 core protein (CD44E) as a heparan‐sulfate intrinsic

membrane proteoglycan with additional exons. J. Cell Biol. 113, 207–221.
Buckwalter, J. A., and Rosenberg, L. C. (1982). Electron microscopic studies of cartilage

proteoglycans: Direct evidence for the variable length of the chondroitin sulfate‐rich
region of proteoglycan subunit core protein. J. Biol. Chem. 257, 9830–9839.

Calabro, A., Midura, R. J., Hascall, V. C., Plaas, A. H., Goodstone, N. J., and Roden, R.

(2000). Structure and biosynthesis of chondroitin sulfate and hyaluronan.

In ‘‘Proteoglycans Structure, Biology and Molecular Interactions’’ (R. V. Iozzo, Ed.),

pp. 5–26. Marcel Dekker, New York.
Campbell, M. A., Handley, C. J., Hascall, V. C., Campbell, R. A., and Lowther, D. A. (1984).

Turnover of proteoglycans in cultures of bovine articular cartilage. Arch. Biochem.
Biophys. 234, 275–289.

Campbell, M. A., Handley, C. J., and D’Souza, S. E. (1989). Turnover of proteoglycans in
articular cartilage cultures: Characterisation of proteoglycans released into the medium.

Biochem. J. 259, 21–25.
Chopra, R. K., Pearson, C. H., Pringle, G. A., Fackre, D. S., and Scott, P. G. (1985). Dermatan

sulphate is located on serine‐4 of bovine skin proteodermatan sulphate. Biochem. J. 232,
277–279.

Danielson, K. G., Baribault, H., Holmes, D. F., Graham, H., Kadler, K. E., and Iozzo, R. V.

(1997). Targeted disruption of decorin leads to abnormal collagen fibril morphology and
skin fragility. J. Cell Biol. 136, 729–743.

Doege, K., Sasaki, M., Kimura, T., and Yamada, Y. (1991). Complete coding sequence and

deduced primary structure of the human cartilage large aggregating proteoglycan,

aggrecan. J. Biol. Chem. 266, 894–902.
Dours‐Zimmermann, M. T., and Zimmermann, D. R. (1994). A novel glycosaminoglycan

attachment domain identified in two alternative splice variants of human versican. J. Biol.
Chem. 269, 32992–32998.

Fisher, L. W., Termine, J. D., and Young, M. F. (1989). Deduced protein sequence of bone small
proteoglycan I (biglycan) shows homology with proteoglycan II (decorin) and several

non‐connective tissue proteins in a variety of species. J. Biol. Chem. 264, 4571–4576.
Font, B., Eichenberger, D., Rosenberg, L. M., and van der Rest, M. (1996). Characterization of

the interactions of type XII collagen with two small proteoglycans from fetal bovine

tendon, decorin and fibromodulin. Matrix Biol. 15, 341–348.
Gallagher, J. T., and Lyon, M. (2000). Heparan sulfate: Molecular structure and interactions

with growth factors and morphogens. In ‘‘Proteoglycans Structure, Biology and
Molecular Interactions’’ (R. V. Iozzo, Ed.), pp. 27–60. Marcel Dekker, New York.

Hakkinen, L., Strassburger, S., Kahari, V. M., Scott, P. G., Eichstetter, I., Iozzo, R. V., and

Larjava, H. (2000). A role for decorin in the structural organization of periodontal

ligament. Lab. Invest. 80, 1869–1880.
Hascall, V. C., and Hascall, G. K. (1981). Proteoglycans. In ‘‘Cell Biology of Extracellular

Matrix’’ (E. D. Hay, Ed.), pp. 39–63. Plenum Press, New York.

Hocking, A. M., Shinomura, T., and McQuillan, D. J. (1998). Leucine‐rich repeat
glycoproteins of the extracellular matrix. Matrix Biology 17, 1–19.



CSPGs 231
Ilic, M. Z., Handley, C. J., Robinson, H. C., and Mok, M. T. (1992). Mechanism of catabolism

of aggrecan by articular cartilage. Arch. Biochem. Biophys. 294, 115–122.
Ilic, M. Z., Robinson, H. C., and Handley, C. J. (1998). Characterisation of aggrecan retained

and lost from the extracellular matrix of articular cartilage: Involvement of carboxyl‐
terminal processing in the catabolism of aggrecan. J. Biol. Chem. 273, 17451–17458.

Iozzo, R. V. (1998). Matrix proteoglycans: From molecular design to cellular function. Annu.
Rev. Biochem. 67, 609–652.

Kresse, H., Liszio, C., Schonherr, E., and Fisher, L. W. (1997). Critical role of glutamate in a

central leucine‐rich repeat of decorin for interaction with type I collagen. J. Biol. Chem.
272, 18404–18410.

Kresse, H., Seidler, D. G., Muller, M., Breuer, E., Hausser, H., Roughley, P. J., and Schonherr,
E. (2001). Different usage of the glycosaminoglycan‐attachment sites of biglycan. J. Biol.
Chem. 276, 13411–13416.

Kuc, I. M., and Scott, P. G. (1997). Increased diameters of collagen fibres precipitated in vitro in
the presence of decorin from various connective tissues.Connect. Tissue Res. 36, 287–296.

LeBaron, R. G., Zimmermann, D. R., and Ruoslahti, E. (1992). Hyaluronate binding

properties of versican. J. Biol. Chem. 267, 10003–10010.
Margolis, R. U., and Margolis, R. K. (1994). Aggrecan‐versican‐neurocan family of

proteoglycans. Method Enzymol. 245, 105–126.
Margolis, R. U., and Margolis, R. K. (1997). Chondroitin sulfate proteoglycans as mediators of

axon growth and pathfinding. Cell Tissue Res. 290, 343–348.
Maroudas, A., Muir, H., and Wingham, J. (1969). The correlation of fixed negative charge

with glycosaminoglycan content of human articular cartilage. Biochim. Biophys. Acta
117, 492–500.

Mjaatvedt, C. H., Yamamura, H., Capehart, A. A., Turner, D., and Markwald, R. R. (1998).
The Cspg2 gene, disrupted in the hdf mutant, is required for right cardiac chamber and

endocardial cushion formation. Dev. Biol. 202, 56–66.
Moscatello, D. K., Santra, M., Mann, D. M., McQuillan, D. J., Wong, A. J., and Iozzo, R. V.

(1998). Decorin suppresses tumor cell growth by activating the epidermal growth factor
receptor. J. Clin. Invest. 101, 406–412.

Muir, H. (1958). The nature of the link between proteins and carbohydrates of a chondroitin

sulphate complex from articular cartilage. Biochem. J. 69, 195–202.
Prydz, K., and Dalen, K. T. (2000). Synthesis and sorting of proteoglycans. J. Cell Sci. 113,

193–205.

Robinson, H. C., Telser, A., and Dorfman, A. (1966). Studies on the biosynthesis of the linakage

region of chondroitin sulfate protein complex. Proc. Natl. Acad. Sci. USA 56, 1859–1864.

Samiric, T., Ilic, M. Z., and Handley, C. J. (2004). Characterization of proteoglycans and their
catabolic products in tendon and explant cultures of tendon. Matrix Biol. 23, 127–140.

Schonherr, E., Jarvelainen, H. T., Sandell, L. J., and Wight, T. N. (1991). Effects of platelet‐
derived growth factor and transforming growth factor‐beta 1 on the synthesis of a large
versican‐like chondroitin sulphate proteoglycan by arterial smooth muscle cells. J. Biol.
Chem. 266, 17640–17647.

Seidenbecher, C. I., Richter, K., Rauch, U., Fassler, R., Garner, C. C., and Gundelfinger, E. D.

(1995). Brevican, a chondroitin sulphate proteoglycan of rat brain, occurs as secreted and
cell surface glycosylphosphatidylinositol‐anchored isoforms. J. Biol. Chem. 270,

27206–27212.

Sugumaran, G., Katsman, M., and Silbert, J. E. (1998). Subcellular co‐localization and

potential interaction of glucuronosyltransferases with nascent proteochondroitin sulfate
at Golgi sites of chondroitin synthesis. Biochem. J. 329, 203–208.

Toma, L., Pinhal, M. A., Dietrich, C. P., Nader, H. B., and Hirschberg, C. B. (1996). Transport

of UDP‐galactose into the Golgi lumen regulates the biosynthesis of proteoglycans.
J. Biol. Chem. 271, 13147–13154.



232 Handley et al.
Vogel, K. G., and Heinegard, D. (1985). Characterisation of proteoglycans from adult bovine

tendon. J. Biol. Chem. 260, 9298–9306.
Vogel, K. G., Paulsson, M., and Heinegard, D. (1984). Specific inhibition of type I and II

collagen fibrillogenesis by the small proteoglycan of tendon. Biochem. J. 223, 587–597.
Vogel, K. G., Koob, T. J., and Fisher, L. W. (1987). Characterisation and interactions of a

fragment of the core protein of the small proteoglycan (PGII) from bovine tendon.

Biochem. Biophys. Res. Commun. 148, 658–663.
Weber, I. T., Harrison, R. W., and Iozzo, R. V. (1996). Model structure of decorin and

implications for collagen fibrillogenesis. J. Biol. Chem. 271, 31767–31770.
Xu, T., Bianco, P., Fisher, L. W., Longenecker, G., Smith, E., Goldstein, S., Bonadio, J., Boskey,

A., Heegaard, A. M., Sommer, B., Satomura, K., Dominguez, P., et al. (1998). Targeted
disruption of the biglycan gene leads to an osteoporosis‐like phenotype in mice. Nat.
Genet. 20, 78–82.

Yamada, H., Watanabe, K., Shimonaka, M., and Yamaguchi, Y. (1994). Molecular cloning of
brevican, a novel brain proteoglycan of the aggrecan/versican family. J. Biol. Chem. 269,
10119–10126.

Yamada, H., Watanabe, H., Shimonaka, M., Yamasaki, M., and Yamaguchi, Y. (1995). cDNA

cloning and the identification of an aggrecanase‐like cleavage site in rat brevican.
Biochem. Biophys. Res. Commun. 216, 957–963.

Yamagata, M., Saga, S., Kato, M., Bernfield, M., and Kimata, K. (1993). Selective distributions

of proteoglycans and their ligands in pericellular matrix of cultured fibroblasts:

Implications for their roles in cell‐substratum adhesion. J. Cell Sci. 106, 55–65.
Yamaguchi, Y., Mann, D. M., and Ruoslahti, E. (1990). Negative regulation of transforming

growth factor‐b by the proteoglycan decorin. Nature 346, 281–284.

Zhang, L., David, G., and Esko, J. D. (1995). Repetitive Ser‐Gly sequences enhance heparan
sulfate assembly in proteoglycans. J. Biol. Chem. 270, 27127–27135.

Zhou, X. H., Brakebusch, C., Matties, H., Oohashi, T., Hirsch, E., Moser, M., Krug, M.,

Seidenbecher, C. I., Boeckers, T. M., Rauch, U., Buettner, R., Gundelfinger, E. D., et al.
(2001). Neurocan is dispensable for brain development. Mol. Cell. Biol. 17, 5970–5978.

Zimmermann, D. R., Dours‐Zimmermann, M. T., Schubert, M., and Bruckner‐Tuderman, L.

(1994). Versican is expressed in the proliferating zone in the epidermis and in association

with the elastic network of the dermis. J. Cell Biol. 124, 817–825.



Lucia O. Sampaio and Helena B. Nader

Disciplina de Biologia Molecular

Departamento de Bioquı́mica

Universidade Federal de São Paulo

Rua Três de Maio, 100

04044‐020 São Paulo

São Paulo, Brazil

Emergence and Structural

Characteristics of Chondroitin

Sulfates in the Animal Kingdom

I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The data reviewed here provides a framework for the selective appear-
ance and special structural characteristics of galactosaminoglycans (GalAGs)
and raises questions of how those characteristics evolved during evolution.
Analysis of species of the domain eukarya showed the absence of sulfated
glycosaminoglycans (GAGs) in protista, plantae, and fungi. In the animal
kingdom, the appearance of chondroitin sulfate (CS) coincides with the
emergence of eumetazoa, which are animals that display true tissues. This
compound is ubiquitously found in all tissues and species analyzed. The
occurrence of dermatan sulfate (DS) is a late event in the evolutionary GAG
tree, being restricted to the appearance of deuterostomes. The sulfation
pattern of the different disaccharides as well as the copolymeric nature of
these compounds are discussed related to phylogenetic aspects. Examples
of structural branches for the GalAGs in bacteria and animal tissues are also
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presented. The divergence in the appearance of DS and heparan sulfate (HS)
suggests that the epimerases involved in the biosynthesis of these families of
GAGs appeared in the phylogenetic tree at distinct moments. Temporal
expression pattern and localization of GAGs during embryonic development
of vertebrates and invertebrates are briefly commented.

II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Glycosaminoglycans are linear polysaccharides composed of repeating
disaccharides units, containing a hexosamine (D‐glucosamine or D‐galactos-
amine) linked by a glycosidic linkage to an uronic acid residue (D‐glucuronic
acid or L‐iduronic acid) or a neutral sugar (D‐galactose). These polymers are
negatively charged due to the presence of sulfate groups in their structure
and/or carboxyl groups from the uronic acids, which contribute to the highly
polyanionic nature of the GAGs. According to the type of hexosamine, the
GAGs can be divided into glucosaminoglycans [hyaluronic acid or hyalur-
onan, HS, heparin, and keratan sulfate (KS)] and GalAGs (CS and DS).
Thus, the GAGs can be differentiated regarding the type of hexosamine and
nonnitrogen sugar moieties, degree and position of sulfation, as well as the
type of the inter‐ and intradisaccharide glycosydic linkages. The main struc-
tural charac teristic s of these compoun ds are summ arized in Table I. The
hexosamine is always N‐acetylated in CS, DS, hyaluronic acid, and KS. On
the other hand, in heparin the glucosamine is mostly N‐sulfated, whereas in
HS both substitutions are found.

Except for hyaluronic acid, all GAG chains occur in the tissues as
proteoglycans (PGs), covalently linked to a core protein. Proteoglycans are
widely distributed in animal tissues and can be found at the cell surface, in
the extracellular matrix (ECM) and in the intracellular compartment, usu-
ally as secretory granules. The major classes of PGs are divided according to
the core proteins. The ones located at the cell surface comprise the syndecan
and glypican families, whereas serglycin corresponds to the PGs usually
found in granules. The extracellular matrices comprehend three major
classes—the large aggregating PGs that interact with hyaluronan (e.g.,
aggrecan, versican), the small leucine‐rich PGs also named fibrilar PGs
(e.g., decorin, biglycan), and the ones specifically found in basement mem-
bran es (e.g., perl ecan, aggrin ) (Bernfie ld et al. , 1999; Iozzo, 1998; Silb ert
an d Su gumar an, 2002a ). The diversi ty in struc ture an d speci fic cel lular and
tissue distribution indicate that these glycoconjugates could perform differ-
ent biological roles. Pivotal functions have been postulated for PGs and their
GAG moieties, such as organization and modulation of the ECM, tissue
morphogenesis and differentiation, and cellular adhesion and recognition,
among others.



TABLE I Main Structural Features of Glycosaminoglycans

Nomenclature

Monosaccharidesa

Position
of
sulfate

Glycosydic
linkageMeyer (1938) Jeanloz (1960)

Chondroitin Chondroitin N‐acetylgalactosamine

glucuronic acid

– b(1–4)
b(1–3)

Chondroitin

sulfate A

Chondroitin

4‐sulfate
N‐acetylgalactosamine

glucuronic acid

4 b(1–4)
– b(1–3)

Chondroitin

sulfate C

Chondroitin

6‐sulfate
N‐acetylgalactosamine

glucuronic acid

6 b(1–4)
– b(1–3)

Chondroitin

sulfate B

Dermatan sulfate N‐acetylgalactosamine

glucuronic acid

4 b(1–4)
– b(1–3)

Iduronic acid – a(1–3)
Hyaluronic acid Hyaluronic acidb N‐acetylglucosamine

glucuronic acid

– b(1–4)
b(1–3)

Kerato sulfate Keratan sulfate N‐acetylglucosamine

galactose

6 b(1–3)
–/6 b(1–4)

Heparitin sulfate Heparan sulfate Glucosamine 2/6 a(1–4)
N‐acetylglucosamine –/6 a(1–4)
Glucuronic acid – b(1–4)
Iduronic acid – a(1–4)

Heparin Heparin Glucosamine 2/6 a(1–4)
Glucuronic acid – b(1–4)
Iduronic acid –/2 a(1–4)

aAll monosaccharides are in the D‐configuration, except for iduronic acid, which is in the

L‐configuration.
bAlso known as hyaluronan.
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Except for KS, the GAG chains are coval ently O ‐lin ked to specific
serine residu es in the respe ctive core pro teins through a comm on tetrasac -
charide region compos ed of [G lcUA ‐ Gal ‐ Gal ‐ Xyl ‐ ] (Fig . 1). In this chap ter,
we are not consid ering the PG nature of the GAG s but rathe r focusi ng on the
diversity of the Gal AG chains (Silbert an d Sugumar an, 2002a ).

The isolation and charac terizat ion of the specifi city of sever al lyases,
sulfatases, and glycu ronidas es from bacteria enable d to perform struc tural
analysis of the GAG s. Figure 2 shows a hy pothetic structure for CS/ DS
indicating the glycosydi c bonds that are recognize d by some of these
enzymes (Linha rdt et al. , 1986; Mic helacci and Dietr ich, 1975, 1976).

Degrada tion with specific enzym es, chem ical analysis of the prod ucts
formed, and NMR sp ectroscopy of the polym er an d fragment s had shown
the types of disacch arides that can be found in CSs an d DSs (Fig . 3). The
GalAGs are hyb rid compoun ds, regar ding the types of disac charid e units ,
which alternate in the polymeri c chains . In this respe ct, the nomenc lature



FIGURE 1 Structure of the linkage region of GAGs to the core protein. Ser, serine; Xyl,

xylose; Gal, galactose; GlcA, glucuronic acid; open hexagon, uronic acid; gray hexagon,

hexosamine.

FIGURE 2 Hypothetical structure of a GalAG and site of action of different enzymes.
�, Sulfate ester groups; open hexagon, uronic acid; gray hexagon, galactosamine.
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used to designate CSs does not take into consideration the hybrid structure
of the compounds.

The complexity of the structure of the GalAGs depends on the specificity
of different glycosyltrasferases, sulfotransferases, as well as epimerase. The
glycosyltransferases catalyze the transfer of sugar residues from nucleotide
sugars (donors) to the nonreducing end of the growing polymer through the
stepwise addition of eachmonosaccharide. Thus, the biosynthetic assembly of
GalAGPGs is characterized by the following sequential processes: (1) synthesis
of the core protein; (2) xylosylation of specific serine moieties of the core
protein (xylosyltransferase); (3) addition of two galactose residues to the
xylose (galactosyltransferases I and II); (4) completion of common tetra-
saccharide linkage region by the addition of a glucuronic acid (GlcUA) residue



FIGURE 3 Types of disaccharide units in GalAGs.
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(glucuronyltransferase I); (5) addition of anN‐acetylgalactosamine (GalNAc)
residue to initiate the GalAG chain (N‐acetylgalactosaminyltransferase I);
(6) repeated addition of GlcUA residues alternating with GalNAc residues
to grow the large heteropolymer GAG chains (glucuronyltransferase II and
N‐acetylgalactosaminyltransferase II); and (7) modification of these growing
GAG chains by variable O‐sulfation and epimerization of GlcUA to iduronic
acid (IdoUA). It has been demonstrated that a single polypeptide had
the dual glycosyltransferase activities of glucuronyltransferase II and
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N‐acetylgalactosaminyltransferase II that are responsible for synthesizing
the repeated disaccharide units of CS. Thus, the enzyme that contributes to
the synthesis of repeated disaccharide units was designated chondroitin
synthase. Different sulfotransferases transfer sulfate to defined position of
the sugar residues in the growing polymer from active sulfate donor
(30‐phosphoadenosine 50‐phosphosulfate) and, forDS, an epimerase (D‐glucur-
onyl C‐5 epimerase) that acts at the polymeric level (Prydz and Dalen, 2000;
Silbert and Sugumaran, 2002b; Sugahara et al., 2003).

III. Galactosaminoglycans in an Evolutionary Context ______________________________________________________________________________________________________________________________

In the early 1970s, the data regarding the presence of GAGs in different
animal phyla was scattered, and the procedures used for extraction, identifi-
cation, and structural characterization of the compounds were not compa-
rable among the differe nt report s (Hunt, 1970; Katzm an and Jeanloz, 1969).
At that time, it was well documented the presence of CSs in cartilaginous
tissues of differe nt species of vertebrat e (Muir, 1977) and DS in the skin of
mam mals (Malms trö m and Fran sson, 1971).

The first systematic approach for the search of this class of complex
carbohydrates using the same methodology that combined electrophoretical
behavior in agarose gels, degradation with specific enzymes and analysis of
the products formed showed that the distribution of sulfated GAGs in
vertebrate is tissue and species specific. It was shown that each tissue has a
characteristic composition differing from each other regarding the relative
amount, type, and molecular size of CSs, DS, and HS. Heparan sulfate is a
ubiqu itous compound prese nt at the cell surfa ce of all speci es (Gomes a nd
Dietr ich, 1982; Toledo and Dietrich , 1977) . On the other hand , hep arin is
prese nt only insid e the granul es of mast cells (Na der an d Dietrich , 1989).
Also, the GalAGs are found in all species, but the relative proportion
between CS and Ds varies among the different tissues analyzed. For instance,
CS is the main GAG in cartilage and brain of all species, whereas DS is
predominant in muscle and skin.

The same protocol was then used to address the distribution of sulfated
GAG in other living organisms in order to trace the evolutionary pathways
ba ck (Cassar o and Dietric h, 1977; Dietric h, 1984; Dietric h et a l. , 1983;
Medei ros et al. , 2000) . Analysi s of species of the domai n eukarya, showe d
the absence of sulfated GAGs in protista, plantae, and fungi. Again, the
profile of sulfated GAG is tissue and species specific. The distribution of the
GalA Gs is depic ted in Fig. 4. In the anim al kingdom , the app earance of CS
coincides with the emergence of eumetazoa, which are animals that display
true tissues. This compound is ubiquitously found in all species analyzed. On
the other hand, in parazoa (Porifera), which are animals that lack any
coherent epithelium, no GAGs were characterized. In fact, sponges contain



FIGURE 4 The distribution of GalAGs in the different domains of living organisms. (A)

Chordata (Vertebrata, Urochordata, Cephalochordata), Echinodermata, Phoronida, Brachio-

poda, Bryozoa; (B) Arthropoda, Annelida, Molluska; (C) Rotifera, Nematoda, Nemertea; (D)

Platyelminthes; (E) Ctenophora, Cnidaria; (F) Porifera. The symbol (*) indicates the presence
of chondroitin synthases; dotted line, absence of GalAGs; solid line, presence of CS; dashed

line, presence of dermatan sulfate.
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large amounts of other types of sulfated polysaccharides composed among
other sugars of galac tose, uron ic acid, an d fucose (Misevic and Burger, 1990;
Spillmann et al. , 1995; Ziere r and Mou rã o, 2000) . The occurr ence of DS is a
late event in the evolutionary GAG tree, being restricted to the appearance
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of deuterostom es (Ann o et al ., 1971; Bao et al ., 2005; Cassaro and Dietr ich,
1977; Dietric h, 1984; Dietr ich et al. , 1983; Gomes and Dietric h, 1982;
Inest rosa et al ., 1987; Kobaya shi et al., 1985; Malmst rö m and Fransson,
1971; M edeiros et al. , 2000; Nand ini et al ., 2004; Pavã o et al ., 1995, 1998;
Poblaci on an d Mic helacci, 1986; Sakai et al ., 2003; Toledo and Dietr ich,
1977; Ueoka et al., 1999; Vice nte et al ., 2001; Yaoita et al ., 1990) . Con-
sidering that the difference between the GalAGs resides in the types of
uronic acid residues (b‐D‐glucuronic acid and a‐L‐iduronic acid), one can
postulate that the appearance of D‐glucuronyl C‐5 epimerase involved in DS
biosynthesis will be restricted to the emergence of deuterostomes.

It should be pointed out that HS expression also starts in eumetazoa,
being a conspicuous compound of all species. On the other hand, heparin is
only found in some species of some phyla of eumetazoa and always confined
to granul es of ‘‘ m ast‐ like’’ cells (Dietrich et al. , 1985; Nader et al. , 1999;
San tos et al. , 2002) . Like DS, he parin and HS also present in thei r structure
a‐L‐iduronic acid besides b‐D‐glucuronic acid. Nevertheless, considering the
emergence of these compounds we can postulate that the epimerases
involved in the biosynthesis of these families of GAGs show divergence
time of appearance in the phylogenetic tree, suggesting that the genes have
arisen separately. The need for epimerization in the CS chains seems to be
restricted to late evolutionary events, suggesting that DS fulfills specific
biological functions.

Sulfated GAGs are not present in the kingdom bacteria (Fig. 4).
Nevertheless, in capsules of pathogenic bacteria (genera Streptococcus,
Escherichia, Pasteurella, and Moraxella) are found linear polysaccharides
with a repeating disaccharide backbone containing an N‐acetylated amino
sugar and b‐D‐glucuronic acid, such as hyaluronic acid (hyaluronan), nonsul-
fated chondroitin (chondrosan) and nonsulfated heparan (heparosan), appar-
ently not covalently linked to a core protein (Roberts, 1996; Rodriguez et al.,
1988; Vann et al., 1 98 1; Wi ls on et al., 2005). The presence of these GAGs in
the capsules appears to serve as camouflage, protective shielding, and an
adhesive device, as well as a mean of manipulating animal host cell behavior
(DeAngelis, 2002; DeAngelis and Padgett‐McCue, 2000).

Regarding CS and HS biosynthetic pathways, it has been shown that the
polymerization of the repeating disaccharide units involves specific GAG
synthases that bear dual glycosyltransferase activities. Genes related to
chondroitin synthase and heparan synthase have been cloned and activity
of the proteins proved (DeA ngelis, 2002; Dunca n et al. , 2001; Ki tagawa
et al. , 2001; Lind et al. , 1998; Silb ert and Sugu maran , 2002b) . The data of
GAG distribution and their absence in parazoa, fungi, plantae, and protista
indi cate that the synthas es eme rged in eumetazoa (Fig. 4). So , it seem s
possible that pathogenic microbial start to express the synthases activities
later in their time line evolution in order to deal with infecting the host and
survival.
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IV. Structural Characteristics of the Galactosaminoglycans ______________________________________________

As already ment ioned, CSs consist of alternat ing units of D‐ glucuro nic
acid (GlcUA) an d D‐ N ‐ acetylga lactosam ine (GalNA c) saccha rides that are
b1‐ 3 and b1 ‐4 ‐ linked respe ctively, with variable amount s an d location of the
sulfate este rs. The disacch arides are usu ally monosul fated, eith er at position
C‐ 4 (chondroi tin 4‐ sulfate or CS‐ A) or C ‐ 6 (chondroi tin 6‐ sulfate or CS‐ C)
of the GalNA c, or nons ulfated to a minor extent . The relative prop ortion of
these disacchari des in the same chain vari es dep ending on the tissue and
animal species. For inst ance, CSs from platelets and brain tissues of various
species contain more than 90% of 4 ‐sulf ated disacchari de units (D ietrich
et al. , 1978; Nader, 1991; Sampaio et al. , 1977) , whereas nons ulfated
disacchari de represent s around 50% of the repeat ing disacchari de unit in
GalAGs presen t in differe nt tissues of some species of mol lusks (Gastr opoda :
Pomace a, Vivi parus , and mud snail) (Dietri ch et al. , 1983; Lee et al. , 1998;
Nader et al. , 1984; Volpi an d Mucci , 1988) as well as the maj or disac charide
in the nematod e (C. elegans ) and the GalAG chain of plasm atic bikun in
(Yamada et al. , 1999; Zhuo et al. , 2003). On the other hand, some exampl es
of most ly 6‐ sulfated disacchari des (� 85%) are described for adult normal
human articular cartilage (Baylis s et al. , 1999; Mic helacci et al. , 1979;
Mourã o, 1988), shark cart ilages (Michelacc i and Hort on, 1989), and fet al
tissues (Sam paio and Dietr ich, 1981). It shou ld also be pointe d out that for
the same tis sue the ratio of the differe nt disacchari des may vary with aging
(Bayliss et al. , 1999) .

Disacc harides containing extra sulfate group s in the N‐ acet ylgalacto sa-
mine and /or glucur onic acid are also present in some types of CSs (Fig. 3).

(1) GlcUA b 1 ‐3Gal NAc(4,6 S) (un it E) : in invertebr ates, the occurren ce
of CS E was original ly descr ibed in squid cartilage (Suzuki et al., 1968) . It
has also been reported in squid cornea (K aramano s et al., 1991) and the
body wall of differe nt species of sea cucum ber (K ariya et al., 1990; Vieira
et al ., 1991). Subcla sses of mast cells, natural killer cel ls, and basop hilic
leukocytes from differe nt mammals possess a distinc t CSPG ric h in this type
of disac charide unit (Razi n et al., 1982; Rothenb erg et al ., 1987; Steve ns,
1986; Thompson et al ., 1988) . This ep itope has also be en descr ibed in
PGs from brain tissues, such as the amyloid precursor protein (appican)
(Tsuchid a et al., 2001) .

(2) GlcUA(2S)b 1‐3GalNAc(4S) or GlcUA(2S)b 1‐3GalNAc(6S)
(unit D): the presence of type D unit in CS was originally observed in
shark cartilage (Mat hews, 1962; S uzuki, 1960) . The location of this unit
in the shark cart ilage CS chain has been inves tigated (Nad anaka and
Sugahara, 1997) . Sy nthesis of CS D in murine lym ph node ‐ derived mast
cells ha s been descr ibed (Davids on et al ., 1990) . Also , using differe nt mono -
clonal antibodies, a variation was shown in the sulfation profile of the CS
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chains of brain PGs (phosphacan) related to the disulfated disaccharide
D unit, which apparently is involved in the central nervous system develop-
ment in vertebrat es (Ito et al ., 2005; Maeda et al., 2003) .

(3) GlcUA(3S)b 1‐3GalNAc(4S) or GlcUA(3S)b 1‐3GalNAc(6S) (unit K):
sulfation of CS at the C‐3 position of the glucuronic acid was first considered
in shark cartilage (Suzuki, 1960). In king crab cartilage, disulfated disaccha-
ride K‐unit was fully characterized (Kitagawa et al., 1997; Seno and Sekizuka,
1978; Sugahara et al., 1996). This type of unit has also been characterized in
CSs from the body wall of sea cucumber (Vieira et al., 1991) and squid
cartilage (Kinoshita et al., 1997; Kinoshita‐Toyoda et al., 2004).

(4) GlcUA(2S)b 1‐3GalNAc(4,6S) or GlcUA(3S)b 1‐3GalNAc(4,6S):
trisulfated disaccharides are also described in CSs of squid cartilage
(K inoshita et al., 1997, 2001; Kinoshi ta‐ Toyo da et al., 2004).

Dermatan sulfates contain variable amounts of L‐iduronic acid disac-
charide units besides the typical CSs disaccharides arranged in a copolymeric
chain. The typical disaccharide in DS known as unit B corresponds to IdoUA
a 1‐3 GalNAc(4S). Nevertheless, differences in the sulfation of the iduronic
acid containing units can also be observe d, as shown in Fig. 3. The relative
proportion of the glucuronic and iduronic acid containing disaccharides in
the same chain vari es dependi ng on the tissue and animal speci es (Ch at-
ziioan nidis et al ., 1999; Poblacion and Michela cci, 1986; Sampai o et al .,
1988; Toledo and Dietric h, 1977). Some exampl es of iduroni c acid contain-
ing disaccharide units with different degree and location of sulfation are
described further.

(1) IdoUAa 1‐3 GalNAc(4,6S) (unit iE): GalAGs containing IdoA‐Gal-
NAc(4,6‐SO4 ) units have been reported in the hagfi sh notocho rd (Ann o
et al ., 1971; Nandi ni et al., 2004; Ueoka et al ., 1999) , rat glomerul i a nd
mes angial cel ls (Ha dad et al ., 1996; Kobaya shi et al ., 1985; Yaoita et al .,
1990) , por cine intestin e (Yamada et al ., 1998), and sea urchi n species
(Vilela ‐Silva et al., 2001) . Dermatan sulfate consi sting main ly of this type
of disaccharide unit is also known as CS H.

(2) IdoUA(2S)a 1‐3GalNAc(4S) or IdoUA(2S)a 1‐3GalNAc(6S) (unit
iD): sulfation in the C‐4 of the GalNAc has been described in DSs from
mam malian tissues as well as from eel skin (Sakai et al., 2003) and ascidia
( Styela plicata and Halocynt hia pyriform is) (Pavã o et al., 1998) . This type of
unit is also prese nt in hagfi sh noto chord (Nand ini et al ., 2004; Ueoka et al .,
1999) . Sulfati on in the C ‐ 6 of the GalNA c is prese nt in the body of Asc idia
nigra . This same epit ope is found in mouse brain (Bao et al., 2005; Pa vã o
et al ., 1995).

(3) IdoUA(3S)a 1‐3GalNAc(4S) or IdoUA(3S) a 1‐3GalNAc(6S) (unit
iK): these type of units have been suggested in skin of the eel Anguilla
japonica. The NMR spectra also suggests the presence of IdoUA 2S,3S
(Sakai et al., 2003).
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(4) IdoUA(2S)a 1‐3GalNAc(4,6S) or IdoUA(3S)a 1‐3GalNAc(4,6S):
trisulfated disaccharides are present in significant amounts in DS from
hagfish noto chord (Na ndini et al ., 2004; Ueoka et al ., 1999) .

Oversulfated DSs have also been described in granules of mast cells and
basophilic cells, but the position of sulfate esters has not been investigated
further (Enerba ck et al ., 1985; Nader et al ., 1980; Seldin et al., 1985).

Galactosaminoglycans from specific tissues of some animal species and
some bacteria can occasionally exhibit ramifications. The main types of
branched ‐ GalA G a re delineat ed in Fig. 5. For so me species of inver tebrates ,
glucose bra nches are presen t in CS from squid cart ilage (Ha buchi et al.,
1977; Kin oshita ‐ Toyod a et al ., 2004) and skin (K araman os et al ., 1992) ,
whereas fucose branches , for king crab (K itagawa et al., 1997) and sea
cucumb er (Kariy a et al ., 1997; Vieira and Mourã o, 1988) . On the other
hand, fructose ramifications are also found in nonsulfated CS from patho-
genic bacteria (Rodrig uez et al., 1988) . Bikuni n is a small low ‐ sulfate d CSPG
that occurs in blood of several mammals as the light chain of inter‐a‐trypsin
inhibitor (ITI) family members. The distal portion of the CS chain of bikunin
is linked to the heavy chain via a unique ester bond between the C‐6 of an
internal N‐acetylgalactosamine and the a‐carboxyl group of the C‐terminal
of an aspart ic acid resid ue (Zhuo et al., 2003) .
FIGURE 5 Types of branches found in some galactosaminoglycans.
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The detailed structural data on GalAGs can give important clues for
the understanding of the evolutionary aspects of enzymes involved in the
biosynthesis of these compounds. D‐Glucuronyl C‐5 epimerase involved in
GalAG biosynthesis seems to be a late acquisition in evolution, being found
only in deuterostomes, whereas different sulfotransferases should be found
throughout the eumetazoa. In this respect, it should be pointed out that the
fine structure of CSs from the phylum Mollusca varies between the bivalves
(Tagelus and Anomalocardia) and the Gastropoda (Pomacea). For in-
stance, no 6‐sulfated or disulfated disaccharide could be found in the CS
of Pomacea. In all tissues of this species, CS is a copolymer of nonsulfated
an d 4‐ sulf ated disacchari de units (Dietri ch et al ., 1983) . Since the class
Gastropoda is less evolved than the class bivalve, the sulfotransferase re-
sponsible for the 6‐sulfation of chondroitin might be a later acquisition in
evolut ion (Nad er et al ., 1984) . Res ults of an other species of Gas tropoda
( Viviparus ) (Volpi an d Mucci , 1988) reinforc e this hypothes is.

Regarding GAG concentration, it was shown that the degree of salinity
of the habitat influences the total content of the compounds. Studies with
15 species of 3 different classes of invertebrates show a direct correlation
between the concentration of the sulfated GAGs and the degree of salinity of
the natural habitat. This is particularly evident with the vicarious species
(Na der et al., 1983) .

The differences in concentration, sulfation profile, and epimerization
have been correlated with biological properties of the CSs, such as cell
migration/adhesion/differentiation, growth control, neuroregulatory func-
tions, anticoagulant activity, among others, through molecular interactions
with specific proteins (growth factors, serpins, selectins, chemokines, cell
adhesion proteins, and so on). The findings also imply that temporal and
spatial expression besides the structural diversity of the GalAGs should be
involved in tissue homeostasis, modulating several biological processes.

An example involving specific localization and different temporal ex-
pression pattern of GAGs is the embryonic development, especially during
the progressive steps of morphogenesis and tissue differentiation. A few
examples are commented below.

A sequential order of appearance of each of the acidic polysaccharides is
observed coinciding with the major processes of the ontogeny. In mammals,
hy aluronic acid is the first GAG syn thesized during morphoge nesis (Toole,
2001) . This GAG is then replaced by chondro itin 6‐ sulfate prior to tissue
differentiation. Heparan sulfate, DS, and chondroitin 4‐sulfate appear dur-
ing cell differen tiation (C utler et al ., 1991; Galbrai th et al ., 1992; Mark
et al., 1990a ,b; Sampaio an d Dietrich , 1981). The same genera l pa ttern is
also observed in molluscs except that hyaluronic acid is replaced by an acidic
galac tan in the morphoge netic pro cess (Na der et al ., 1985, 1996). Signifi-
cant amount of 6‐sulfated units in CS has been described during embryonic
an d larval tissues of the fly Dros ophil a melanogas ter (Pinto et al ., 2004). In
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sea urchin embryos (echinoderms) an acidic glycan, containing sulfate and
uronic acid, performs the role of hyaluronic acid during early blastula to the
end of gastru la (Papakon stantinou and Misevi c, 1993; Papakon stantinou
et al ., 1994) . Regardi ng the sulfa ted GAGs, it was observe d that sea urchi n
embryos synthesize high amounts of GalAGs bearing disulfated units as
well as iduronic acid containing disaccharides. It should be noted that the
4‐O‐sulfate in the galactosamine unit decreases in the polymer found in
adult as compar ed to larv ae (Lane and So lursh, 1991; Vilel a ‐ Silva et al.,
2001). Data shows that expres sion of chondroi tin synthas e is required for
embryon ic cytokinesi s and cell divisi on (Izumik awa et al., 2004; Mizugu chi
et al., 2003) .

Even though it is not the scope of this review, it should be mentioned
that structural modifications, variation in the topography, and fluctuations
in content, among other aspects occur for GalAGs in different physiopatho-
logical conditions, such as cell cycle, aging, tumor formation, inflammation,
and so on.

V. Concluding Remarks ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The new results that are coming out in the literature regarding cloning
of enzymes involved in the biosynthesis and degradation of the GAGs, as
well as the families of core proteins add to the distribution and characteri-
zation of the compounds that were discussed.

The data reviewed here provides a framework for the selective appear-
ance and special structural characteristics of GalAGs and raises questions of
how those characteristics evolved during evolution. This broad scenario
of information can bring new insights in the investigation of the biology of
these compounds. The information stored in these molecules and its dynam-
ics guided by the diversity of the GAGs coupled with the new tools of
genomics and proteomics will certainly bring out new aspects to the knowl-
edge of the field.

In honor of Professor Carl P. Dietrich.
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In recent years chondroitin sulfate (CS) has become a focus of attention
by virtue of its important roles in wound healing, promoting neurite out-
growth, axonal regeneration, cell adhesion, cell division, the regulatory
roles of growth factors, and so on. Some of these biological activities are at
least partly attributable to the interactions of glycosaminoglycans (GAGs)
with heparin‐binding growth factors. CS chains, with high heterogeneity and
variable sulfation patterns, might form distinct domains, which facilitate the
growth factors’ binding. Here, we review the structural characteristics
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of variou s CS chains and their bindi ng activity toward grow th facto rs based
on avail able data. Intrigui ngly, most of the grow th facto rs tested are
exp ressed in the brain. CS varian ts exh ibit typical patterns of bindi ng to
grow th factors and neuro trophic factors, when tested using the BIAcore or
the interaction analys is system (IAsys ). Hepar an sulfate (HS ) and CS chains
in a proteog lycan (PG) sho w synerg istic effect s by co mplemen ting or coop-
erat ing with each other in the bind ing of a growth factor through dy namic
inte ractions. The prese nce of iduronic acid results in better bind ing of gro wth
fact ors. How ever, for a more efficient bindi ng, a domai n con sisting of both
glucur onic acid an d iduronic acid appears to be essential.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroi tin sulfate chains are compl ex polysa cchari des synthe sized as
GAG side chains of PGs. CS chains are linear polym ers compr ising glucur o-
nic acid (GlcA) an d N ‐acet yl‐  D‐ galac tosamine (GalNA c). They a re wid ely
dist ributed in the extra cellular matrix (EC M) an d at the cell su rface. Unt il
rece ntly, the attentio n in this field ha s been garn ered by HS. However,
accum ulating eviden ce sugges ts pivot al functions of CS in vario us biol ogical
pro cesses ( Sugahara and Kitaga wa 2000; Sugahara a nd Yamada, 2000;
Su gahara et al ., 2003 ). CS chains ha ve been fou nd in signi ficant amount s in
the central nervous system, being implicated in its development (Herndon
and Lander, 1990) in addition to wound repair (Trowbridge and Gallo,
2002), infection (Bergefall et al., 2005;Menozzi et al., 2002), growth factors’
signa ling (Bao et al., 2005a ), coagul ation (Liaw et al., 2001 ), an d so on apart
from other structural roles. In this chapter, we focus on recent advances in the
study of CS, with varying structural characteristics, in the binding of growth
factors and other biological activities based on recently obtained data.
III. Structures of Typical Disaccharide Units in CS chains ___________________________________________________________________________

CS chains typically consist of repeating disaccharide units of ‐4GlcAb1–
3GalNAcb1‐, which can be sulfated on GlcA and/or GalNAc residues.
Ordinary CS chains contain monosulfated disaccharide units ‐4GlcAb1–
3GalNAc(4S) and ‐4GlcAb1–3GalNAc(6S), which have been designated
as the A unit and C unit, respectively. Such units are present in various
proportions in polymer CS chains designated as CS‐A, CS‐C, or hybrid
CS chains, depending on the ratio of the building units. Apart from
the earlier mentioned disaccharide units, oversulfated CS chains contain
disulfated disaccharide units, such as D, E, H, and K, as exemplified in
Fig. 1A (Sugahara and Yamada, 2000). CS chains with iduronic acid
(IdoA)‐containing disaccharide units are known as CS‐B or dermatan sulfate
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(DS), which is a stereoisoform of CS, differing at C‐5 of hexuronic acid
moieties. DS, therefore, consists of disaccharide units iA, iB, iD, and iE,
where ‘‘i’’ stands for IdoA along with other conventional disaccharides
(Fig. 1B). Unique disaccharides, such as 3‐O‐sulfated GlcA residues, were
detected in squid cartilage CS‐E and king crab cartilage CS‐K (Kinoshita
et al., 1997; Sugahara and Yamada, 2000) and designated as units K, L, and
M (Fig. 1C). Fucosylated disaccharide, which is sulfated at the C‐4 position,
has been designated as unit F.
IV. Structural Variation in CS chains ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CS chains vary widely in structure including length, arrangement
of disaccharide units, charge density, sulfation pattern, configuration,
and so on (Sugahara and Yamada, 2000). Most information regarding
structure has been obtained using a combination of techniques involv-
ing depolymerization of the CS chain by enzymatic or other hydrolytic
methods, HPLC, MALDI‐TOF‐MS, NMR spectroscopy, gel filtration
analysis, and so on. These polysaccharides are found in divergent organisms
from worms to humans. Structural elucidation of CS chains has been
carried out particul arly in mari ne organ isms ( Habuchi et al ., 1977 ; Vieira
and M ourã o, 1988), whi ch were found to exhibit wi dely varied struc tural
characteristics.

Two oligosaccharides containing glucose were isolated from squid car-
tilage CS‐E (Kinoshita‐Toyoda et al., 2004). In that study, squid cartilage
CS‐E was extensively digested with chondroitinase AC‐II, which yielded five
highly sulfated novel tetrasaccharides and two odd‐numbered oligosacchar-
ides (tri‐ and pentasaccharides) containing D‐Glc. Their structures, deter-
mined by fast atom bombardment mass spectrometry and 1H NMR
spectroscopy, revealed an internal GlcA(3‐O‐sulfate) residue for all the
novel tetrasaccharide sequences, which rendered the oligosaccharides resis-
tant to the enzyme. The results suggest that GlcA(3‐O‐sulfate) units are not
clustered but rather interspersed in the CS‐E polysaccharide chains, being
preferentially located in the highly sulfated sequences. The predominant
structure (80%) on the nonreducing side of a GlcA(3‐O‐sulfate) residue
was GalNAc(4‐O‐sulfate), whereas that (59%) on the reducing side was
GalNAc(4,6‐O‐disulfate). The structural variety in the vicinity of the GlcA
(3‐O‐sulfate) residue might represent the substrate specificity of the uniden-
tified chondroitin GlcA 3‐O‐sulfotransferase, which synthesizes this struc-
ture. The results also revealed a trisaccharide and a pentasaccharide
sequence, both of which contained a b‐D‐Glc branch at the C‐6 position of
the constituent GalNAc residue (Kinoshita‐Toyoda et al., 2004).
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FIGURE 1 Structures of disaccharides of CS/DS chains. Disaccharide units predominantly

present in CS chains and named based on the sulfation pattern are given in Fig. 1(A), whereas

the disaccharide units found in DS or CS/DS hybrid chains are given in Fig. 1(B). ‘‘i’’ in Fig. 1
(B) and (C) represents IdoA. Other minor disaccharide units, which have been identified in

various oversulfated CS variants from different sources, are given in Fig. 1(C).
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In view of the fact that CS chains are involved in various biological
activities, which are brought about presumably by binding to various
growth factors, a series of experiments were performed in our laboratory
and elsewhere to delineate the essential structural elements in CS isoforms
responsible for the binding of growth factors. 6B4‐PG/phosphacan is a
major PG in the brain and corresponds to the extracellular region of a
receptor‐type protein‐tyrosine phosphatase PTPz/RPTPb (Maeda and
Noda, 1998; Maeda et al., 1996), which turned out to be identical to
DSD‐1‐PG (Garwood et al., 1999) with neurite outgrowth‐promoting activ-
ity (Faissner et al., 1994). The CS chains of PTPz/RPTPb bind a heparin
(Hep)‐binding growth factor, pleiotrophin (PTN) (discussed later). Phospha-
can was localized immunohistochemically, and it was postulated that the CS
chains showed variations during different stages of the brain development
(Maeda et al., 2003). Based on the preceding information, phosphacan was
purified from different regions of the brain at the different ages and desig-
nated as PG‐P7, PG‐P12, and PG‐P20. The disaccharide composition of CS
chains was studied based on susceptibility to chondroitinase ABC, and it was
observed that PG‐P7 had the least amount of A units, the amount of C units
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decreased drastically from PG‐P7 to PG‐P20, and D units, which have been
implicated in the promotion of neurite outgrowth (Clement et al., 1998;
Nadanaka et al., 1998), could only be detected in PG‐P20 to the tune of
1.3%. The chain length as well as GlcA content, however, did not show any
significant difference (Maeda et al., 2003).

DS, another isomeric variant of CS, was found in the embryonic pig
brain, forming a hybrid structure with CS (Bao et al., 2004). To determine
the subtle structural variations occurring during the process of development,
CS/DS chains were isolated from both embryonic and adult pig brain by
extraction with physiological buffers, such as phosphate‐buffered saline
(PBS), although a significant proportion of cell‐surface‐bound chains,
which were not extracted with PBS, was found. CS/DS chains isolated
from embryonic pig brains bore higher proportions of nonsulfated disac-
charides than those of adult pig brain. The number of sulfate groups per
mole of disaccharide was 0.83–0.84 in the chains of embryonic brain and
0.99 in those of adult brain (Table I), and the two types of chains were
similar in molecular size. The main difference was in the amount of IdoA‐
containing residues; 8–9% in the CS chains extracted from embryonic pig
brain compared to less than 1% of all the disaccharides extracted from adult
pig brain. The presence of IdoA‐containing disaccharides was deduced based
on the difference in the resistant oligosaccharides obtained on digestion with
chondroitinase AC‐I and ABC. Presumably, at least some of the CS/DS
chains are derived from phosphacan. These residues had implications for
the binding of growth factors as discussed in a later section.

Syndecans are the major cell surface PGs expressed by virtually all
epithelial cells. Four kinds of syndecans form a gene family, the transmem-
brane and cytoplasmic domain being conserved among all of the members
(Bernfield et al., 1999, Carey, 1997; Fitzgerald and Bernfield, 1999;
Zimmermann and David, 1999). These syndecans show varied expression
depending on the cell, tissue, and developmental stage (Kato et al., 1994;
Lindahl et al., 1995), suggesting distinct functions for each family member
(Kim et al., 1994), although some share activities as has been observed for
syndecan‐1 and ‐4 (Bernfield et al., 1999; Carey, 1997; Woods et al., 1998).
The majority of GAG chains added to the core proteins of syndecans are of
HS type, although syndecan‐1 (Rapraeger et al., 1985) and syndecan‐4
(Shworak et al., 1994) are modified by CS chains as well. Both the syndecans
have been implicated in the promotion of intracellular adhesion and wound
healing. Although syndecans‐1 and ‐4 have hybrid structures, information
relating to the biological functions attributable to the structure of the CS
chains is very limited. The disaccharide composition of the CS chains was
studied in our lab after exhaustively digesting the ectodomains of syndecan‐
1 and ‐4 with chondroitinase ABC, and the resulting disaccharides
were identified using HPLC. The results revealed that syndecan‐1 is less
sulfated than syndecan‐4, with a sulfate to disaccharide ratio of 0.78



TABLE I Disaccharide Composition of Some of the CS Variants Used in Growth Factor Binding Studies

GAG Biological origin DOa DA DC DD DB DE DT S/Unit

CS‐Dc Shark skin NDb 36.0 43.0 20.0 ND 1.0 ND 1.21

CS‐Ed Squid cartilage 8.0 19.0 8.0 ND ND 56.0 ND 1.53

CS/DSe Hagfish 4.7 38.3 13.5 ND ND 39.6 3.9 1.43
CS/DSf Shark skin 5.8 55.0 16.6 3.4 8.0 11.2 ND 1.17

CS/DSg Embryonic pig brain 20.0 45.3 32.2 1.5 ND 1.0 ND 0.825

CS/DSg Adult pig brain 4.3 83.0 9.4 1.8 ND 1.5 ND 0.99
CSh (Appican) C6 glioma 1.2 81.2 3.3 ND ND 14.3 ND 1.13

CSh (Appican) SH‐SY5Y neuroblastoma cells ND 77.5 22.5 ND ND ND ND 1.00

CSi (Syndecan‐1) NMuMG cells 29.0 59.0 5.0 ND ND 7.0 ND 0.78

CSi (Syndecan‐4) NMuMG cells 6.0 68.0 17.0 ND ND 9.0 ND 1.03
CSj (DSD‐1‐PG) Mouse brain 2.0 68.0 23.0 5.0 ND ND ND 1.03

aThe abbreviations used are DO, DHexUAa1–3GalNAc; DA, DHexUA(4‐O‐sulfate)a1–3GalNAc; DC, DHexUA(6‐O‐sulfate)a1–3GalNAc; DD, DHexUA

(2‐O‐sulfate)a1–3GalNAc(6‐O‐sulfate);DB,DHexUA(2‐O‐sulfate)a1–3GalNAc(4‐O‐sulfate);DE, DHexUAa1–3GalNAc(4,6‐O‐disulfate);DT,DHexUA
(2‐O‐sulfate)a1–3GalNAc(4,6‐O‐disulfate).
bNot determined.
cC. D. Nandini and K. Sugahara, unpublished data.
dNote that CS‐E includes unusual disulfated and trisulfated disaccharide units containing GlcUA(3S), which are decomposed by chondroitinase ABC and
account for up to 10%of all the uronic acid depending on the preparation (Hikino et al., 2003).Hence, the disaccharide composition herewas calculated by

multiplying the total concentration of disaccharides (mol%) detected by digestion with chondrotinase ABC by a factor of 0.9, and the S/Unit value may be

slightly underestimated.
eTaken from Nandini et al., 2004.
fTaken from Nandini et al., 2005.
gTaken from Bao et al., 2004.
hTaken from Umehara et al., 2004.
iTaken from Deepa et al., 2004.
jTaken from Clement et al., 1998.
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an d1.03, respectivel y ( Table I ). In the same vein, syndeca n‐ 1 had higher
pro portions of unsulfate d disac charide and C disaccha ride units than syn-
decan ‐ 4, thus pointi ng to microhet erogenity in the CS ch ain ( Deep a et al .,
2004 ). The bindin g a ctivity of syndeca n‐ 1 and ‐ 4 tow ard variou s grow th
fact ors will be disc ussed in a later sect ion.

CS/DS chains were also isolated from marine sources such as hagfish
notochord and shark skin (Nandini et al. , 2 004 , 200 5). Notochord is a
connective tissue that supports the neural tube and induces the formation of
the central nervous system during the development of vertebrates. Earlier, a
fraction of isolated CS‐H, which was obtained by elution with 3.0 M NaCl on
a D owe x c ol um n ( Anno et al., 19 71 ), was digested, and quite a few of the
resulting oligosaccharides were structurally characterized (Ueoka et al., 1999).
It showed the presence exclusively of IdoA‐containing residues. The CS‐H
fraction used in subsequent studies was eluted with 2.0 M NaCl and interest-
ingly was a mixture of CS and DS. The digest obtained with chondroitinase
ABC showed the presence of large proportions of E (39.6 %) and B (38.3%)
units. Digestion with chondroitinase AC‐I or B gave rise to a large number of
oligosaccharides, suggesting that GlcA‐containing and IdoA‐containing disac-
charide units were distributed throughout the length of the chain. It exhibited a
sulfate to disaccharide ratio of 1.43 and a molecular mass of 18 kDa.

Similarly, CS‐GAG chains from shark skin were also of a hybrid nature
(Nandini et al., 2005) and of a large molecular size (60 kDa). The disaccharide
composition revealed a highly complex and heterogeneous structure. The
chains were rather unique in that they contained multiple disulfated disaccha-
ride units in appreciable amounts unlike preparations isolated from other
marine sources (Anno et al., 1971; Pavã o et al., 1995, 1 99 8) . T he u n fr ac ti o-
nated CS/DS preparation had a sulfate/disaccharide ratio of 1.08, which
was similar to that exemplified by CS/DS‐PG (named endocan) secreted
from human endothelial cells and circulating in the human bloodstream
(Bechard et al., 2001). This finding suggests that CS/DS hybrid chains with
a comparable degree of sulfation are indeed present in mammalian systems,
which could have wide implications in the development of therapeutics.
Another feature observed in shark skin DS is the presence of a unique disac-
charide unit, GlcA‐containing disulfated disaccharide B unit, which has been
hitherto unreported. The functional significance of such units is yet to be
ascertained.
V. Epitope Structure Characterized by Monoclonal Antibodies
Useful for Immunohistochemistry _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

To date various monoclonal antibodies, directed against CS variants,
have been generated, which has contributed greatly to the localization of CS
chains in various tissues. Antibodies, such as CS‐56 (Avnur and Geiger,
1984) and MO‐225 (Yamagata et al., 1987), have been widely used in
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detectin g CS variants. CS ‐56 repo rtedly react s with CS ‐A and CS‐ C (Avnur
and Geiger, 1984 ), but it strong ly react s with CS‐ D but doe s not react with
variant A, B, or E. In contra st, MO ‐ 225 ( Ya magata et al., 1987 ) reacts
strongly with CS‐ D, moder ately with CS ‐ C and CS‐ E, and weak ly with
CS‐ A. On the other hand , mAb 473HD recogni zes a character istic CS struc -
ture called the DSD ‐1 epito pe, which has neuri te outgrow th‐ pro moting
activity tow ard hippocam pal neurons ( Faissner et al., 1994) and contains
the D unit ( Clem ent et al ., 1998, 1999; Nadan aka et al., 1998 ). However, the
epitopic structure s recogn ized by these a ntibodies are poor ly charac terize d.

Attempts have been made to characterize the epitopic structure recog-
nized by the three anti‐CS antibodies, CS‐56, MO‐225, and 473HD (Ito et al.,
200 5) , u s in g s iz e‐ and structure‐defined CS oligosaccharides (Sugahara and
Ya m a d a , 2 0 0 0 ) obtained from CS‐D by employing ELISA and the oligosac-
charide microarray method (Fukui et al., 2002). The oligosaccharide fractions
to be tested were chemically coupled to the amino group of dipalmitoylpho-
sphatidylethanolamine (DPPE), using their reducing terminal aldehyde
groups by reductive amination (Stoll et al., 1988), without disturbing the
sulfation pattern‐dependent antigenic structures embedded in the CS oligo-
saccharides. The resultant neoglycolipid probes were immobilized either in
microtitre wells on an ELISA plate or onto nitrocellulose membranes to
prepare an oligosaccharide microarray. Results obtained by ELISA as well
as using the microarray system revealed that the minimum size required for
recognition by CS‐56 was an octasaccharide, whereas it was a hexasaccharide
and larger for MO‐225 and 473HD. All the oligosaccharide sequences bound
by 473HD, CS‐56, and/or MO‐225 contained at least a D unit. The unbound
oligosaccharide fractions were characterized by an absence of D unit. The
preference of these mAbs for CS‐D among typical CS variants appears to be
attributable to the abundant A–D tetrasaccharide sequence characteristic of
CS‐D. Additionally, mAb 473HD recognizes DSD‐1‐PG and nullifies the
neuritogenic activity promoted by it. The neuritogenic activity is also abol-
ished by digestion of DSD‐1‐PG with chondroitinase B, implicating IdoA as
one of the active structural elements responsible for the biological activity (Ito
et al., 2005). However, the presence of a D unit or IdoA‐containing A unit in
the epitope recognized by 473HD needs to be unequivocally resolved, since its
presence has been hypothesized based on indirect evidence. Further charac-
terization of the epitopic structure will go a long way to furthering the
understanding of biological activities attributed to it.
VI. Interactions of Heparin‐Binding Growth Factors with
CS Chains ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The biological activities brought about by CS chains could possibly
involve various growth factors, also known as Hep‐binding growth
factors for their capacity to bind Hep with high affinity. This affinity is due
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to a high‐charge density as well as the presence of structural domains
involved in the binding. The importance of CS chains in the binding of
growth factors was realized when it was observed that neuronal cell adhe-
sion, mediated by the Hep‐binding growth factor, midkine (MK), was spe-
cifically inhibited not only by Hep but also by oversulfated squid CS‐E
(Ueoka et al., 2000). The neuronal cell adhesion was, however, not inhibited
by other CS isoforms. It was also demonstrated that pleiotrophin (PTN),
another Hep‐binding growth factor, bound to 6B4‐PG/phosphacan in post-
natal day 16 rat brain, and this binding was inhibited by CS‐C (Maeda and
Noda, 1998; Maeda et al., 1996) presumably due to oversulfated D units
contained in CS‐C (see in a later section). 6B4‐PG/phosphacan is a major PG
in the brain and corresponds to the extracellular region of a receptor‐like
protein‐tyrosine phosphatase, PTPz/RPTPb, which was found later to be
identical to DSD‐1‐PG (Garwood et al., 1999).
A. Specific Molecular Interactions of Oversulfated CS
Variants with Growth Factors
CS variants containing oversulfated disaccharide units, such as E and D,
have been reported in bovine brain (Saigo and Egami, 1970), embryonic day
13 (E13) mice (Zou et al., 2003), and E18 rat brain (Ueoka et al., 2000). In
embryonic chick brain, small amounts of oversulfated disaccharide units
were detected along with A and C units, the proportions of which increased
slightly as the development reached completion (Kitagawa et al., 1997).
Their expression is developmentally regulated, which is coordinated by
sulfotransferases namely chondroitin 4‐O‐sulfotransferase and chondroitin
6‐O‐sulfotransferase (Kitagawa et al., 1997). A significant proportion of E
unit was observed in appican, which is a PG form of amyloid precursor
protein. Appican contained 14.3% E unit (Tsuchida et al., 2001), demon-
strating for the first time the presence of E units in a particular brain CSPG.

In view of the above findings, specific molecular interactions of CS‐E
with various growth factors were examined using real‐time analysis with the
filter binding assay and validated (Deepa et al., 2002) with the IAsys using
an evanescent wave generated by wave guiding to probe the liquid phase.
Representative growth factors of the MK family, EGF family, and FGF
family were chosen, and the interactions of CS‐E with MK, PTN, HB‐EGF,
FGF‐1, FGF‐2, FGF‐10, FGF‐16, and FGF‐18 were tested. Among the
growth factors taken for testing, all of them except FGF‐16 are expressed
in the brain during embryonic development. FGF‐16, which is expressed in
brown adipocytes during embryonic development, was also tested to clarify
the generality of the binding of a Hep‐binding growth factor to CS‐E. Hep
was used as a positive control. It was demonstrated that CS‐E bound to all
the growth factors tested except for FGF‐1 in both systems in a dose‐
dependent manner, suggesting that the binding is highly specific. In both
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systems, wherein there is a variation in the dynamics of interaction, it was
observed that all growth factors, except FGF‐1, bound more strongly to CS‐
E than Hep in the filter binding assay, whereas Hep bound more strongly to
the majority of the growth factors tested than CS‐E in IAsys. IAsys more
closely mimics physiological conditions in which the soluble growth factors
interact with CS chains in an immobilized form at the cell surface or in the
ECM. On the other hand, complexes measured in the filter binding assay,
where both the interacting molecules are in solution, would mimic growth
factor–CS complexes released enzymatically from the cell surface or ECM.
The affinity of interaction measured in terms of association (ka), dissociation
(kd), and dissociation equilibrium constants (Kd) showed that the interaction
of immobilized CS‐E with various growth factors other than FGF‐1 was
strong and comparable to that of Hep (Table II). FGF‐1 bound weakly to CS‐
E as indicated by its high‐Kd value. A CS‐E or Hep chain accommodates
multiple yet different numbers of various growth factors, probably reflecting
distinct overlapping sequences for the binding of multiple growth factors,
which are embedded in each sugar chain (Deepa et al., 2002).

Growth factors, such as HB‐EGF, showed quick binding and release.
The significance of such a pattern of binding requires elucidation. There is a
possibility that these low‐affinity motifs act as a scaffold to capture the
growth factor and then hand it over to other high‐affinity motifs and finally
direct the growth factor toward the site of interaction with its receptor target
at the cell surface (Lander, 1998).

Appican, the CSPG form of the amyloid precursor protein, has been
implicated in cell adhesion and neurite outgrowth (Breen et al., 1991;
Robakis et al., 1990; Roch et al., 1992). The CS chain of appican with a
high proportion of E unit served as an interesting GAG to test the binding
growth factors to understand its importance in the brain. The CS chain of
appican produced by rat C6 glioma cells was compared with that of SH‐
SY5Y neuroblastoma cells for its growth factor‐binding ability (Umehara
et al., 2004). As a first step, 3H‐labeled CS fractions were subjected to the
nitrocellulose filter binding assay to examine whether the appican CS can
bind some of the Hep‐binding growth factors expressed in the brain. MK,
PTN, FGF‐2, and HB‐EGF bound to the 3H‐labeled CS preparation in a
concentration‐dependent manner, which was abolished on digestion with
chondroitinase ABC, confirming that these interactions are dependent on the
CS chain. The interactions were also evaluated using IAsys by immobilizing
biotinylated appican CSPG on a sensor chip coated with streptavidin. Both
MK and PTN bound to the appican CS when tested at a concentration of
1 mg/ml. To determine the specificity of the binding of MK and PTN to
appican CSPG, inhibition experiments were performed using various kinds
of CS variants. Strong inhibition occurred only with CS‐E, which led to the
conclusion that the E disaccharide motif of the CS chain is essential for the
binding of MK and PTN to appican CSPG. This was reinforced by the fact



TABLE II Kinetic Parameters of the Interaction of Various Growth Factors with Immobilized Hep and CS‐Ea

Growth factor

Hep CS‐E

ka (M
�1S�1) kd (s

�1) Kd (nM) ka (M
�1S�1) kd (s

�1) Kd (nM)

FGF‐2 (2.4 � 0.2) � 105 (0.2 � 0.06) � 10�2 8.6 � 3.2 (3.3 � 0.3) � 104 (0.4 � 0.02) � 10�2 119.8 � 14.2
FGF‐10 (1.4 � 0.3) � 105 (0.2 � 0.15) � 10�2 17.4 � 14.4 (6.5 � 2.0) � 104 (0.5 � 0.07) � 10�2 88.6 � 37.8

FGF‐18 (6.3 � 2.9) � 105 (0.4 � 0.30) � 10�2 10.8 � 9.7 (5.7 � 2.3) � 105 (0.3 � 0.29) � 10�2 8.9 � 8.7

HB‐EGF (6.6 � 0.4) � 105 (0.3 � 0.10) � 10�2 4.7 � 3.7 (2.8 � 0.3) � 106 (4.2 � 0.30) � 10�2 16.0 � 18.4

MK (3.5 � 1.5) � 104 (0.6 � 0.08) � 10�2 204.0 � 100.0 (1.1 � 0.3) � 105 (0.6 � 0.1) � 10�2 61.6 � 25.9
PTN (2.6 � 0.9) � 105 (0.3 � 0.20) � 10�2 16.1 � 13.3 (4.5 � 0.4) � 105 (0.5 � 0.10) � 10�2 11.4 � 3.22

aTaken from Deepa et al., 2002.
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that appican CSPG produced by SH‐SY5Y neuroblastoma cells did not bind
either PTN orMK presumably due to the absence of E units (Umehara et al.,
2004).

Other oversulfated isoforms of CS also bind growth factors. Namely,
CS‐D from shark cartilage binds PTN and the CSPGs present in the brain
bind PTN with high affinity (Maeda and Noda, 1998; Maeda et al., 1996;
Qi et al., 2001). It has been suggested that phosphacan in the brain is
composed of several subpopulations of molecules bearing CS chains with
different structures, the immunological and compositional structures of
which change dramatically during development (Clement et al., 1998;
Rauch et al., 1991). Based on the information obtained by immunohisto-
chemical analysis, phosphacan bearing CS chains with structural variations
was anticipated and subsequently purified from appropriate regions of
whole brain tissue of mice of various ages. The composition is shown in
Section III (Maeda et al., 2003). The direct binding of phosphacan with PTN
was examined using a BIAcore system, which employs the principle of
surface plasmon resonance. Here, PTN was immobilized on the surface of
a CM5 sensor chip by amine coupling, where the primary amino groups on
the protein were coupled to the carboxymethylated dextran surface. Phos-
phacan bound to the immobilized PTN with high affinity, which was again
dependent on the structure of CS. In other words, PG‐P20 displayed high‐
affinity binding to PTN (Kd ¼ 0.14 nM) compared with PG‐P7 and PG‐P12,
which showed fourfold to fivefold lower affinity for PTN than PG‐P20.
Digestion of phosphacan with chondroitinase ABC resulted in the elimina-
tion of the differences in affinity between the three phosphacan preparations
and Kd values of 1.4–1.6 nM. This was caused mainly by a decrease in the
association rate constants. From these results, it is clear that the presence of
CS chains with variable structures influences the binding kinetics. Binding
analysis was further carried out with various other GAG species; namely,
CS‐A, CS‐B (DS), CS‐C, CS‐D, CS‐E, and porcine intestinal Hep. CS‐E, ‐D,
and ‐C bound to the immobilized PTN with high affinity. CS‐B (DS) also
bound, but kinetic parameters were not calculated because of the slow
kinetics. The above results indicated that the D unit in CS chains appears
to be responsible for the high‐affinity binding.
B. Specific Molecular Interactions of Dermatan Sulfate
(CS‐B) with Growth Factors
Until now, most of the growth factors have required IdoA to bind with
GAG (Hileman et al., 1998), with an exception being CS‐E (Deepa et al.,
2002). CSGAGs isolated from both embryonic and adult pig brains differed
in their ability to bind various growth factors (Bao et al., 2004). The binding
capacity was greater for CS/DS hybrid chains isolated from embryonic pig
brain than those of adult pig brain. Among the growth factors tested, FGF‐2,



266 Nandini and Sugahara
‐10, ‐18, PTN, and MK bound to CS/DS from embryonic pig brains with
high affinity comparable to that of CS‐E and Hep (Deepa et al., 2002),
whereas FGF‐1 and HB‐EGF did not show any binding. Digestion with
chondroitinase B, which specifically cleaves DS structures containing IdoA
residues, markedly reduced the binding activity to the level exhibited by the
CS/DS chains of adult pig brain. These results suggest that the activity of
brain CS/DS chains to bind various Hep‐binding growth factors changes
during development and the IdoA residues are involved in the binding.

The critical role of IdoA in the binding to growth factors was further
evaluated by determining the binding of growth factors to CS/DS hybrid
chains isolated from hagfish notochord (CS‐Hnamed after hagfish) (Nandini
et al., 2004) and shark skin (Nandini et al., 2005). As in the earlier instances,
various Hep‐binding growth factors were used to test their binding to the
isolated GAGs. Additionally, VEGF165, which is a Hep‐binding angiogenic
growth factor highly specific for endothelial cells, was also tested for its
ability to bind the CS‐H preparation. All the growth factors tested, except
FGF‐1, bound to the immobilized CS‐H preparation with high affinity. The
affinity of the binding was particularly strong for FGF‐10, FGF‐18, MK,
and PTN with Kd values unable to be determined accurately because of
negligible dissociation of the growth factors, which is characteristic of such
high‐affinity binders and may reflect the possibility that CS/DSPGs act as
receptors or coreceptors, like HSPGs, to present growth factors to the cell
surface (Table III). Although VEGF165 bound to a lesser extent, it bound
with high affinity as indicated by its low‐Kd value (24 nM).

The importance of the CS‐ and DS‐like moieties of CS‐H in the binding
of growth factors was evaluated after digesting the preparation with either
chondroitinase AC‐I specific for CS or chondroitinase B specific for DS.
CS‐H showed significant digestibility with either enzyme. Exogenously
added intact CS‐H inhibited growth factors from binding to immobilized
CS‐H to various extents. Whereas CS‐H digested with chondroitinase ABC
had a negligible inhibitory effect, chondroitinase AC‐I and B digests signifi-
cantly inhibited the growth factors, with the chondroitinase AC‐I digest
being more inhibitory than the chondroitinase B digest. These results sug-
gested that both the CS‐ and DS‐like moieties were involved in the binding of
growth factors and that the chondroitinase AC‐I‐resistant domains contain-
ing DS‐like moieties, flanked by CS‐like moieties resistant to chondroitinase
B, are more closely involved. In other words, IdoA‐containing domains play
a greater role in the binding of growth factors, with significant contributions
by GlcA‐containing domains as well.

The DS preparation from shark skin also interacted with various Hep‐
binding growth factors with high affinity when tested using an IAsys system
(Nandini et al., 2005). Earlier, it was observed that DS from porcine skin,
which contains mostly IdoA, interacted with PTN with a Kd value of 51 nM
(Vacherot et al., 1999) compared to 7.6 nM as shown by DS from shark skin,



TABLE III Kinetic Parameters for the Interaction of Various Growth Factors with CS/DS Variants

Growth

factor

CS‐Ha SS‐DSc,d Pig brain (Embryonic)e

ka (M
�1S�1) kd (s

�1) Kd
b (nM) ka (M

�1S�1) kd (s
�1) Kd (nM) ka (M

�1S�1) kd (s
�1) Kd (nM)

FGF‐2 (7.7 � 1.4) � 105 (2.3 � 0.6) � 10�2 30.50 � 7.80 (2.2 � 1.5) � 105 (0.1 � 0.04) � 10�2 13.8 � 11.1 (3.85 � 0.04) � 105 (6.32 � 0.35) � 10�3 16.4 � 0.7

FGF‐10 (9.7 � 5.1) � 103 (4.5 � 3.5) � 10�6 0.40 � 0.20 (1.9 � 0.2) � 105 (0.2 � 0.03) � 10�2 8.6 � 2.3 (2.19 � 0.19) � 105 (4.77 � 0.47) � 10�3 21.8 � 3.3

FGF‐16 (5.6 � 2.1) � 106 (6.9 � 3.1) � 10�3 1.20 � 0.80 NDf ND ND ND ND ND

FGF‐18 (3.3 � 0.6) � 105 (7.0 � 0.9) � 10�5 0.20 � 0.08 (31.3 � 4.8) � 105 (1.2 � 0.90) � 10�2 4.4 � 3.6 (1.55 � 0.05) � 106 (10.1 � 0.09) � 10�2 6.5 � 0.8

HB‐EGF (1.1 � 0.6) � 106 (9.1 � 0.4) � 10�3 10.00 � 4.00 (4.7 � 0.6) � 105 (0.2 � 0.10) � 10�2 4.5 � 2.5 NDg ‐ ‐
MK (8.2 � 3.4) � 104 (8.9 � 2.0) � 10�5 1.50 � 0.90 (1.0 � 0.8) � 105 (0.2 � 0.04) � 10�2 58.5 � 21.5 (6.06 � 0.61) � 104 (3.39 � 0.45) � 10�3 55.9 � 8.8

PTN (4.2 � 0.3) � 105 (7.4 � 2.5) � 10�5 0.17 � 0.05 (2.9 � 1.5) � 105 (0.2 � 0.09) � 10�2 7.6 � 5.5 (6.70 � 0.12) � 105 (1.48 � 0.10) � 10�2 22.1 � 1.1

VEGF165 (7.0 � 1.6) � 105 (1.7 � 0.5) � 10�2 24.00 � 7.00 ND ND ND ND ND ND

aTaken from Nandini et al., 2004.
bKd value as obtained independently from each ka and kd value using the BIAevaluation 3.1 software.
cKinetics determined in IAsys.
dTaken from Nandini et al., 2005.
eTaken from Bao et al., 2004.
fNot determined.
gCould not be determined because of slow kinetics of binding.
Note: The apparent ka, kd, and Kd values for the interaction of growth factors with immobilized CS‐H, SS‐DS and embryonic pig brain were determined

using the 1:1 languimuir binding with mass transfer model of the BIAevaluation 3.1 software in a BIAcore system or IAsys for SS‐DS.
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which reinforced the concept that better binding is obtained in a hybrid
molecule. The results of the interaction of the DS preparation from shark
skin revealed that these chains can accommodate a larger number of growth
factors than CS‐H, suggesting the importance of the sequence information
(Table III) and high‐sequence specificity.
C. Binding of Growth Factors to CS Chains in the
Presence of HS Chains in a Hybrid Structure
To determine the working combination of CS and HS chains in the
binding of growth factors, an elegant experiment was conducted by immo-
bilizing syndecan‐1 and ‐4 PGs from normal murine mammary gland epi-
thelial cells, which are hybrid PGs bearing both CS and HS chains (Deepa
et al., 2004). The differences in the disaccharide composition of the CS
chains in syndecan‐1 and ‐4 have been discussed in Section IV. The degree
of sulfation of the CS chains was higher in syndecan‐4 than syndecan‐1, and
both of them had appreciable proportions of E units. To determine whether
the differences in the structure of CS affect the affinity for growth factors,
FGF‐2, MK, and PTN were tested for binding to immobilized syndecan‐1
and ‐4 using a BIAcore system. Kinetic analyses of the binding indicated that
the affinities of the two syndecans were significantly different, presumably
reflecting the inherent structural variations in the GAG chains in spite of the
fact that they were purified from and synthesized in the same cells.

To delineate the type of GAG chains responsible for the binding, an
interaction analysis was carried out by immobilizing individually, syndecans
devoid of the CS (designated HS/syndecan) and/or HS chains (designated
CS/syndecan). Such syndecans were obtained by digestion with chondroiti-
nase ABC or a mixture of heparinase and heparitinase, respectively. Remov-
al of the CS chains affected the responses to the binding of MK and PTN to
syndecan‐1 but not the responses of the binding of FGF‐2 to syndecan‐1.
Analysis of the binding affinity revealed that the Kd for the binding of MK
and FGF‐2 to intact syndecan‐1 and HS/syndecan‐1 was not significantly
different in contrast to the binding of PTN to HS/syndecan‐1, which was
twofold lower than that for the binding to intact syndecan‐1. The ka and kd
values were lower for the binding of the earlier‐mentioned growth factors to
HS/syndecan‐1 than the intact syndecan‐1, which could imply that the
presence of CS chains in syndecan‐1 results in faster binding and faster
release of the growth factors, which would facilitate their transfer to
corresponding receptors.

The binding of growth factors to syndecan‐4 was unaltered in terms of
response in the presence or absence of CS chains. However, alterations in the
kinetics of interactions of the growth factors were observed in the absence of
CS chains, resulting in a lowering of both the association rates of MK and
FGF‐2 and the dissociation rates of all three growth factors. These results
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suggest that the CS chains of syndecan‐4 are likely involved in the efficient
binding and transfer to a high‐affinity receptor of these growth factors. FGF‐
2 did not bind to CS/syndecan‐1 or ‐4, indicating that HS chains are essential
for binding. However, alterations in the kinetics of the binding of FGF‐2 to
HS/syndecan‐4 compared to intact syndecan‐4were observed, which suggest
that although FGF‐2 cannot interact with the CS chains in the absence of HS
chains, it can in the presence thereby showing more efficient binding. It was
therefore hypothesized that HS chains, which are located away from where
the growth factors bind, may share growth factors with CS chains that are in
close proximity to the cell surface receptor, forming a ternary or quarternary
complex involving the core protein and then transfer the growth factors to
the corresponding receptors. It has been demonstrated (Maeda et al., 1996)
that the core protein of phosphacan, the extracellular domain of brain‐
derived CS‐PG PTPz, together with the CS chain, constitutes the binding
sites for PTN.
D. Binding of Neurotrophic Factors to CS Chains
Neurotrophic factors play vital roles as key regulators of cell fate and
cell shape in the vertebrate nervous system (Bibel and Barde, 2000). It was
earlier observed that CS/DS can act as binding partners for various Hep‐
binding growth factors. Brain‐derived neurotrophic factor (BDNF), which is
a representative of the neurotrophin family, glial cell line‐derived neuro-
trophic factor (GDNF), which is a member of the transforming growth
factor b superfamily, and ciliary neurotrophic factor (CNTF), which is a
neuropoietic cytokine, were used to test the binding for the possibility that
CS or its variant acts as a binding partner. BDNF influences the formation of
myelin during nerve regeneration (Kordower et al., 2000; Zhang et al.,
2000), and GDNF prevents neurodegeneration during Parkinson’s disease.
Their binding was compared with that of HS from bovine intestinal mucosa,
the structure of which had been characterized earlier (Maccarana et al.,
1996). BDNF and GDNF showed significant binding to immobilized HS as
well as CS‐H, whereas the binding of CNTF to both HS and CS‐H was
negligible (Nandini et al., 2004). Kinetic analysis revealed that the affinity of
BDNF for immobilized CS‐H was 360‐fold higher than that of HS, whereas
the affinity of GDNF for CS‐H was 10‐fold higher than that of HS, suggest-
ing that the interactions are biologically significant (Table IV) with the
possible involvement of CS or DS or CS/DS hybrid chains. These results
suggest that presumably, CS and HS act in different ways. While HS may
transmit the factors as coreceptors to the cell‐surface receptors, CS/DS may
keep holding the factors when presenting them to receptors or may be
enzymatically released as a functional neurotrophic factor–oligosaccharide
complex from the PG. The domains responsible for high‐affinity binding
require further investigation.



TABLE IV Kinetic Parametersa for the Binding of Neurotrophic Factors with Immobilized HS, CS‐H, and SS‐DS

Neurotrophic
factor

HS CS‐H SS‐DS

ka (M
�1S�1) kd (s

�1) KD (nM) ka (M
�1S�1) kd (s

�1) KD (nM) ka (M
�1S�1) kd (s

�1) KD (nM)

BDNF 2.6 � 105 6.7 � 10�2 254 4.4 � 107 3.0 � 10�2 0.7 1.7 � 109 61.0 36
GDNF 2.4 � 106 5.8 � 10�2 24 2.0 � 106 5.2 � 10�3 2.5 2.5 � 106 2.4 � 10�2 9.6

aKinetic parameters were obtained by global fitting using a 1:1 Languimuir binding with mass transfer model.
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CS/D S chains from shark skin also bound these fact ors with high affini -
ty, and the binding respons e was compar able with that of CS ‐ H. The ir
binding was charac terize d by higher associat ion and dissocia tion rate s com-
pared to the bindi ng to CS‐ H perhaps because they were compar atively less
sulfated , which mig ht sugges t that they can act as a better bindin g partner
than CS ‐H. The calculat ed bindi ng capaci ty of CS/D S chains was also
greater than that of CS ‐ H, partly due to the larg er chain size.
VII. Influence of Structure on Biological Activities of CS ____________________________________________________________________________________

Repor ts emana ting from our labora tory an d others have demons trated
the im portanc e of CS an d CSPGs in the brain’s devel opment ( Clement et al.,
1999; Garwood et al., 1999; Morgens tern et a l., 2002). CSPG s, which
constitut e a significant populat ion of PGs in the centr al nervo us system,
may influenc e the establi shment of bounda ries for axo nal grow th and act as
modulators of neuron al outgrow th during the brain’s develo pment as well as
during regene ration after injury. Various CS variants from marine an imals
promoted neuri te outgrow th in vitro (Hik ino et al ., 2003) . This is in contra st
to the widel y held view that CS chains are intrins ic inhibit ory compon ents
for axo nal grow th an d the pathfind ing of variou s neuro ns ( Grim pe an d
Silver, 2004; Ichi jo, 2003; Morgens tern et al ., 2002 ). The enzym atic remo val
of CS chains from CSPGs imp roves the regene ration of nerve fibers in vivo
after lesions form in the nigros triatal trac t an d injury to the spinal chord
(Brad bury et al ., 2002; Moo n et al ., 2001 ). Additio nally, the exp ression of
some CSPG core protein s, particul arly neuro can, versican, brevican, and
NG2, is highly upr egulated follow ing CN S inj ury (Ashe r et al ., 2000, 2002;
Ta n g et al ., 2003; Thon et al., 2000 ). The role of a CSPG named aggrecan in
the brain’s developme nt was delineat ed using an aggerc an‐ deficient
model with chic ks. A defici ency of aggrecan leads to severel y alt ered pheno -
types, which affect cell behavi or an d neuronal cell marke rs (Schw artz and
Domowicz , 2004) . With the aim of look ing into the struc tural relationsh ip
as a funct ion of the expres sion of mRNAs of CS sulfo transfer ases, a corre la-
tion between GAG compos ition and the levels of the mRNA s encodi ng
sulfotra nsferases was foun d (Pr operzi et al., 2005 ). Using semiquant itative
RT ‐ PCR and in situ hybridi zation, it was observe d that the expression
of C6ST‐l and its sulfated products CS‐C and CS‐D is selectively upregulated
7 days after cortical injury in the glial cells forming the scar. These results
suggest that the sulfation pattern influences the binding properties of CSPGs
(Properzi et al., 2005).

That the structure of the CS variant and sulfation pattern play an
important role in neuritogenesis was further established by testing for the
said activity using CS/DS chains (Hikino et al., 2003) isolated from marine
animals ( Pavã o et al ., 1995 , 1998; Vilela ‐Silva et al., 2001 ). A CS‐ H
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frac tion, whi ch contain ed exclu sively IdoA ‐ con taining disac charides an d
was isolated from ha gfish notochord, was observed to promot e neu rite
outgro wth in a dose ‐ dependen t manner. The neuri te outgrowth exhibite d
by DS prepa rations contai ning D units showe d a morphol ogy ak in to that of
CS ‐ D in contra st to DS prepara tions contain ing E or iE units, whi ch exh ib-
ited a small cell soma and a single long neuri te. Neurito genecity of DSD ‐ 1‐
PG/ phospha can from the mouse brain ( Faiss ner et al., 1994 ) was presum-
ab ly dependent on IdoA residu es of CS chains and abo lished by digesti on
with chondro itinase B. In co ntrast, digesti on with chon droitinas e AC ‐ II or
AC ‐ I either did not abo lish it or did so only pa rtially. The se results sugges ted
that the neu ritogeni c DSD ‐ 1 epit ope contai ns a D unit ( Clem ent et al., 1998;
Nadan aka et al., 1998) and an IdoA residu e (Hi kino et al., 2003).

To further determin e the impo rtance of IdoA ‐ contai ning units in neu r-
itog enesis, the struc tures of the CS/DS hyb rid chains from pig brain were
eluc idated. It was observe d that the CS/D S chains isolated from embr yon ic
pig brain display ed dendri tic ‐ like neurite outgrow th in contra st to CS/D S
chains isolate d from ad ult pig br ain, which exhibite d no neu ritogenic activi-
ty (Ba o et al ., 2004). Struc tural studies indi cated that embr yonic CS/D S
chains co ntain a signifi cant propo rtion of IdoA as Ido A‐ GalNAc( 4‐ O ‐
sulf ate), there by irr evocably demons trating its importanc e in the promot ion
of neu rite outgrowth. This is in lin e wi th the obs ervation that DS has been
im plicated in a va riety of biologic al proces ses by the prese nce of Ido A,
whose pyranose ring has the tendency to form various conform ations,
resul ting in an inher ent plast icity for interact ion wi th vari ous partne rs
( Ferro et al ., 1986; Scott et al. , 1995 ). By contra st, the CS/ DS‐ hybrid chains
from adult pig brain contain ed less than 1% IdoA ‐ containing disac charides
( Bao et al., 2004 ) and did not pr omote neurite outgrow th. The importanc e
of the bindin g of gro wth fact ors in promot ion of neurite out growth was
revea led when PTN was identifie d as one of the ligands respons ible for the
neu rite out growth ‐ promot ing a ctivity of brain CS/D S (Bao et al ., 2005a ).
Brain CS/DS chains were frac tionated based on their affinity for PTN into
unboun d, low ‐ affini ty and high ‐ affini ty fracti ons. The unbound frac tion did
not promote neurite outgrow th but the low ‐ affini ty and high ‐ affini ty frac-
tions did, resultin g in a distinc t morpho logy, namely den dritic and ax onic,
respe ctively, sugges ting that the a ctivity in both frac tions invol ves differe nt
mol ecular mec hanism s. Fur ther evidence was obtai ned to sugges t a
differe nt mol ecular mec hanism. Anti ‐ PTN an tibody neutra lized the neurite
outgrowth‐promoting activity of the low‐affinity fraction in contrast to that
of the high‐affinity fraction, which was not neutralized by the antibody.

Bao et al . (200 5b) dissected CS/ DS hybrid chains from embry onic pig
brains by digestion with chondroitinase B and showed that octasaccharides
were the minimal size capable of interacting with PTN. Five and eight
sequences were purified from fluorescently labeled PTN‐bound and ‐un-
bound octasaccharide fractions, respectively, by enzymatic digestion
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followed by PTN‐affinity chromatography. The sequencing was accom-
plished using minute amounts of fluorescently labeled samples by enzymatic
digestion in conjunction with HPLC, verifying a critical role for oversulfated
D and/or iD disaccharides in the low yet significant affinity for PTN
(Table V), which is required for neuritogenesis.

CS/DS chains isolated from hagfish notochord and shark skin also
exhibited neurite‐outgrowth promoting activity. However, the activity of
the CS‐H (2.0 M) fraction, which has a hybrid structure, was weaker than
that of the CS‐H (3.0 M) fraction tested earlier, which contained exclusively
IdoA. The morphology of the activated neurons was the same as that
exemplified by CS‐E, but the neuritogenic activity was weaker. This is in
contrast to the neuritogenic activity exhibited by shark skin DS with a
comparatively low degree of sulfation. The morphology of the neurons
activated by shark skin DS was both axonic and dendritic in nature. These
results suggest that the neuritogenic activity might involve the presence of
distinct structural domains, the structural elucidation of which would be
TABLE V A Series of PTN‐Bound and ‐Unbound Octasaccharide Sequences

Isolated from CS/DS Hybrid Chains of Embryonic Pig Brains

PTN‐bound octasaccharide PTN‐unbound octasaccharide

Fraction Sequence Parent structurea Fraction Sequence Parent structure

F5‐b‐I DC‐C‐D‐C iC‐C‐D‐C‐iX F5‐ub‐a DC‐O‐C‐C iC‐O‐C‐C‐iX
F5‐b‐II DA‐C‐D‐C iA‐C‐D‐C‐iX F5‐ub‐b DA‐O‐A‐C iA‐O‐A‐C‐iX

or DC‐A‐D‐C iC‐A‐D‐C‐iX F5‐ub‐c DA‐O‐A‐A iA‐O‐A‐A‐iX
F5‐b‐III DD‐C‐D‐C iD‐C‐D‐C‐iX F5‐ub‐d DC‐C‐C‐C iC‐C‐C‐C‐iX
F5‐b‐VI DC‐D‐D‐C iC‐D‐D‐C‐iX F5‐ub‐e DA‐C‐C‐C iA‐C‐C‐C‐iX

or DC‐D‐iD‐C iC‐C‐iD‐C‐iX F5‐ub‐f DC‐C‐A‐C iC‐C‐A‐C‐iX
F5‐b‐V DE‐D‐A‐D iE‐D‐A‐D‐iX F5‐ub‐g DA‐C‐A‐C iA‐C‐A‐C‐IX

or DE‐D‐iA‐D iE‐D‐A‐D‐iX DA‐C‐C‐A iA‐C‐C‐A‐iX
F5‐b‐VI NDb ND F5‐ub‐h DC‐A‐A‐A iC‐A‐A‐A‐iX

aThe ‘‘i’’ stands for an L‐iduronate residue, and iX represents any disaccharides with an IdoUA

residue including iA, iC, iD, iE, iB, or iT, except for iO. For the abbreviations and structures of

the disaccharide units, see Fig. 1.
bNot determined.

Note: The CS/DS chains were dissected by digestion with chondroitinase B and size

fractionated by gel filtration. The isolated octasaccharide fraction was separated into a

PTN‐bound and a PTN‐unbound subfraction using a PTN‐affinity column. Each fraction was
then separated by anion‐exchange HPLC into individual octasaccharides, each of which was

sequenced by enzymatic digestion in conjunction with HPLC. The parent decasaccharide

sequence corresponding to each isolated octasaccharide is flanked by two iduronate residues

and was deduced based on the specificity of chondroitinase B that cleaves GalNAc‐iduronate
linkages.
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helpful in developing therapeutic agents for neuronal diseases and brain
injury.
VIII. Perspectives _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In coming years, advances in techniques should open up a whole gamut of
opportunities to delineate the structural domains responsible for the binding of
growth factors. Such studies might help to predict intrinsic mechanisms re-
sponsible for biological activities, which in turnwould be helpful in developing
therapeutics. In addition, recent evidence has revealed that the herpes simplex
virus uses cell surface CS‐Emore efficiently than HS for its infection (Bergefall
et al., 2005), suggesting the possibility of developing antiviral sugar drugs. At
the same time, with most of the genes encoding glycosyltransferases and
sulfotransferases being cloned, elucidation of the functions of CS‐variants
in vivo using molecular biology techniques will offer new insights.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin sulfate (CS) is a glycosaminoglycan (GAG) composed of
repeating disaccharides of glucuronic acid and N‐acetyl‐galactosamine,
which are variously substituted by sulfate groups. It is covalently attached
on several core proteins creating a variety of proteoglycans (PGs) found in
extracellular matrix (ECM) and cell membrane but also intracellularly.
Chondroitin sulfate interacts with a wide variety of key molecules, such as
growth factors, cytokines, chemokines, adhesion molecules and lipopro-
teins, via specific saccharide domains within the chain. These interactions
regulate several biological processes and cell behavior. Several diseases
are often associated with a biosynthetic imbalance of chondroitin sulfate
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proteoglycans (CSPGs). Atherosclerosis and cancer are two well‐studied
diseases in which the abnormal expression and structural modification of
CSPGs are seriously implicated. CSPGs are markedly increased in early
atherosclerotic lesions, playing important roles in lipid retention, modifica-
tion, and finally accumulation. Furthermore, CSPGs participate in inflam-
matory process associated with atherosclerosis and influence arterial smooth
muscle cell behavior. They also directly affect elastogenesis and proper
formation of ECM. CSPGs are markedly accumulated also in tumor stroma,
and its deposition is often correlated to poor prognosis of the disease. CSPGs
seem to be implicated in cancer cell growth and progression through
direct involvement in cellular functions or by modulating the activity of
other effective molecules. This chapter focuses on the molecular involve-
ment of CS in the progression of two main human diseases, cancer and
atherosclerosis.
II. Types of CS‐Containing Proteoglycans _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CS is a linear polysaccharide that consists of repeating disaccharide
units composed of an N‐acetyl‐galactosamine and a glucuronic acid, which
are variously substituted by sulfate groups in several positions. Sulfate
groups may occur at C‐2 of glucuronic acid and C‐4 and C‐6 of N‐acetyl‐
galactosamine. CS differs in size and disaccharide composition depending on
the tissue source or culture conditions. The length and fine structure of the
chain are regulated and controlled by different stimuli. Synthesis of CS is
initiated by the formation of a tetrasaccharide linker, xylose–galactose–
galactose–glucuronic acid, with the xylose covalently bound to a serine or
threonine residue on the protein. The biosynthesis of CS chains on distinct
core proteins results in the formation of certain CSPGs. CSPGs are major
components of ECM of connective tissues and are also found at the surfaces
of many cell types and in intracellular secretory granules (Kjellen and
Lindahl, 1991; Sugahara et al., 2003).

Several CSPGs of ECM, such as hyalectans (aggrecan, the major PG of
cartilage; versican the common PG of noncartilaginous connective tissues
and brevican and neurocan, found mainly in brain), have been identified.
Decorin and biglycan, which belong to another class of ECMPGs, the small
leucine rich proteoglycans (SLRPs), are usually substituted by CS chains
(Iozzo, 1998). Cytokine PGs, such as CSF‐1 and M‐CSF‐1, which are re-
leased in ECM, have been recognized as part‐time CSPGs (Timar et al.,
2002). Other matrix PGs like phosphacan, which is the major brain CSPG
and corresponds to the extracellular region of a receptor‐like protein‐tyro-
sine phosphatase, PTPz/RPTPb, have been also discovered, and their
biological roles are in focus (Kadomatsu and Muramatsu, 2004).
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Proteoglycans of basement membranes perlecan and bamacan are also
substituted by CS chains. The presence of heparan sulfate (HS) chains in
perlecan suggests that this PG may be a hybrid PG with tissue specific and
biosynthetically regulated glycanation (Iozzo, 1998).

Cell‐associated PGs are also in some cases hybrids in respect to the type
of GAG chains they contain. One of the most studied types of transmem-
brane PGs is the family of syndecans, which often found to carry HS and/or
CS chains (Timar et al., 2002). CD44 is also a part‐time transmembrane PG,
which is able to carry CS chains in some splice variants. NG2‐melanoma
associated large CSPG, the human homolog of rat transmembrane CSPG,
NG2, consists of a core protein of 250 kDa, which is heavily glycosylated by
CS chains (Timar et al., 2002). An unclassified cell associated CSPG is the
intact molecule of PTPz. This is a receptor‐type protein tyrosine phosphatase
with CS bound chains at the extracellular domain, whereas the intracellular
domain exhibits protein tyrosine phosphatase activity. PTPz plays important
biological roles, since it is one of the receptors of midkine and pleiotrophin,
two growth factors involved among others in embryogenesis and recently in
cancer progression (Kadomatsu and Muramatsu, 2004).
III. CSPGs in the Development of Atherosclerosis _____________________________________________________________________________________________________________________________________________________________________________________
A. CSPGs as Key Players in Lipoprotein Oxidation
and Accumulation
Versican is a major ECM CSPG found in normal vessel wall and is
markedly accumulated during the development of atherosclerosis, playing
important roles in lipid retention, modification, and finally lipid accumula-
tion. It is recognized as a key factor implicated in the development of
atherosclerosis. Biglycan and decorin, the hybrid CS/DSPGs, are also
found in normal vessel wall and are significantly increased in vascular injury
(Wight, 2002; Wight and Merrilees, 2004; Wight et al., 1992). The accumu-
lation of CSPGs in vascular injury is triggered by various growth factors and
cytokines, such as TGFb, PDGF, EGF, bFGF, and IL‐1b, which are released in
the inflammatory sites, and most of them have mitogenic activity on arterial
smooth muscle cells (ASMCs). The migration and proliferation of ASMCs in
sites of arterial injury accompanied by the deposition of CSPGs is a hallmark
of early atherosclerotic lesions (Wight, 2002; Wight andMerrilees, 2004). A
number of studies have shown the close relation of CSPGs with lipoprotein
deposits in human atherosclerotic lesions and in lipid induced lesions in
experimental animals, suggesting a role for CSPGs in the retention of lipo-
proteins in the vessel wall. The response to retention hypothesis of athero-
sclerosis invokes a critical role in atherogenesis for the retention of
lipoproteins by matrix PGs. Actually, large CS‐lipoprotein complexes have
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been isolated from human atherosclerotic plaques, and arterial CSPGs inter-
act directly with lipoproteins (Camejo et al., 1998). Furthermore, the small
CS/DSPG decorin, which is able to interact with collagen type I that is
accumulated in atherosclerotic plaques, also interacts with LDL. It has
been, therefore, suggested that decorin acts as a bridge for the retention of
lipoproteins in collagen‐rich atherosclerotic lesions (Pentikainen et al.,
1997). Multiple LDL particles can bind to a single CS chain, and the length
of the chain is a determining factor for the binding of LDL. In vascular
injury, elongated CS chains have been isolated with enhanced LDL binding
properties. Several factors are able to promote CS chain elongation in vitro
by ASMCs. These factors are the rate of cell proliferation, TGFb, and
oxidized LDL, which cause CS elongation and increase the binding of
CSPGs to LDL (Wight and Merrilees, 2004). CS enriched in 6‐sulfated
units binds LDL more avidly than those enriched in 4‐sulfated disaccharides
(Cardoso and Mourao, 1994). The overall charge density of the CS chain
also influences the interaction of LDL with CS. It has been shown that the
binding of LDL with 6‐sulfated CS requires the oversulfated regions of the
chain (Sambandam et al., 1991). Although the precise structure in CS for
LDL binding has yet to be determined, the binding sites in human apopro-
tein B‐100 have been located at residue 3363 (Boren et al., 1998), whereas
different binding sites exist in apoprotein B‐48 (Flood et al., 2002). Further-
more, it has been shown that 4‐sulfated CS prevents Cu2þ‐induced LDL
oxidation, whereas interaction of LDL with 6‐sulfated CS increases the
susceptibility of lipoproteins to oxidized in vitro (Albertini et al., 1997).
6‐sulfated CS is markedly increased in early atherosclerotic lesions, suggest-
ing a significant contribution not only to LDL retention but also to modifi-
cation of LDL in subendothelial layer (Theocharis et al., 2002) (Fig. 1).
Actually the binding of LDL to CSPGs makes them more sensitive to
structural modifications, such as oxidation and hydrolysis, thereby affecting
their potential atherogenecity. CSPGs also affect the intracellular accumula-
tion of lipids. CSPGs‐LDL complexes are internilized rapidly by macro-
phages and ASMCs through both LDL receptor and LDL receptor‐related
protein pathways (Camejo et al., 1998; Llorente‐Cortes et al., 2002). The
avidity of this uptake results in intracellular accumulation of lipids and the
formation of foam cells, which are found in atheroclerotic plaques.
B. Role of CSPGs in Atherosclerotic
Inflammatory Process
The accumulation of CSPGs in the ECM in early atherosclerotic lesions
may also influnce the retention of inflammatory cells. CSPGs like versican
can bind both to hyaluronan and CD44, stabilizing the CD44‐dependent
interactions of inflammatory cells with ECM. The interaction of versican
with CD44 is mediated through CS chains and the link module domain



FIGURE 1 (A) Histochemical examination and evaluation of normal, atherosclerotic type

II, atherosclerotic type V, and aneurysmal aortic specimens using Movat’s pentachrome

staining. Elastic fibers stain black, collagen fibers bright yellow, and PGs/GAGs blue‐green,
whereas the cytoplasmic contractile apparatus of smooth and striated muscle stains red–
orange. (B) Glycosaminoglycan distribution in the corresponding aortic specimens. (C)

Disaccharide composition of CS/DS chains isolated from the corresponding aortic specimens

(Modified from Theocharis et al. 2002, Fig. 1, p. 670, Fig. 3, p. 671, and Table I, p. 672).
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present on the amino‐terminal region of CD44 (Wight andMerrilees, 2004).
Furthermore, CSPGs interact through specific oversulfated sequences in the
CS chains with other adhesion molecules present on the surface of inflam-
matory leukocytes, such as P‐ and L‐selectin, which have been implicated in
leucocyte trafficking and inflammatory disease as well as with chemokines
(Hirose et al., 2001; Kawashima et al., 1999, 2000, 2002). The adhesion
molecules and chemokines preferentially bind the tetrasaccharide GlcA‐
GalNAc(4S,6S)‐GlcA‐GalNAc(4S,6S) isolated from squid cartilage CS‐E.
Thus, CSPGs enriched ECM provides multiple binding sites for inflammato-
ry cells. CSPGs could influence the availability of inflammatory chemokines
and further promote inflammation. Versican through its CS chains has been
demonstrated that bind several chemokines involved in the recruitment of
mononuclear leukocytes. These interactions may sustain the inflammatory
response making versican a key molecule of the inflammatory process oc-
curred in atherosclerosis. The CS‐containing splice variants of CD44 are
also able to interact with interferon g, regulating some of the biological
effects of this cytokine on ASMCs (Hurt‐Camejo et al., 1999). The latter
suggests a potential role for CSPGs accumulating in atheroslerotic lesions to
retain inflammatory cytokines at the surfaces of ASMCs.
C. Versican as an Important Modulator of
ASMCs Properties
Versican and hyaluronan aggregates accumulate in the pericellular ma-
trix when ASMCs are stimulated to proliferate and migrate creating a
viscoelastic coat around the cells. The accumulation of versican–hyaluronan
aggregates is a hallmark in early atherosclerotic lesions. ECM enriched in
versican and hyaluronan allows the cells to change shape to prepare their
proliferation and migration. In addition, versican acts as an antiadhesive
molecule through interactions with hyaluronan at the cell surface (Wight,
2002; Wight and Merrilees, 2004). These properties of versican reside in the
CS chains attached on the core protein. It has been demonstrated (Lemire
et al., 2002) that the overexpression of V3 isoform of versican, which lacks
CS chains, by retroviral transduction in ASMCs promotes adhesion, flatten-
ing of the cells, increase in the close contacts, decrease in cell detachment in
response to trypsin, reduction of pericellular coats, and inhibition of growth
and migration. The effect of V3 expression on these phenotypic changes is
thought to be mediated by competition of V3 with V1 for binding to
hyaluronan at the cell surface. The exact mechanism through which CS
chains involved in cell proliferation is still unknown.

The supramolecular aggregates of versican with hyaluronan and link
proteins trap water creating viscoelastic and turgor pressures within the
arterial wall. These are considered to create reversibly compressive struc-
tures necessary to avoid the deformation of blood vessels by the pulsatile
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pressures of the circulatory system. In advanced atherosclerotic lesions,
a significant stage‐related decrease of CSPGs, especially in versican,
occurs and is accompanied by a dramatic decrease in aneurysmal aortas
(Theocharis and Karamanos, 2002; Theocharis et al., 1999, 2001, 2002)
(Fig. 1). This is a result of the decreased number of ASMCs found in advanced
lesions, since they are going to apoptosis due to the high‐local concentration
of oxidants, the limited diffusion of nutrient molecules through thickned
intima, or possible direct cytotoxic effect of T lymphocytes present in these
lesions. Furthermore, a specific down regulation of the expression of fully
glycanated isoform of versican V1 in aneurysmal aortas has been demon-
strated. It has been suggested that the elimination of the concentration of
versican and the replacement of fully glycanated isoform V0 by limited
glycanated isoforms, like V1, in advanced atherosclerotic lesion and in
aneurysmal aortic wall create an ECM with lower swelling pressure and
decreased viscoelastic properties. These changes may be crucial for the
reduction of the aortic wall viscoelastic and compressive properties, and
the subsequent deformation and dilatation of the aorta occurred in aortic
aneurysm, a disease associated with advanced atherosclerosis.
D. CSPGs as Regulators of ECM Organization and
Biomechanical Properties of Aortic Wall
CSPGs are also involved in ECM assembly, providing the vessel wall
with specific biomechanical properties. A continuous ECM remodeling
takes place during different phases of atherosclerosis as part of tissue injury
and inflammatory response. During these phases, a continuous degradation
and disassembly of various ECM components is occurred, which is accom-
panied by reassembly of particular components. Early atherosclerotic
lesions are characterized by the deposition of ECM molecules creating a
loose and waterly ECM, which permits the cellular proliferation, invasion,
and tissue repair. A more fibrous ECM enriched in collagen and assorted
glycoproteins then replaces this hydrated ECM in advanced atherosclerotic
lesions and aneurysmal aortic wall (Theocharis and Karamanos, 2002;
Theocharis et al., 2002; Wight and Merrilees, 2004) (Fig. 1). The newly
remodeled ECM is constantly free from mature elastic fibers, a major ECM
protein found in media layer of elastic arteries. Elastic fibers are important
for the regulation of intimal thickening, ASMCs proliferation, and migra-
tion (Brooke et al., 2003). Furthermore, elastic fibers are critical for regula-
tion of the biomechanical properties of the tissue. The elastic fibers in the
medial layer totally adsorb the pressure waves of the circulatory system
expanding their lamellae. Collagen fibers dominated in all layers of ad-
vanced atherosclerotic vessel as well as in aneurysmal aortic wall alter the
mechanical properties of the tissue providing vessel wall with stiffness and
rigidity, reducing its viscoelastic and compressive properties. Thus, factors
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regulating the elastic fiber formation are important for controlling vascular
lesion formation as well as vessel wall functionality. CS chains predominate
in CSPGs in early atherosclerotic lesions seems to be an important factor
that inhibits elastic fibers assembly (Hinek et al., 1991). Actually, elastic
fibers are depleted in tissues in which versican levels are elevated such as in
restenotic lesions. Overexpression of versican isoform V3 that lacks CS
chains in ASMCs results in changes in tropoelastin expression and accumu-
lation of elastic fibers in long‐term cultures (Merrilees et al., 2002). When
transduced cells are seeded into ballon injured rat carotid arteries, a highly
structured neointima enriched in elastic lamellae develops. It has been also
demonstrated (Hinek et al., 2004) that overexpression of V3 completely
reverses impaired elastogenesis in skin fibroblasts from Costello syndrome
and Hurler disease. This phenotypic reversal is accompanied by loss of CS
from the cell surface and increased levels of elastin binding protein (EBP). It
is suggested that induction of elastic fiber production by gene transfer of V3
is mediated by rescue of the tropoelastin chaperone EBP.

Fibroblasts from Costello syndrome and Hurler disease synthesize tro-
poelastin at a normal rate but are unable to assemble extracellular insoluble
elastin. This is also accompanied with low amounts of EBP and is associated
with quick lose of EBP into conditioned media, suggesting a deficiency in this
recyclable tropoelastin chaperone. Taking together with the observation that
b‐galactosugars can bind to the galactolectin domain of EBP and to inhibit
tropoelastin binding to EBP supports a central regulatory role for CS in
elastic fibers assembly. Furthermore, the observation that enzymatic degra-
dation of CS by exogenous added chondroitinase ABC leads to restoration of
elastic fibers assembly in cultures of skin fibroblasts derived from patients
with Costello syndrome of Hurler disease supports this suggestion (Hinek
et al., 2004). The replacement of CS‐bearing versican by nonglycanated V3 in
versican–hyaluronan–CD44 supramolecular complexes at the cell surface is
suggested to be responsible for the rescue of EBP, overexpression of tropoe-
lastin, and proper formation of elastic fibers assembly. Thus, the overexpres-
sion of CSPGs, especially that of versican, in early atherosclerotic lesions is
probably a negative regulator of elastic fibers formation, development of
atherosclerotic lesions, and reduced biomechanical properties of the tissue.
IV. CSPGs in Cancer Development ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Types, Differential Expression, and Structural
Modification of CSPGs in Various Cancer Types
CSPGs are not only important structural molecules for proper ECM
assembly but are also functional key molecules regulating several cellular
processes (Fig. 2). Abnormal expression and function of PGs have been



FIGURE 2 Biological functions of CS chains implicated to the development of
atherosclerosis and cancer progression.
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demonstrated in various types of cancer. The development of newly formed
tumor stroma is a characteristic feature of numerous solid tumors. Tumor
stroma and tumor fibrotic tissue contain abnormaly higher concentration of
PGs than corresponding surrounding tissue. The major types of PGs accu-
mulated in tumor stroma are CSPGs, especially versican and decorin. Pro-
teoglycans accumulated in the tumor stroma exhibit contradictory
properties. For example, SLRPs, especially decorin, has proven antiproli-
ferative properties, whereas versican seems to promote tumor growth and
spread (Iozzo, 1998; Wegrowski and Maquart, 2004).

Decorin is overexpressed in various malignant tumors such as colorectal
carcinoma, colon adenocarcinoma, melanoma, osteosarcoma, basal cell
carcinoma. This PG is also expressed in benign tumors with strong fibrotic
reaction. In contrast, other malignant tumors are characterized by decreased
decorin expression (Wegrowski and Maquart, 2004). Decorin antiprolifera-
tive activity is thought partially to be mediated by acting as a natural
inhibitor of TGFb, since decorin core protein binds this growth factor and
limits its bioavailability (Yamaguchi et al., 1990). Upregulation of decorin
gene expression is associated with growth arrest through upregulation of
p21Cip1/WAF1 protein, and therefore, decorin has direct antiprolifeartive
properties. Furthermore, decorin acts as a ligand for EGF receptor. In breast
cancer, the ectopic expression of decorin induced an inhibition in signaling
mediated through EGF receptor (Iozzo, 1998; Wegrowski and Maquart,
2004). In contrast, versican expression is associated with tumor growth,
in vitro angiogenesis and cancer cell spread (Wight, 2002). The accumula-
tion of CSPGs in tumor stroma in various malignant tumors is associated
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with specific posttranslational modifications (Theocharis, 2002; Theocharis
and Theocharis, 2002; Theocharis et al., 2000, 2003; Tsara et al., 2002). In
colon adenocarcinoma (Theocharis, 2002), decorin and versican accumula-
tion is accompanied by alteration in the type of GAG bound on core
proteins. Dermatan sulfate (DS) is the major type of GAG bound on versican
and decorin cores and is replaced by CS chains. This alteration is associated
with the sulfation pattern of GAG chain, 4‐sulfated disaccharides predomi-
nated in both PGs in normal tissue are minor consituents of the CS chain in
malignant tumors. CS chains are enriched to 6‐sulfated disaccharides
with elevated amounts of nonsulfated units. Furthermore, CS and remaining
DS chains of both PGs have decreased molecular size. Accumulation of
versican and decorin in tumor stroma accompanied by posttranslational
modifications in the type and sulfation of CS/DS chains of these PGs similar
to those observed in colon adenocarcinoma were also observed in pancreatic
(Theocharis et al., 2000), gastric (Theocharis et al., 2003), and rectum
carcinoma (Theocharis and Theocharis, 2002; Tsara et al., 2002). In con-
trast to cancer development in gastrointestinal track, the development of
laryngeal squamous cell carcinoma follows a different way (Skandalis et al.,
2004). Larynx is a complex organ composed of four kinds of cartilage,
which comprise the skeletal structure of cartilage and are consisted mainly
of collagen type II and aggrecan. The destruction of these cartilages is
suggested to be a prerequisite for the spread of endolaryngeal tumors arise
from epithelial layer, since cartilages are suggested to behave like natural
barriers to the tumor spread. The development of laryngeal squamous cell
carcinoma is characterized by a simultaneous destruction of cartilages and
decrease of aggrecan, which is accompanied by elevation of matrix PGs
versican and decorin in tumor stroma in soft tissue. The accumulation
of versican and decorin is not able to balance the marked decrease of aggrecan
in this tissue, so a dramatic decrease in CS concentration and to 6‐sulfated
disaccharide units is observed in laryngeal cancer (Skandalis et al. 2004).
B. Structural Alterations of CSPGs Influence the
Biology of Cancer Cells
The sulfation pattern of CS and DS is suggested as a key mediator of
several biological events. It has been proposed that the increase in the ratio
of 6‐sulfated to 4‐sulfated disaccharides in CS represents a general phenom-
enon that is occurred in immature tissues, which are containing proliferating
and differentiated cells. It has been suggested that influence some develop-
mentally significant events such as cellular adhesion, migration, and neurite
outgrowth. As shown by recent studies, the type and the sulfation patterns of
versican and decorin present in ECM are of great importance for the migra-
tion of the cells through ECM. It has been demonstrated (Perissinotto et al.,
2000) that versican promotes the migration of neural crest cells, lining their
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migratory routes, and both core protein and the GAG side chains mediate
this function. Versican purified by the migratory routes of neural crest cells is
primarily substituted with 6‐sulfated CS. The substitution of versican by DS
chains is suggested to be responsible for the repulsion‐like effects exerted on
the migration of neural crest cells. Identical effects have been documented
for aggrecan, which inhibits the migration of neural crest cells. Merle et al.
(1999) showed that decorin inhibits the migration of MG‐63 osteosarcoma
cells, and this phenomenon is depended on both core protein and GAG chain
and is diferentially mediated by its GAG chains. Particularly, it was demon-
strated that decorin bearing DS chain was 20‐fold more effective in inhibit-
ing migration of cells than decorin bearing CS chains. These data suggest
that fine structural alterations of versican and decorin in tumor stroma may
influence directly the biology of cancer cells, contributing to cell growth and
migration through a mechanism similar to that observed in neural crest cells
and osteosarcoma.
C. Role of CS in Interactions with Growth
Factors/Cytokines and Cell Signaling
Studies demonstrated that CS is able to interact with various growth
factors that dictate various biological processes during tumor growth and
spread (Fig. 2). CS chains interact with heparin binding growth factors, and
these interactions are specifically inhibited by CS or DS containing the
E disaccharide unit consisted by GlcA‐GalNAc(4S, 6S) or the corresponding
disaccharide of DS, IdoA‐GalNAc(4S, 6S) (Sugahara et al., 2003). CSE
isolated from squid cartilage binds several heparin‐binding growth factors,
including FGF‐2, FGF‐10, FGF‐16, FGF‐18 midkine (MK), pleiotrophin
(PTN), and heparin binding epidermal growth factor (Deepa et al., 2002;
Sugahara et al., 2003). MK and PTN have well‐established neuroregulatory
activities, promoting neuronal adhesion and migration, survival of hippo-
campal neurons, and neurite extension (Kadomatsu andMuramatsu, 2004).
The interactions of CS‐E with MK and PTN as well as with FGF‐18 exhibit
high affinity comparable to those with heparin. This implies that addition-
ally to HS chains, CS chains containing E units function as coreceptors for
these growth factors, similar to the function of DS chains as coreceptor
for FGF‐2, FGF‐7, and HGF (Sugahara et al., 2003). The heparin‐binding
activity of MK and PTN postulated that HSPGs of cell membrane may be
members of the receptor complex of these growth factors. Syndecans, the
hybrid HS/CSPGs, are able to bind MK and PTN and is suggested that PTN
and N‐syndecan utilize the contractin‐Src pathway for the intracellular
signaling in neurite outgrowth (Kadomatsu and Muramatsu, 2004). MK
and PTN also bind to CSPG PTPz with high affinity, and this binding is
essential in order to induce nerve‐cell migration. PTPz is a receptor‐type
protein tyrosine phosphatase of which the extracellular domain bearing CS
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chains and the intracellular domain exhibit protein tyrosine phosphatase
activity. The Kd of PTPz for MK is 0.56 nM, while chondroitinase digestion
increases it to 8.8 nM, indicating that the CS chain is necessary for high
affinity.MK and PTPz utilize PI3‐kinase and Erk for osteoblast cell migration
and neuronal survival. PTN binds to PTPz inactivates phosphatase acti-
vity of PTPz and eventually induces tyrosine phosphorylation of b‐catenin
(Kadomatsu and Muramatsu, 2004). Several studies indicate that MK and
PTN are overexpressed in various malignant tumors and may be markers for
carcinomas. MK and PTN promote cancer‐cell growth and survival. Cell
migration activity of MK and PTN has been demonstrated for osteoblastic
osteosarcoma cells and seems thatN‐syndecan and PTPz are involved in this
activity. CS chains play a crucial role in MK‐mediated cell migration, and
this activity of MK involves PI3‐kinase and Erk signaling (Kadomatsu and
Muramatsu, 2004). PTN is also an important regulator of angiogenesis,
and this function is mediated through PTPz, involving Src kinase, focal
adhesion kinase, PI3‐kinase, and Erk signaling (Polykratis et al., 2005).
D. CS as Anticancer Agent
CS can also be used directly as anticancer agent or can be used for
efficient drug delivery. CS as well as HS chains exposed to carbodiimide
(EDAC) substantially reduced cell viability by induction of apoptosis in
myeloma cells and breast cancer cells in vitro. The modified CS when
injected directly into breast tumors growing in nude mice reduced or abol-
ished cancer‐cell growth without causing apparent toxocity to adjacent
normal tissues. This new class of CS molecules demonstrates important
anticancer activities and may develop as a novel class of therapeutic agents
(Pumphrey et al., 2002). Taking into account the observation that CS is
overexpressed in several highly metastatic tumors developed the idea to use
CS as a target for the selective delivery of anticancer drugs by polyethylene
glycol (PEG)‐coated liposomes. These liposomes contained a new cationic
lipid 3,5‐dipentadecycloxybenzamidine hydrochloride (TRX‐20) bound
preferentially to CS and avidly internalized by highly metastatic tumor
cells. When TRX‐20 liposomes loaded with cisplatin, they effectively killed
the CS‐expressing tumor cells in vitro and in vivo. It is suggested that CS‐
targeted delivery of anticancer drugs by novel cationic liposomes represents
a potentially useful strategy to prevent the local growth and metastasis of
tumor cells that have enhanced expression of CS (Lee et al., 2002).
V. Conclusions ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In this chapter, we describe that CS chains implicated in several biologi-
cal functions involved in the development of atherosclerosis and cancer pro-
gression. CS plays important role in lipoprotein retention, modification, and
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internalization in atherosclerosis as well as in the inflammatory process oc-
curred in this disease. ASMCs phenotype, ECM organization, as well as the
biomechanical properties of the vessels are also influenced by CS chains,
suggesting that CSPGs are key molecules for the development of vascular
disease (Fig. 2). Furthermore, an increasing number of recent studies demon-
strate marked accumulation of specific CSPGs in the tumor stroma, and CS
chains are characterized by specific structural modifications. This general
phenomenon demonstrated in various cancer typesmay suggest a fundamental
biological role for CS chains in tumor progression. Although this biological
role has not been determined yet, a clear correlation of CSPGs accumulation,
especially the deposition of versican, with cancer progression has been demon-
strated. Future work will help to clarify the biological functions of CSPGs and
their involvement in pathological mechanisms underlying many different
human diseases.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In developing tumor, several chondroitin sulfate proteoglycans (CSPGs)
are overexpressed and deposited into extracellular matrix (ECM) during the
stromal reaction. The accumulated PGs participate in the organization of
ECM and modulate tumor cell behavior. Whereas large CSPGs of the
hyalectan (lectican) family, like versican or nervous tissue BEHAB/brevican,
carry out protumoral effects by increasing cell motility and migration, the
small leucine‐rich proteoglycans (SLRP) family, notably decorin and lumi-
can, have antitumoral properties. The CSPGs of cell surface, particularly
CD44 or NG2/MAA, synthesized and expressed by tumor cells, stimulate
cell growth, migration, and detachment from the substratum, contributing
to tumor growth and metastasis. Some fragments of PG core protein (matri-
kines) and degraded GAGs contribute in local reaction in their own part.
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This chapter discusses the implication of stromal and cell surface CSPGs to
the different aspects of tumor growth and metastasis.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Proteoglycans containing CS chain(s) are ubiquitous components of all
extracellular matrices and, probably, all mammals’ cell surfaces including
erythrocyte membrane (Baggio et al., 1990). CS is synthesized in Golgi
compartment by the successive addition of N‐acetyl‐galactosamine and
hexuronic acid units (see previous chapters). The synthesis of hexuronic
acid is a unique nonredundant pathway controlled by UDP‐glucose dehy-
drogenase (UGDH) (Wegrowski et al., 1998). Mutational inactivation of
UGDH is lethal in mammals, stopping embryo development at the step of
gastrulation by mesoderm formation failure (Garcia‐Garcia and Anderson,
2003). Although GAGs are necessary for the assembling of all extracellular
matrices, including tumor stroma, transformed cells of growing and invad-
ing tumors keep in touch with ECM of host organ. This matrix contains
the intrinsic information to control cell and macromolecular movement
(Hornebeck and Birembaut, 2004). CS plays a part in this control. Two
well‐known examples are: (i) the inhibition of neurite outgrowth by CS
(Morgenstern et al., 2002) and (ii) ion exchange exclusion of anionic macro-
molecules (Jaques, 1991). Recent studies showed that the core protein and
fragments of CSPG may also influence the cell behavior. The control of
angiogenesis by fragment of perlecan (endorepelin) may serve as an example
(Bix and Iozzo, 2005).

Invading tumors synthesize a plethora of macromolecules, including
growth factors, chemokines, proteolytic, and glycolytic enzymes for remod-
eling ECM and facilitate tumor growth. As the PGs are organizers of ECM,
they influence the composition of tumor stroma. On the other hand, mesen-
chymal cells of host organ respond to pathological signals, developing
nonimmune defence mechanisms to constrain tumor growth. Once again,
PGs play a major role in this struggle. In general, matrix macromolecules
and the products of their degradation: GAGs, matrikines, play informative
and modulatory roles for mesenchymal host cells and tumor cells (Maquart
et al., 2004). Malignant cells escape from this control by modifying cell
surface receptors and expressing new molecules which in turn change the
cell capacity to adhere to substratum and modify the anchorage‐dependent
growth, escaping from anoikis (Frisch and Francis, 1994).

Studies of last two decades permitted a great progress in the compre-
hension of the GAG and PG involvement in the modulation of cell behavior,
tumor progression, and metastasis. The recombinant protein approach and
the application of monoclonal antibodies revealed interesting features
of core protein of CSPG. Previous chapters and different reviews gave a
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state‐of‐the‐art of stromal and cell surface PGs. The scope of this chapter is
to outline the progress of the comprehension of the biological role of CSPG
in tumor growth, progression, and invasion during the last decade. Earlier
studies have been described in detail in some further reviews (Iida et al.,
1996; Iozzo and Cohen, 1994).
III. The Stromal Reaction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Most, if not all, growing solid tumors induce the formation of extracel-
lular stroma, the phenomenon called stromal reaction (Ioachim, 1976). For a
long time, ECM was only considered as an architectural support for tumor
cells. Recent data, however, indicate that ECM is, in fact, a major component
for the regulation of cell activity. The different modules of the proteins that
constitute the ECM macromolecules represent, for the cells that enter into
contact with them, new signals capable of activating several intracellular
signaling pathways, resulting in the modulation of numerous cell functions
(Maquart et al., 2004). CSPGs and hyaluronan are necessary to the organi-
zation of ECM. They contribute also to cell signaling (Williams and Davies,
2001). Tumor cells can neither proliferate nor migrate without modification
of the stroma or without the help of nontumor cells. For example, the
migration of the cells is largely supported by CS and hyaluronan.

Extracellular ‘‘structural’’ macromolecules, including CSPG, have a mod-
ular architecture. The low‐molecular mass ‘‘modules,’’ able to influence cell
behavior, were recently called ‘‘matrikines’’ (Maquart et al., 2004). The prote-
olysis and glycolysis of stromamacromoleculesmay liberatematrikines,which
often have properties different to original macromolecule. For instance, the
degradation products of hyaluronan inhibit tumor cell growth (Ghatak et al.,
2002) whereas macromolecular hyaluronan accelerates cell migration
(Adamia et al., 2005).

The concentration of PGs and GAG are higher in tumor stroma that in
adjacent host organ stroma (Ricciardelli et al., 1997; Timar et al., 2002)
and still more concentrated in tumor growing edge (Nara et al., 1997). Also,
the PG’s composition is different, and their metabolism accelerated in
tumor stroma (Heredia et al., 1996; Papadas et al., 2002; Theocharis and
Theocharis, 2002). The PGs may influence tumor cells and host organ
fibroblasts, changing their phenotype. For instance, fibroblasts in tumoral
zone often acquire a myofibroblastic phenotype (Desmouliere et al., 2004).
Except basement membrane, stromal PGs are CS type; heparan sulfate (HS)
PGs are fragments of macromolecules shaded from cell surface.

The tumor stromal GAG content and structure were analyzed in details
(Nagle, 2004; Shriver et al., 2002; Trowbridge and Gallo, 2002). The com-
position of GAG is different in tumor as compared to normal tissue, and in
general, tumor stroma contains higher concentration of GAGs, indicating
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an accelerated metabolism. For example, increased galactosaminoglycan
(GalAG) deposition characterizes hepatocarcinoma (Kovalszky et al.,
1990; Lapis et al., 1990) or cancers of the gastrointestinal tract (Theocharis
and Theocharis, 2002). Deposition of GAG is also observed in fibrosis, but
their composition and rate of metabolism is more comparable to inflamed
tissue. Oversulfation of GAGwas reported in fibrosis (Koshiishi et al., 1999)
with an increased proportion of dermatan sulfate (DS) (Wegrowski et al.,
1999; Yokoyama et al., 1997). In cancer stroma, the ratio CS/HS was found
to be increased, partly because of accelerated degradation of HS not only by
heparinases/heparitinases (Haimovitz‐Friedman et al., 1991) but also by
acceleration of CS synthesis. In extreme cases like in mastocytoma, CS
replaces HS (Lidholt et al., 1995). The detailed composition of GalAGs of
human colon adenocarcinoma was recently published (Daidouji et al., 2002;
Theocharis, 2002). In healthy human colon, DS contributes to 90%ofGAGs
whereas colon adenocarcinoma contains almost 90% of CS with lower‐
hydrodynamic size. Also the ratio of 4‐sulfated to 6‐sulfated GAGs is re-
versed from 4:1 in normal tissue vs. 1:3 in adenocarcinoma. The acceleration
of the synthesis of GAG is often accompanied by a substantial increase of
nonsulfated disaccharides (Kovalszky et al., 1990). In invading melanoma,
the accumulation of CS was associated with the appearance of a higher
quantity of CS E, containing 4‐ and 6‐sulfated galactosamine (Smetsers
et al., 2004). The accumulation of CS was also noted in prostate tumors
(Cardoso et al., 2004). An opposite situation was observed in squamous cell
carcinoma, where the loss of CS correlated with the invasion of the tumor
into the larynx (Uhlman and Niehans, 1999). The changes of GAG composi-
tion may expand to the adjacent, normal tissue as it was observed in the
case of renal and liver carcinomas, suggesting the action of soluble factors
on adjacent mesenchymal cells (Kovalszky et al., 1990). Such modified
macromolecules can modulate tumor cells in different manner.
IV. Tumor Stroma CS/DSPGs ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The CSPGs belong to several families. Extracellular PGs include large
PGs of the hyalectan family (e.g., agrecan, versican), SLRP, testicans and
occasionally substituted with CS, basement membrane PGs (perlecan,
agrin). Several collagen types (IX, XII, XIV, and XV) have been shown to
exist in CSPG form. Cell surface PGs are divided into three families: trans-
membrane hyalectans (lecticans), transmembrane syndecans (four genes),
and glycosylphosphatidylinositol (GPI)‐anchored glypicans (six genes). The
nonclassified transmembrane PGs include thrombomodulin, betaglycan,
endocan, and NG2/human melanoma PG. Several neural CSPGs have
been isolated from brain (Dow and Wang, 1998; Schwartz and Domowicz,
2004). It includes appican, amyloid precursor like protein‐2, neuroglycan,
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neurocan, phosphacan/RPTPbeta/PTPzeta, BEHAB/brevican. Neurocan
and brevican shear structural homology with aggrecan and versican of
hyalectan family. Numerous excellent reviews describe the properties and
characteristics of the PGs (Iozzo, 1998, 1999; Schwartz and Domowicz,
2004). See also the other chapters of this issue.

While some PGs (aggrecan, versican), when synthesized in PG form, are
always modified by CS/DS chains, other PGs (e.g., perlecan, syndecans, or
glypicans) are either hybrid HS/CS molecules or substituted with HS or CS
only. This posttranslational modification of GAG synthesis depends on the
concentration and availability of Golgi sugar transferases, which synthesize
the GAG nascent chains (Fransson et al., 2000).

The PGs of the same family may share similar tissular/cellular localiza-
tion. For example, PGs of the SLRP family are located on the collagen fibrils
in skin (decorin), cornea (lumican), or tendon (fibromodulin) (Ameye and
Young, 2002). The same PG may exist in different spliced forms; the most
characteristic are versican and CD44 spliced variants. They were isolated
from tumor tissues or from metastases and, at least for the CD44, are
associated with the metastatic potential of cells (Naor et al., 2002).

The heterogeneity of GAGs and the existence of more than 50 genes for
PGs give a plethora of molecular properties for these macromolecules.
Often, the property of an isolated GAG chain is contradictory to those of
the same chain attached to the protein core of PGs (Timar et al., 2002). The
contradictory properties of PGs vs. GAGs may be seen in tumor progression
during stromal reaction (Alaniz et al., 2002; Denholm et al., 2001).

Different PGs have been isolated and characterized from tumor stroma.
The expression of SLRP family members was studied in tumors of different
origins. Decorin, the most abundant SLRP, is expressed in enhanced level
in different malignant tumors like colorectal carcinoma (Tsara et al.,
2002), colon adenocarcinoma (Theocharis, 2002), basal cells carcinoma
(Hunzelmann et al., 1995), melanoma (Ladanyi et al., 2001), or osteosar-
coma (Soderstrom et al., 2002). Numerous benign tumors with strong
fibrosing reaction are characterized by enhanced decorin expression and
deposition (Berto et al., 2003), especially in central, fibrosing zone. The
enhanced expression of decorin during stromal reaction is the result of the
hypomethylation of its promoter (Adany and Iozzo, 1991). Other tumors,
like lung adenocarcinoma and squamous cell carcinoma (McDoniels‐Silvers
et al., 2002), hepatocellular carcinoma (Miyasaka et al., 2001), breast
carcinoma (Leygue et al., 2000), or ovarian tumors (Nash et al., 2002), are
characterized by decreased decorin expression. This may be attributed to
intracellular degradation of newly synthesized molecules by illegitimate
ubiquitination (Nash et al., 2002). The overexpression of decorin is often
accompanied by alterations of the structure of its GAG chain, shifted from
DS to CS type (Daidouji et al., 2002). Much less is known about the
expression of other SLRP family members. Lumican synthesis is upregulated
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in pancreatic, colorectal, and breast cancers (Leygue et al., 2000; Lu et al.,
2002; Ping Lu et al., 2002) and in stroma of salivary pleiotropic adenoma
(Kusafuka et al., 2004). In invasive breast carcinoma, reduced expression of
lumican is correlated with cancer progression (Troup et al., 2003). Biglycan
is overexpressed in pancreatic cancer (Weber et al., 2001) and hyperplasic
thymus (Tomoyasu et al., 1998).

The massive screening techniques based on genomics and proteomics
microchips added new knowledge on the expression of SLRP in different
tumors. Decorin mRNA expression was observed in pancreatic cancer
cells (Blasco et al., 2004) and pancreatic stellate cells (Koninger et al.,
2004). Surprisingly, fibromodulin was discovered as tumor‐associated anti-
gen in chronic lymphocytic leukemia (Mayr et al., 2005). Several cases of
atypical addressing of SLRP were also noted. Lumican accumulated
in cytoplasm of the neuroendocrine carcinoma cells (Shinji et al., 2005).
Biglycan and decorin were atypically addressed into the nucleus in glioma
cells (Liang et al., 1997) and squamous carcinoma cells (Banerjee et al.,
2003), respectively.

The implication of SLRP in cancer development has been intensively
studied since the discovery of ‘‘antioncogenic’’ effects of decorin. Ectopic
expression of decorin retards the growth of many cancer cell lines (Santra
et al., 1995) and implanted tumors (Santra et al., 1997). This effect has been
observed ‘‘at distance’’ of the decorin expression site. The expression of
decorin on the opposite side of the tumor inhibited its growth (Tralhao
et al., 2003). Other SLRPs can also contribute to the control of tumor
progression. The expression of biglycan by pancreatic cancer cells inhibits
cell proliferation by induction of a G1 phase arrest (Weber et al., 2001).
Lumican inhibits the anchorage‐independent growth of melanoma in vivo
and in vitro (Vuillermoz et al., 2004). The mechanism of tumor growth
inhibition by SLRPs may be complex and depend on local cell–protein
interaction. The expression of SLRP is often activated during the stromal
reaction phase of cancer development (Iozzo, 1995). As these PGs control
the formation of the collagen fibrillar network (Iozzo, 1999), the stroma of
SLRP‐deficient mice could be more permissive for neoplastic progression
and formation of metastasis (Ameye and Young, 2002). In addition, it was
shown that decorin may regulate tumor angiogenesis. Several SLRPs bind
and neutralize growth factors. As growth factors are important molecules
for stimulating tumor growth, their neutralization may be an important
contribution to cancer therapy. Numerous studies have reported the direct
interaction between SLRP and cancer cells. For instance, decorin binds to
EGF receptor (Iozzo et al., 1999), downregulates ErbB2 and MAP kinases
(Santra et al., 2000) and upregulates p21Cip1/WAF1 CDK inhibitor (De Luca
et al., 1996), leading to an inhibition of cell proliferation and specific
induction of apoptosis in transformed cells (Tralhao et al., 2003). Biglycan
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and lumican upregulate p27 and downregulate cyclin A and proliferating
cell nuclear antigen (Vuillermoz et al., 2004; Weber et al., 2001).

Versican and aggrecan are both high‐molecular mass, stromal PGs
decorated with CS chains and, in the case of aggrecan, with keratan sulfate
(KS) chains also. Like collagen type II, aggrecan is mainly present in
cartilaginous matrix. The expression of aggrecan was found enhanced
in different tumors of cartilage, including chondroblastoma (Aigner et al.,
1999), chondroma (Gottschalk et al., 2001), and chondrosarcoma (Aigner
et al., 2002) but decreased in squamous cell carcinoma (Uhlman and
Niehans, 1999). The synthesis of aggrecan was also observed in osteosarco-
ma cells (Liu et al., 1997) and salivary gland adenoma (Zhao et al., 1999),
providing an explanation for the formation of pseudo‐cartilaginous matrix
and calcification, clinically observed in different tumors (Abramovici and
Steiner, 2002; Kim et al., 2003).

Versican is expressed in the stroma of several, if not all, human
cancers (Isogai et al., 1996), sometimes as the most abundant PG (Tsara
et al., 2002). The expression of versican was observed in prostate (Isogai
et al., 1996), breast (Suwiwat et al., 2004), lung (Pirinen et al., 2005),
ovarian (Voutilainen et al., 2003) cancers and in odontogenic tumors (Ito
et al., 2002), several brain tumors (Paulus et al., 1996), melanoma (Touab
et al., 2003), pharyngeal squamous cell carcinoma (Pukkila et al., 2004),
and keratinocyte tumors (Karvinen et al., 2003). The ECM of glioma con-
tains a small amount of versican, and this PG is absent in squamous cell and
in situ carcinomas (Karvinen et al., 2003). In general, the most important
versican expression was observed in the less differentiated tumors. By im-
munochemical techniques, versican was localized to peritumoral stroma,
and its presence was correlated with hyaluronan expression. Suwiwat et al.
(2004) analyzed the expression of versican of 86 breast cancers. Versican
was expressed on the perifery, and there was no immunostaining in the
central part of tumor.

Four isoforms of versican are present in different tissues: V0, V1 V2,
and V3 (Cattaruzza et al., 2002). The V3 isoform is deprived of GAG
chains. The expression of different isoforms was studied in brain tumors,
in melanoma and mesothelioma cells. In brain tumors, only gliomas
expressed V2 and V3 isoforms mRNA, with weak immunostaining for the
corresponding proteins. More pronounced staining was observed in tumor
vessels (Paulus et al., 1996). The aggregation of malignant mesothelioma
cells was accompanied by the decreased synthesis of V1 isoform (Syrokou
et al., 2002). In melanoma, the expression of V0, V1, and V2 isoforms
decreased with cell differentiation (Domenzain et al., 2003) and overexpres-
sion of the nonglycosylated V3 isoform correlated with a decreased growth
potential of melanoma (Serra et al., 2005) and astrocytoma (Wu et al.,
2001).
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For diagnosis and prognosis purposes, different cohort studies tried
to correlate versican expression with tumor progression and outcome. In
breast (Paulus et al., 1996) and nonsmall cell lung cancers (Pirinen et al.,
2005), there was a positive correlation between PG expression and the
increased risk of relapse or more advanced disease. In prostate cancer,
the patients with low‐versican expression had better progression‐free surviv-
al (Ricciardelli et al., 1998). In malignant melanoma dysplastic nevi with
severe atypia, versican was a negative prognosis factor, more significant
than the characteristic melanoma‐associated PG, NG2 (Touab et al., 2003).

The expression of collagenous CS macromolecules is also modulated
during tumor development. Collagen type IX is upregulated in ovarian
carcinoma (Hibbs et al., 2004). Overexpressed collagen type XIV/undulin
and collagen type XVII increased the attachment of the cancer cells to the
substratum (Paulus et al., 1993; Tasanen et al., 2004). Collagen type XVand
HS collagen type XVIII are restricted to basement membrane zones (Li et al.,
2000). In colon adenocarcinoma and ductal breast carcinoma, the loss of
collagen type XV from the basement membrane zone was accompanied by
its appearance in the interstitium, a phenomenon that may facilitate tumor
invasion (Amenta et al., 2000, 2003). The C‐terminal NC1 domains of
collagens type XV and XVIII, restin and endostatin, respectively, possess
strong antiangiogenic properties (Kim and Herbst, 2002). A comprehensive
review of the antiangiogenic fragments from different collagens has been
recently published (Bix and Iozzo, 2005).
V. Tumor Cell Membrane PGs _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The external surface of the mammalian cell is covered with different
PGs. The isolation of chemically mutated cells, expressing no GAG chain,
demonstrated that this ‘‘coat’’ is not necessary for cell survival. On the
contrary, it seems necessary for tissue (organ) formation and, especially,
for tumor growth (Esko et al., 1988). The surface PGs are either one
transmembrane domain proteins with type I orientation or GPI‐anchored
proteins. Two families of membrane PGs, syndecans and glypicans, play a
fundamental role in tumor progression, but they are mostly studied as
HSPGs. Recent reviews described in detail the implication of these macro-
molecules in tumor biology (Bellin et al., 2002; Filmus, 2001; Sanderson
et al., 2004; Wegrowski and Maquart, 2004). The most important CS
tranmembrane PGs, broadly distributed in different cell types, are CD44,
type III TGF‐beta receptor betaglycan, and NG2. This last one is known
as high‐molecular weight melanoma‐associated antigen or cell surface
CSPG (HMW‐MAA, MSCP, respectively). The minor or restricted full time
CSPGs of nonneural origin comprise endothelial cells endocan (Bechard
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et al., 2001) and thrombomodulin (Parkinson et al., 1992), although
thrombomodulin may be substituted with HS chain.

NG2/MAAwas identified using monoclonal antibodies for the screening
of tumor‐associated antigens. It was found to be expressed by most human
melanoma cell lines (Wilson et al., 1983). In humans, NG2/MAA (CSPG4)
gene encodes a 2322 amino acid core protein substituted with one CS chain
(Pluschke et al., 1996). It may be expressed as a 450 kDa component
containing CS and a 280 kDa glycoprotein by the same cell type (Ross
et al., 1983). The extracellular part of molecule is composed of N‐terminal
globular domain, the central, CS substituted domain, and the juxtamem-
brane globular domain. The last domain contains proteolytic cleavage
sites (Nishiyama et al., 1995). The cytoplasmic C‐terminal tail contains
the sites of threonine phosphorylation and PZD binding motif, suggesting
interactions with other proteic components (Campoli et al., 2004).

NG2 is expressed in numerous embryonic and nondifferentiated cell
types, including different mesenchymal cells like immature chondroblasts,
osteocytes, smooth muscle cells, mural cells of vasculature, pericytes, and
basal keratinocytes (Nishiyama et al., 1991; Ozerdem et al., 2001). It is
widely distributed in central and peripheral nervous system, including neu-
romuscular junction (Petrini et al., 2003). The synthesis of NG2/MAA is
generally downregulated in the cells undergoing terminal differentiation.
The expression of the molecule was reported in several inflammatory
or genetic disorders, for example, muscular dystrophies or Raynaud’s syn-
drome (Petrini et al., 2003), and in many types of tumors. The molecule was
mostly studied in melanoma progression, but it is also expressed in different
nervous tissue tumors [glioma, astrocytoma, sarcoma, or neuroblastoma
(Chekenya et al., 1999)], basal cell and breast carcinomas (Kageshita
et al., 1985; Walter‐Yohrling et al., 2003), or leukaemia of different origins
(Smith et al., 1996). Excellent reviews treat of biology of this PG (Stallcup,
2002 and following issue papers, Campoli et al., 2004).

CD44 (Hermes) is another transmembrane PG, highly involved in cell
movement and tumor progression. This molecule was originally discovered
as lymphocyte homing receptor (Gallatin et al., 1983). It is an almost ubiqui-
tous adhesive membrane protein. At least 30 different splice products, exist-
ing in many cells types, place CD44 as one of the most variable molecule of
the cell surface (vanWeering, 1994). The standard splicing form (CD44s) is a
protein of 37 kDa deprived of GAG chain. The GAG consensus attachment
site (SGXG) resides in the variable third exon (v3), so only splice variants
containing this region are substituted with GAG chain (Jackson et al., 1995).
The full‐length molecule exceeds 200 kDa. In keratinocytes CD44 is sub-
stituted with HS chain (epican) (Kugelman et al., 1992).

The role of CD44 as prometastatic agent was shown for the first time
by Gunthert et al. (1991). The authors conferred metastatic potential to
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carcinoma cells by transfecting them with this molecule. CD44 splice var-
iants are overexpressed in many tumors of epithelial origin (Heider et al.,
1993; Wielenga et al., 1993). Overexpression of prometastatic splice var-
iants often accompany the underexpression of the standard form (Pereira
et al., 2001). The expression of CD44 isoforms, usually correlated with a
high incidence of metastasis, was not seen in all tumors, suggesting the
implication of additional phenomena or molecular enhancers. These may
include the deregulation of synthesis or shading from membrane, minute
expression of some isoforms, interaction with other cell compounds, or
changes of substratum composition. The metastatic potential may depend
on the complex environment surrounding the primary tumor (Givehchian
et al., 1996; Hudson et al., 1996). Recent reviews described in detail
the involvement of CD44 in cancer growth and metastasis (Jothy, 2003;
Marhaba and Zoller, 2004; Sneath and Mangham, 1998).

Betaglycan is another example of ubiquitous transmembrane CSPG.
The core protein of 853 amino acids possesses a short cytoplasmic domain
devoid of any signaling motif (Lopez‐Casillas et al., 1991). It is a low affinity
receptor type III for TGF‐beta and the inhibins (Bernard et al., 2002). As
TGF‐beta is a crucial molecule in tumor development and stromal reaction,
the local concentration of this growth factor on betaglycan amplifies the
signaling and biological response (Schlessinger et al., 1995). Finally, the
CSPG of the endothelium, thrombomodulin, reviewed by Hanly et al.
(2005) and the discovered endothelial cells CSPG, endocan (Scherpereel
et al., 2003) contribute in opposite manner to tumor formation and growth,
endocan being protumoral and thrombomodulin antitumoral molecule.
VI. PGs of the Nervous System ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The nervous tissue is rich in specific species of CSPGs. Neurocan and
BEHAB/brevican are specific nervous tissue PGs belonging to the hyalectans/
lecticans family, as broadly distributed versican and cartilaginous aggrecan.
Brevican exist in long secreted and shorter GPI‐anchored N‐terminal
truncated form of 145 and 80 kDa, respectively. It is a part‐time PG
(Yamada et al., 1994). Neurocan is a 245 kDa glycoprotein bearing in
average three CS chains. The membrane type CSPGs of the nervous tissue
comprise NG2 (see in an earlier section), phosphacan/receptor‐type protein
phosphatase‐zeta/beta (RPTPzb) and neuroglycan C, (NGC, CSPG5) a 539
amino acids (120 kDa) glycoprotein substituted with one CS chain (Yasuda
et al., 1998). Soluble appican (Alzheimer amyloid precursor PG) is the
splicing variant of amyloid precursor protein (Shioi et al., 1995). An upre-
gulation of the expression of different PGs was observed in nervous tissue
tumors. It included brevican in glioma (Nutt et al., 2001) and phosphacan in
glioblastoma (Lorente et al., 2005). In general, brain injury, including tumor
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development, is accompanied by the increase of CS, this last one being
strong inhibitor of nerve regeneration and axonal growth. For specific
application of CSPG in brain biology, the reader is invited to consult recent
reviews (Dow and Wang, 1998; Matsui and Oohira, 2004; Rauch, 2004).
VII. Functions of PGs in Tumor Progression ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The formation of tumor is characterized by several steps that are often
overlaid: cell transformation by mutation of protooncogenes or antionco-
genes, including viral infection, primary growth, alterations of cell adhesion,
motility and spreading, cell migration, and, eventually, metastasis forma-
tion. For this last case one can add the host‐tissue cell response, tumor
stroma formation, and angiogenesis, necessary for tumor growth. In all
these events, CSPG plays an important part. For instance, early events, like
viral infection, may be mediated by CSPG (Olofsson and Bergstrom, 2005).
The growth promoting activity of CSPGs can be easily explained by the
capacity of CS (and the core protein) to fix different growth factors (Bechard
et al., 2001; Wegrowski and Maquart, 2004; Zou et al., 2003). The degra-
dation of CS by the hyaluronidases, HYAL1, HYAL2 (Bertrand et al., 2005;
Lokeshwar et al., 2005) liberates oligosaccharides, which potentializes
growth factor’s activity. The formed oligosacharides may influence cell
behavior (Fieber et al., 2004; Rolls et al., 2004). On the other hand, EGF‐
like motif of the G3 domain of the versican core protein is able to induce
EGF receptor signaling, which contributes to the mitogenic activity of this
PG in different types of tumor (Cattaruzza et al., 2004; Wu et al., 2001),
although antiproliferative activity of G3 region was observed in melanoma
cells (Serra et al., 2005).

Many works were devoted to the study of the effect of PGs on cell
adhesion, motility, spreading, and invasion. Versican inhibits prostate
cancer‐cell adhesion to fibronectin but not to laminin (Sakko et al., 2003);
cell adhesion via thrombomodulin is abrogated by addition of chondroitin‐4
or chondroitin‐6‐sulfate (Huang et al., 2003). CD44 is a cell adhesion
molecule (CAM) that possesses, similarly to hyalectans/lecticans, a globular
C‐terminal domain adhering to hyaluronan. CD44‐hyaluronan interaction,
with the concerted action of hyaluronidases, was thought to be a major
event of CD44‐mediated cell movement, including metastasis. However, the
phenomenon may be more complex as numerous matrix molecules are
ligands for CD44, including CS itself (Murai et al., 2004). Other receptors
for hyaluronan/CS are present on cell membrane, like RHAMM/IHABP
(Delpech et al., 1997), LYVE‐1 (Jackson, 2003) or annexin 6 (Takagi et al.,
2002). NG2 is the example of antiadhesive cell membrane CSPG. It acts by
interfering with CD44 (Burg et al., 1998) but increases adhesion to collagen
type VI (Tillet et al., 2002) or cooperate with alpha4 beta1 integrin to
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promote adhesion on fibronectin fragments (Iida et al., 1998; Moyano et al.,
1999). The CSPGs involved in tumor progression, CD44 and NG2, induce
cell motility (Makagiansar et al., 2004), collagen type IV‐dependent cell
migration (Chekenya et al., 1999), cell invasion into the ECM and anchor-
age‐independent growth (Burg et al., 1998; Xu and Yu, 2003).

Neoangiogenesis is a host tissue reaction necessary for tumor growth.
Different CSPGs contribute to tumor‐vessels formation. For example, endo-
thelial cell migration, sprouting, and, especially, invasion into fibrin matrix
is mediated by CD44 (Trochon et al., 1996). NG2‐positive pericytes form
endothelial‐free microvessels in growing experimental tumors (Ozerdem
and Stallcup, 2003). Formation of microtubes and their endothelialization
is inhibited by antiNG2 antibodies and depend of the cooperation of NG2
with PDGF‐beta receptor (Ozerdem and Stallcup, 2004). Specifically secret-
ed by endothelial cells, endocan can promote mitogenesis by fixation of
hepatocyte growth factor/scatter factor (Bechard et al., 2001). There is
no direct evidence on versican implication in angiogenesis. However, recent
study of Zheng et al. (2004) suggested that the C‐terminal globular domain
(G3), abundantly expressed in astrocytoma, could accelerate endothelial
cell adhesion, proliferation, and migration. The V3 isoform, which contains
the G3 domain, is expressed in endothelial cells during neoangiogenesis
(Cattaruzza et al., 2002). Sprouting or tubes‐forming endothelial cells ex-
ceptionally express decorin (Jarvelainen et al., 1992; Schonherr et al., 2001).
On the other hand, decorin is also expressed by endothelial cells upon
inflammatory stimuli (Nelimarkka et al., 2001) and decorin‐deleted mice
delayed inflammatory angiogenesis of cornea (Schonherr et al., 2004).
However, decorin inhibits tumor cell‐mediated angiogenesis (Grant et al.,
2002) and endothelial cell migration (Davies Cde et al., 2001). Study of
Sulochana et al. (2005) identified several decorin‐derived peptides that
strongly inhibit angiogenesis induced by vascular endothelial growth factor
(VEGF) and FGF2. This inhibition depends on the conformational change of
a given peptide from an alpha helicoidal to a beta‐sheet structure, suggesting
that decorin‐derived matrikines may have an opposite actions to the native
molecule, as it was demonstrated for collagen type XV and XVIII.

The influence of PGs on tumor cell behavior, including angiogenesis,
depends on the expression and action of different proteinases systems
and proteinases cascades. GAGs influence proteinases activation and activity
(Tersariol et al., 2002). The central role in tumor invasion was ascribed
to membrane type‐1 matrix metalloproteinase (MT1‐MMP/MMP‐14) (Seiki,
2003), although other metalloproteinases and serine and cysteine proteinases
may also play important part (Wegrowski and Maquart, 2004). Active
MT1‐MMP shed protumoral PGs, including CD44 (Suenaga et al., 2005),
betaglycan (Velasco‐Loyden et al., 2004), or syndecan‐1 (Endo et al., 2003),
accelerating tumor invasion (Iida et al., 2004). MT1‐MMP colocalizes with
CD44 (Murai et al., 2004), and the attachment of CD44 to the substratum



Tumor Proteoglycans 309
contributes to the expression of MMP‐2 and MMP‐9 (Murray et al., 2004;
Wiranowska et al., 2000) and to the displacement of MT1‐MMP
to the lamellipodia (Mori et al., 2002), facilitating cell migration. MT3‐
MMP, which colocalizes with NG2, participates in melanoma invasion (Iida
et al., 2001). Testican family of CSPGs regulates MT1‐MMP activity. Testi-
can 1 is a potent inhibitor of the enzyme (Edgell et al., 2004), and testican
2 abrogates this inhibition (Nakada et al., 2003). Testican 3 suppresses the
MT1‐MMP‐dependent activation of MMP‐2 (gelatinase A) (Nakada et al.,
2001). Different brain PGs are the substrates of the proteinases of the
ADAMTS family (Rauch, 2004).

In general, the large stromal CSPG, of the hyalectans/lecticans family
(e.g., versican, brevican) and the cell membrane CSPG (NG2, CD44, endo-
can) possess protumoral activity, whereas the small stromal PGs of SLRP
family (e.g., decorin, lumican) are characterized by antitumoral properties.
VIII. Concluding Remarks _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CSPGs are modular macromolecules. Their modules may play different
roles in comparison to the whole molecule, when they are liberated as matri-
kines or produced by alternative splicing (e.g., versican G3 C‐terminal part).
Aberrantly addressed proteins can amplify the phenomena. For instance,
chondroitin synthase 1, secreted by myeloma cells, stimulates osteoclast by
activation of the Notch2 receptor via its Fringe domain (Yin, 2005). The
discovery of biological functions of the modules provides better knowledge
of the regulation of tumor development and angiogenesis and brings novel
strategies for selective targeting of tumor development. Different studies on
decorin as anticancer protein support this concept.

Much of the studies concerning the implication of GAGs in different
aspects of tumor development were done with HS as a leading molecule.
However, circulating cells and the ‘‘attached’’ cells undergoing movement
express much higher quantity of CS than HS. The expression of CS is often
upregulated in these cells, indicating that CS is more connected with cell
kinesis, whereas HS is more involved in cell growth. The control of the
different GAG expression by modulation of the appropriate enzymes may
help in the research of novel antitumoral strategy.

CSPGs play multiple physiological functions. As PGs are necessary for
tumor growth and metastasis (Esko et al., 1988) and since one cell type
express different PGs, the future studies will have to focus on the elucidation
of the complex roles of each PG species in tumor biology and to characterize
the complex system of cell membrane and stromal ‘‘glycomes’’ (Feizi, 2000).
Further studies should also define the contribution of each component, that
is, protein core and GAG chain(s), to the function of the whole PG. In some
instances, a PG of a given family can be replaced by another. During
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angiogenesis, decorin can be replaced by fibromodulin but not by biglycan
(Schonherr et al., 2004). The comprehension of such phenomenons merits
further studies.

Numerous CSPGs possess protumoral properties. A logical pharmaco-
logical strategy would be to search for a directed control, especially an
inhibition of their synthesis without affecting the tissue function. As the
synthesis of PGs is a complex phenomenon implying a number of enzymes,
further studies should define the control points of their metabolism. The
inhibition of UDP‐glucose dehydrogenase, a key enzyme of GAG synthesis,
may constitute an example of the strategy for such a control (Wegrowski
et al., 1998).
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Chondroitin sulfate proteoglycans (CSPGs) play important roles in the
morphogenesis and maintenance of various tissues including the central
nervous system (CNS) through interactions of their core proteins and/or
chondroitin sulfate (CS) chains with cell adhesion molecules, extracellular
matrix (ECM) molecules, and growth factors. In this chapter, we summarize
studies on functions of CSPGs in the neurogenetic, developing, and mature
CNS, focusing on molecular interactions. In particular, we discuss the roles
of CSPGs in perineuronal nets (PNNs) found in the mature brain. We also
describe the results obtained using gene‐targeting technology in studies of
brain‐specific CSPGs such as neurocan, phosphacan, and neuroglycan C.
However, CSPGs are also involved in the pathology of neuronal diseases and
lesions. The expression of CSPGs is upregulated in glial scars formed in
response to injuries to the mature CNS, and at increased levels, CSPGs are
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generally considered to inhibit axonal regeneration in the CNS. Finally, we
describe the response of the immature CNS to neuronal degeneration in
terms of the expression of brain‐specific CSPGs. Thus, we conclude that
CSPGs can act as functional molecules in the CNS at all stages of develop-
ment under both physiological and pathological conditions.

II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In the 1960s, proteoglycans (PGs) were reported as important structural
components of the ECM of cartilage and as molecules specific to the tissue.
Now they are generally considered one of the major constituents of ECM of
vari ous tissues , including the brain (Hö ö k et a l., 1984). Num erous studies
performed since the 1990s have taught us that PGs function as not only
structural elements supporting cells but also components regulating various
cellular events related to the development of the CNS.

A great variety of PGs exist in the developing as well as mature brain.
Ba ndtlow and Zimmerm an (2000) have drawn up a list of PGs obs erved in
the CNS. In the CNS, the majority of PGs carry side chains composed of
either CS or heparan sulfate (HS). These PGs are designated CSPGs and
HSPGs, respectively. HS is the major sulfated glycosaminoglycan (GAG)
(about 25% of all GAG) in the fetal rat brain but accounts for only approxi-
mately 10% of all the GAG in the postnatal brain. On the other hand, CS is a
minor GAG (about 10% of all GAG) in the fetal rat brain, but becomes the
maj or GA G around 20 da ys afte r birt h (Oohi ra et al. , 1986) . Consider ing
these observations, CSPGs function in the developing and mature brain in a
manner different from HSPGs.

A significant amount of evidence that CSPGs function in the pathogene-
sis of neuronal diseases and lesions as well as in the development of the CNS
ha s been accum ulated (Faw cett and Asher, 1999; Mats ui and Oohira, 2004;
Mo rgenstern et al. , 2002; Prop erzi et al. , 2003; Rhodes an d Fawc ett, 2004).
When the CNS is injured, the expression of several CSPGs is upregulated in
glial scars formed around the site of the damage. These CSPGs are consid-
ered to inhibit axonal regeneration in glial scars, and overcoming this
inhibitory effect has important implications in terms of repairing the CNS.

In this chapter, we focus on the CSPG molecules and discuss their
putative functions in the development of the CNS under both physiological
and pathological conditions.

III. Species and Structures of CSPGs Specific to the CNS __________________________________________________________________

As shown in Table I, numero us CSPGs are expres sed in the CN S. Am ong
them , brevican (Yamada et al. , 1994) , glycosyl phopha tidylin ositol (G PI)‐
an chored brevi can (Seidenb echer et al. , 1995) , neurocan (R auch et al. ,



TABLE I Major Chondroitin Sulfate Proteoglycans Expressed in the Central

Nervous System (CNS)

Name Core protein sizea Type Cellular origin

Brevicanb 145 S Glial cells/neurons

GPI‐brevicanb 140/125 GPI Glial cells
Versican V0 �550 S

Versican V1 �500 S

Versican V2b 400 S Oligodendrocytes
Aggrecan 370 S Neurons

Neurocanb 245 S Neurons/astrocytes

Phosphacanb 300 S Glial cells/neurons

RPTPb 380 M
Neuroglycan C‐I b 120 M Neurons

Neuroglycan C‐IIIb >120 M Neurons

Neuroglycan C‐IV b <120 M Neurons

NG2 300 M O2A glial progenitor cells
Appicans 96–130 M Astroytes/microglia

L‐APLP2S 100/110 M Astroytes/microglia

Testican/SPOCK S Neurons

aCore protein size (kDa) estimated by sodiumdodecylsulfate‐polyacrylamide gel electrophoresis.
bProteoglycans specific to the CNS.

S, secretary PG; GPI, glycosylphophatidylinositol‐anchored PG; M, transmembrane PG.
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1992), versi can V2 (Dou rs‐ Zimm ermann and Zimm erman , 1994), phosph a-
can (Mae da et al. , 1992; Maurel et al. , 1994) , receptor ‐ type protein tyros ine
phospha tase b (RPTP b) (K rueger and Saito, 1992; Levy et al. , 1993) , and
neurogly can C (NGC ) (Watanabe et al. , 1995) ha ve been reported as PGs
specific to the CN S (Bandtlow and Zimm ermann , 2000) . In this chapte r, we
focus on CSPGs specific to the CNS.

As sho wn in Fig. 1A, brevican, neurocan, and versican are mem bers of
the hyalectan (Iozzo and Mu rdoch, 1996) or lecti can (Ru oslahti, 1996)
family along with aggrec an (Domow icz et al. , 1995; Krue ger et al. , 1992) .
Hyalectans except for GPI‐anchored brevican are secreted molecules that
take part in the formation of ECM. They are highly similar at the NH2‐
terminal, which has an immunoglubulin (IgG)‐like domain followed by a
hyaluronan (HA) binding tandem repeat, and at the COOH‐terminal, which
includes epidermal growth factor (EGF)‐like repeats, a lectin‐like domain,
and a complem ent regulator y protein (CRP) ‐ like domain (Ban dtlow and
Zimmerm ann, 2000). Brevi can ha s two splice varian ts, brevi can and GPI ‐
anchored br evican, and both are expres sed in the CN S (Seidenb echer et al. ,
1995). Versican V2 among four versi can splice variants (V0, V1, V2, and
V3) is specific to the CN S an d locali zes to oligodend rocytes (Niederö st
et al., 1999). No spli ce variants ha ve been repo rted for neurocan (Rauch



FIGURE 1 Schematic representation of the structures of CSPGs specific to the CNS. (A)

Hyalectan family; (B) splice variants of receptor‐type protein tyrosine phosphatase b (RPTPb);
(C) splice variants of neuroglycan C (NGC). GPI‐brevican, glycosylphophatidylinositol‐
anchored brevican; IgG, immunoglobulin; HA, hyalruonan; EGF, epithelium growth factor;

CRP, complement regulatory protein; CA, carbonic anhydrase; FN, fibronectin; PTP,

protein tyrosine phosphatase; M, membrane; S, signal peptide; A, acidic domain; E, EGF‐
like domain.
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et al. , 1991) , howev er, a devel opment ally regulate d proteolysi s of neurocan
in the middle of its GAG attachment domain produces two PG fragments,
neurocan‐N and neurocan‐C, the N‐ and C‐terminal halves of neurocan,
respe ctively (Matsui et al. , 1994; Rauc h et al. , 1992).
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RPTPb, a membrane CSPG, has an N‐terminal carbonic anhydrase
(CA)‐like domain followed by a fibronectin (FN) type III‐like domain
and a cytopl asmic phosp hatase dom ain (Fig . 1B). Phos phacan, a secr eted
CSPG, consi sts of the entire extra cellular domain of RPT Pb (Mae da et al. ,
1994; Mau rel et al. , 1994). Sh ort RPTP b has a larg e deleti on in the
extracel lular domai n of RPTP b (Garwo od et al. , 1999) . The shortest spli ce
variant does not bear CS chains (Sakura i et al ., 1996). The se four RPTP b
transcrip ts are generated by the alternat ive sp licing of a single gene (Levy
et al ., 1993) .

NGC is a transmembrane‐type CSPG that is exclusively expressed in the
CNS (Aon o et al., 2006; Watanab e et al. , 1995; Yasud a et al. , 1998) . Mo st
NGCmolecules in the mature cerebellum and retina but not in the immature
counterparts exist in a non‐PG form without CS, indicating that NGC is a
part‐ time PG (Aono et al. , 2000a ,b; Inata ni et al. , 2000). NGC has four
splice vari ants; NGC ‐ I, ‐ II, and ‐ III (Aon o et al. , 2000a ) and NGC ‐ IV (A ono
et al., 2006). Its core pro tein con sists of an N ‐ termin al domain to whi ch a
single CS chain attach es (Aono et al. , 2004), an acidic domai n, an EGF
domain (Kinugas a et al. , 2004) , a membrane ‐ spann ing segment, an d a
cytoplasm ic domai n vari able in the splice variants (Fig . 1C) .

IV. CSPGs in the Neurogenetic Stage _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

At embryonic day 13, the rat brain is rich in neural stem cells
and ex presses tw o sulf ated GAGs, CS and HS (Oohi ra et al. , 1986) . HS
is considered to regulate FGF‐mediated cell proliferation by forming a
ternary compl ex with FGF ‐2 and FGF receptor 1 (Schless inger et al. ,
2000). Actual ly, Nurc ombe et al. (199 3) have reported that an HSPG
preparation from the early embryonic mouse telencephalon promotes the
FGF‐2‐mediated proliferation of neuroepithelial cells, in which HSPGs, such
as glypican ‐ 4 (Hagihar a et al. , 2000), synd ecan ‐1 (Ford ‐ Perriss et al. , 2003) ,
and perl ecan ‐ related molecul e (Joseph et al. , 1996) , are expressed.

Many mol ecular species of CSPG are expres sed in the CNS (Table I) and
have been shown to be involved in various cellular events in the formation
and maintena nce of the neural network (Bandtlo w and Zimm ermann , 2000;
Oohira et al. , 2000b). How ever, very few studies ha ve been done on the
structure and function of CS/CSPGs in the brain primordium. In 2004,
Kabos et al. reported that neural precursor cells synthesized and secreted
some CSPGs including the hyalectan family. Brain‐specific CSPGs, such as
neurocan, phosphacan/ RPTPb, and NGC, are detected in the surroundings
of neural stem/progenitor cells in the ventricular zone of the rat telencepha-
lon at embr yonic da y 14 (Ida et al., 2006) . A CS prepara tion from the
telencephalon of embryonic day‐14‐old rat promotes the FGF‐2‐mediated
proliferati on of neural stem/ progeni tor cel ls. Zou et al. (20 03) have reported
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that the mouse brain synthesizes CS rich in a highly sulfated disaccharide
unit, E unit, at embryonic day 13 and that midkine, which is known as a
heparin‐binding growth factor, binds strongly to the E‐unit‐rich CS.

These observations suggest that CSPGs are involved in the proliferation
of neural stem cells together with some growth factors.

V. CSPGs in the Developing Brain ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

A complicated neural network in the brain is formed through various
cellular events including mitogenesis, migration, differentiation, axonal out-
growth, and synaptogenesis. These cellular events occur during the develop-
ment of the brain in a spatially and temporally regulated manner and are
regulated by various cell–cell and cell–substratum interactions. It is now
considered that various molecules, such as ECM constituents, neurotrophic
factors, and cell surface glycoonjugates including PGs, are involved in these
cel lular event s (Bandtlow and Zimmerm an, 2000; Margo lis and Margo lis,
1997; Oohi ra et al. , 1994, 1998, 2000b; Small et al. , 1996).

Striking and distinctive changes in concentration in the hyalectan family
are observe d in the develop ing rat brain (Mi lev et al. , 1998) . The co ncentra-
tions of versican V2 and brevican increase steadily during the brain’s devel-
opment up to adulthood, while the concentration of neurocan reaches a
peak in the early postnatal period and declines thereafter. These observa-
tions indicate that neurocan is a major hyalectan in the developing mamma-
lian brain. Intact neurocan is observed in pre‐ and early postnatal brains,
whi le it is hardly detec table in the mat ure brain (Matsui et al. , 1994; Rauc h
et al. , 1992).

Phosphacan/RPTPb and neurocan are major CSPGs in the developing
mammalian brain and are involved in the modulation of cell adhesion and
neu rite outgrow th (Faissner et al. , 1994; Inata ni et al. , 2001; Maeda and
Noda, 1996; McKeon et al. , 1999; San go et al. , 2003). In the CN S, these
CSPGs can either promote or inhibit neurite outgrowth depending on neuro-
nal cell types and experimental conditions. Phosphacan has outgrowth‐pro-
motin g eff ects on mes encephar ic and hippocam pal neu rons (Fai ssner et al. ,
1994) , whi le phos phacan and neurocan inhib it neuri te outgrow th or are
repulsive substrata for cortical neurons, retinal ganglion cells, DRG neurons,
an d some regene rating neurons after CNS injury (Inatani et al. , 2001; Maeda
an d Noda , 1996; McKeon et al. , 1999; San go et al. , 2003). GAG s themselves
serve as a modul ator for neurite outgrow th (Clement et a l. , 1999; Hikino
et al. , 2003; Oohira et al., 2000a ) and probab ly for cell adhesion .

Major ligands of neurocan and phosphacan/RPTPb have been reviewed
by Oohira et al. (2000b). The inte ractions of N ‐ CAM, Ng‐ CAM/ L1,
pleiotrophin, amphoterin, and bFGF with neurocan and the interactions of
TAG‐1, pleiotrophin, midkine, amphoterin, and bFGF with phosphacan are
affected by the CS moiety of the core proteins.
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Although NGC is less abundant than neurocan and phosphacan in the
developing brain, it shows various unique characteristics in the developing
CNS. The expression of NGC is developmentally regulated: NGC is detected
in the rat brain at embr yonic day 14 (Ida et al ., 2006) . The amount of NG C
increases to reach a maximum around postnatal day 20 and then decreases
(Watanabe et a l. , 1995). NG C is a nov el part ‐time PG that chan ges its
structure from a PG form to a non‐PG form during the development of the
cerebellum (Aono et al. , 2000a ,b) an d retina (Inatan i et al. , 2000) . The
ectodomain of NGC is phosphorylated both intracellulary and pericellularly
by casein kinase II ‐lik e protein kinase (Yamauch i et al., 2002). The struc ture
of the carbohydrate moiety of NGC is developmentally regulated and differs
from that of neuro can or phos phacan (Shuo et al. , 2004) .

Some evidence that NGC is involved in neuritogenesis and/or synapto-
genesis has been accum ulated. Schuma cher et al. (1997) have reported that
CALEB, a chicken NGC homolog, is implicated in neurite formation. The
expression of CALEBmRNA is dynamically upregulated after damage to the
optic nerve (Schumache r et al. , 2001). Immunost aining of cultured neuro nal
cells with anti‐NGC antibody demonstrated that NGC was concentrated in
dendriti c filopodi a (Inatani et al. , 2000), which are consid ered to devel op
into neurites or postsynaptic spines. It was found that a recombinant NGC
ectodomain significantly stimulated neurite outgrowth of primary cultured
neurons from the rat cerebral cortex (unpublished observation).

Although neither interactive partners of NGC at dendritic filopodia and
growth cones nor signaling pathways related to the elongation of neurites by
NGC have been identified yet, some binding proteins have been reported. An
acidic amino acid cluster of CALEB mediates the binding of CALEB to the
fibrinoge n‐ like globe withi n tenas cin ‐ C or tenasin ‐ R (Schum acher et al. ,
2001). The inte ractions of CALEB and tenas cin‐ C and ‐R seem to be regu-
lated during devel opment (Schumache r and Stü be, 2003) . NG C/CALEB also
interacts with the Golgi‐associated protein PIST via the juxtamembrane
cytoplasm ic pep tide segment of NG C/CALEB (Ha ssel et al. , 2003). The
interaction may play a role in the intracellular transport of NGC/CALEB.

Jü ttner et al. (2005 ) have reported that synapse s displ ay higher paired ‐
pulse ratios, less depression during prolonged repetitive activation, and a
lower release probability at early but not mature postnatal stages in NGC/
CALEB‐deficient mice.

These observations indicate that CSPGs specific to the CNS take some
part in neurite outgrowth and synaptogenesis in the developing brain.

VI. CSPGs in the Mature Brain _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Perineuronal nets are reticular networks observed on the surface of cell
bodies and proximal dendrites of certain neurons in the adult mammalian
CNS (Blü mcke et al ., 1995; Celi o and Blü mcke , 1994; Celio et al. , 1998;
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Mats ui et al. , 1998). Versican V2 is a majo r CSPG in the mat ure brain
(Schm alfeldt et al. , 1998) an d detected in PNN s along with brevi can
(Brü ckn er et al. , 1998). In the adult brain, these hy alectans are though t to
interact with HA and tenascin‐R to form a ternary complex between neurons
and glia, to interact with carbohydrate and protein ligands in the ECM, and
to act as linkers of these ECM mol ecules (Yamaguc hi, 2000) . Bral2/H apln4, a
brain link protein colocalized with brevican in the PNNs, is involved in the
form ation of PNNs (Bekku et al. , 2003) . Neur ocan (Mat sui et al. , 1998) and
phos phacan (Wintergerst et al ., 1996) are also obs erved in PNN s.

Bral1/Hapln2, another brain link protein, is suggested to stabilize the
bindi ng between HA and hyale ctans (Hiraka wa et al., 2000), and it coloca-
lizes with versican V2 at the nodes of Ranvier of the mat ure brain (Oohashi
et al., 2002). Versican V2 is a major inhibit or of axon al grow th in the ECM
of the mature CNS, prevents excessive axonal growth during late phases of
development, and participates in the structural stabilization of the mature
CN S (Schmal feldt et al. , 2000).

Brevican also inhibits neurite outgrowth from cerebellar granule neu-
ron s in vitro (Yamada et al. , 1997). This PG is locat ed on the surface of
neuroglial sheaths of cerebellar glomeruli and is suggested to control the
infiltration of axons and dendrites into the mature glomeruli. This inhibitory
activity requires CS chains.

Studies suggest a functional role for CSPG in synaptic plasticity in the
adult CNS. In young animals, monocular deprivation leads to a shift in
ocular dominance, whereas in adults after the critical period there is no
such shift. The organization of neurocan into PNNs coincides with the end
of the critical period . Pizz orusso et al. (2002) have reported that the mature
ECM is inhibitory for experience‐dependent plasticity, and degradation of
neurocan reactivates cortical plasticity in the visual cortex.

Upregulated expressions of the NGC protein and mRNA are observed
in the corticolimbic circuitry in parallel with behavioral changes after with-
draw al from chron ic cocai ne treatm ent in the adult rat (Toda et al. , 2002).
These observations seem to suggest that NGC is also involved in synaptic
plasticity.

Studies using gene‐targeting technology indicate that CSPGs are related
to synaptic activities. Late‐phase hippocampal long‐term potentiation (LTP)
is reduced in neurocan ‐defi cient mice (Zhou et al. , 2001) . Brevi can ‐ deficient
mice display impaired hippocampal CA1 LTP but show no obvious deficits
in lear ning and memory (Brake busch et al. , 2002) . Phosph acan/RPTP b‐
deficient mice show normal LTP and learning abilities in the Morris water
maze task, whereas adult mutant mice exhibit enhanced LTP and im-
pa irment in the task (Nii sato et al. , 2005) .

These observations indicate that CSPGs participate not only in structural
stabilization but also in synaptic plasticity and synaptic activities in the
mature CNS.
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VII. CSPGs and CNS Injuries ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

It is well known that axonal regeneration is unsuccessful in the injured
adult CNS and that a glial scar formed at the site of the damage prevents the
regeneration. In the glial scar, many inhibitory molecules including CSPGs
are found (Faw cett and Asher, 1999; Mats ui et al. , 2004; Morgens tern et al. ,
2002; Prop erzi et al. , 2003; Rhodes an d Fawc ett, 2004). Some CSPGs whose
expression is upregulated markedly in response to injuries to the CNS are
considered to be involved in the pathogenesis and/or repair of neuronal
damage. Omitting CS chains/CSPGs from the affected site promotes axonal
regenerat ion in the matu re CN S (Bradbur y et al. , 2002) .

Mats ui et al. (200 5) have reported that the amoun ts of neurocan ,
phosphacan, and NGC decrease in the rat brain following neonatal hypox-
ia‐ ischemi a. Qi et al. (2003 ) ha ve report ed that the expres sion of neurocan
mRNA is not upregulated in the transected juvenile spinal cord. The imma-
ture CNS with high plasticity seems to respond to neuronal degeneration in a
manner different from the mature CNS.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The central nervous system (CNS) is a rich and complex source
of proteins modified with chondroitin/dermatan sulfate (CS/DS) chains.
During brain development, a particularly high content of CSs has been
revealed. Their finely tuned expression patterns in relation to axonal fiber
tracts suggest important functions. Chondroitin sulfate proteoglycans
(CSPGs), which have been identified in the brain, are brevican, neurocan,
versican, aggrecan, decorin, biglycan, testican‐1, phosphacan, NG2, appi-
can, APLP2, and neuroglycan‐C. The analysis of developmental changes
in the overall composition of CS revealed in several species a decrease of
6‐sulfated and unsulfated residues, with a concomitant increase of 4‐sulfa-
tion. In vitro, CSPG‐associated mechanisms can modulate neuritogenesis
either positively or negatively, and the physiological role of CS moieties
appears to depend on the proteoglycan (PG) core protein, the substrate,
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
Copyright 2006, Elsevier Inc. All rights reserved. DOI: 10.1016/S1054-3589(05)53016-3



338 Rauch and Kappler
the type of cells, and their stage of development. In vivo, application of CS,
CSPGs, or chondroitinase has been shown to affect neuronal development,
function, and plasticity. As components of perineuronal nets aggrecan,
brevican, phosphacan, and neurocans N‐terminal fragment regulate synap-
tic plasticity. Binding partners of CSPGs include growth factors and neuro-
trophic factors as well as structural components of cells or the extracellular
matrix (ECM). Chondroitin sulfate proteoglycans have been implicated in
response to traumatic lesions and in the course of various diseases affecting
the CNS, as degenerative processes, inflammatory diseases, and epilepsy.
Their inhibitory effect on axon regeneration after spinal cord injury renders
the manipulation of their level a promising therapeutic strategy.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The CNS is a rich and probably most complex source of proteins
modified with CS/DS chains. This heterogeneity arises from the possibility
to modify a large number of distinct core proteins with different variants of
CS ranging from unsulfated to oversulfated forms1. The development of the
brain is not only characterized by cellular migration and differentiation but,
in contrast to most other tissues, also by neurite formation, dendritic and
axonal elongation, fasciculation, and guidance. Especially at these stages, a
high content of CS has been revealed, indicating that the presence of CSPGs
as such is of paramount importance.
III. Structures and Expression Patterns of CSPGs
in the CNS ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. PGs Carrying CS in the Brain
Cell membrane and secreted CSPGs, which have been detected in
brain and characterized by identification of their core protein sequence,
are summarized in Table I. Some of the molecules listed in Table I, like
brevican, can be considered as ‘‘part time PGs’’, core proteins, which are not
always modified with a glycosaminoglycan (GAG) chain. There are proba-
bly many other proteins, which can occasionally be modified with GAG
chains but are usually not considered as PGs, like tenascin‐R (Probstmeier
1 In the following text they will be often simply named CS chains, since a differential analysis of
the susceptibility of these chains to chondroitinase ABC, AC, and B, combined with a detailed

size analysis of the digestion products as, for example, the analysis by Bao et al. (2004), is
only rarely routinely performed and more crude methods of analysis, like a test of their

filtration properties through membranes with pore sizes calibrated for proteins, might
underestimate the content of iduronic acid residues, should they occur isolated rather than

clustered.



TABLE I Secreted and Cell Surface CSPGs Which Have been Observed in the CNS

Name used
in review Other name(s) Location

Approximate size
(extraþintracellular) CS‐chains KO mice

Observed
peculiarities Reference

Brevican BEHAB GPI bound/

secreted

650/900 aa* 0–1 Viable Impaired LTP Brakebusch

et al., 2002
Neurocan Secreted 1250 aa 2–3 Viable Impaired L‐LTP Zhou

et al., 2001
Versican PG‐M Secreted 1600(V2), 2400(V1),

3300(V0)aa

2–3, 8–9,

10–12

Embryonic letal No heart

development

Mjaatvedt

et al., 1998
Aggrecan Secreted 2000 aa up to 100 Perinatal letal No cartilage Watanabe

et al., 1994
Decorin Secreted 350 aa 1! Viable Impaired collagen

fibrils

Ameye and

Young, 2002

Biglycan Secreted 350 aa 2! Viable Osteoporosis Ameye and
Young, 2002

Testican Secreted 450 aa 1–2 Viable Not reported Edgell et al., 2004
Phosphacan/

PTP‐beta
DSD‐1/RPTPz Secreted/

transmembrane

1600/1600þ650 aa 3–5 Viable Impaired

remyelination

Harroch

et al., 2002
NG2 Transmembrane 2200þ100 aa 1–2 Viable Impaired PDGF

response

Grako et al., 1999

Appican APP Transmembrane 650þ50 aa 0–1 Viable Decreased
Iocomotion

Zheng et al., 1995

APLP2 Transmembrane 650þ50 aa 0–1 Viable Not reported Von‐Koch
et al., 1997

Neuroglycan C CALEB Transmembrane 400þ100 aa 0–1 Not reported

*aa, amino acids.

Brevican and phosphacan/phosphotyrosinphosphatase (PTP)‐beta can be expressed as secreted and membrane bound variants by alternative splicing. Size

values of transmembrane PGs, which are all type I transmembrane molecules with a cytoplasmic C‐terminal tail, are separated into extracellular and
intracellular protein regions. CS‐chain numbers of more than one are approximations based on the number of suitable attachment motifs.
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et al., 2000) and laminins (Sasaki et al., 2001, 2002). Furthermore, the
recombinant production of PGs in mammalian cells can lead to misclassifi-
cations of certain core proteins. Testican‐2, for example, is recombinantly
produced as CSPG but carries only heparan sulfate in brain (Schnepp et al.,
2005).

The interaction of the lecticans (aggrecan, versican, neurocan, and
brevican) with hyaluronan can be stabilized by link proteins, some of
which are brain specific molecules (Bekku et al., 2003; Rauch et al., 2004).
Lecticans are mainly distinguished by the length of their mucin‐like central
region and the number of GAG attachment sites within this region (Fig. 1).
The term ‘‘mucin‐like’’ is used to indicate that these protein regions show no
significant homology to established protein domains with a defined tertiary
structure, usually lack cysteins, and can be enriched in serines, threonines,
and prolines but are not like real mucins completely dominated by these
amino acids. Regions with such a character, which are also evident in
phosphacan, neuroglycan C, and NG2 appear to be preferred sites of CS
chain attachments (Fig. 1).
B. Developmental Changes and Structural Analysis of
CS in the Brain
Developmental changes of GAGs have been analyzed in rodent, pig,
and embryonic chicken brain. During postnatal rat brain development
the concentration of CS related to the lipid‐free dry weight of brain tissue
has a peak value of about 4.5 mmol disaccharide units/g 1 week after birth.
The amount decreases within a few days to 80% and during the following
3 weeks gradually to about 60% of this value, to remain after the age of
1 month at a relatively constant value of about 2.5 mmol/g (Margolis et al.,
1975a,b). A peak value of sulfated GAGs about 1 week after birth, which
is followed by a sharper decrease, followed by a slight gradual increase
has also been found in mouse cerebrum and cerebellum (Burkart and
Wiesmann, 1987). The turnover of sulfated GAGs during their peak
production period is as high as 90% in 24 h (Burkart and Wiesmann,
1987). This might reflect a high degree of remodeling of the ECM at this
developmental stage. However, in pulse/chase studies only the degradation
of the PGs, which have been produced during the pulse period, can be
determined. Thus, the high turnover of these newly synthesized PGs might
also indicate a production of an excess of PGs and consecutive degrada-
tion of those molecules, which had no chance to be integrated into ECM
superstructures. Many CSPGs, which are so abundant in brain at this
developmental stage, might constitute a pool of molecules, not necessarily
used to build higher order matrix structures. They might have to fulfill not a
structural but possibly a dynamic function, which is not understood as yet.
The amount of these CSPGs may be important to regulate the volume of the



FIGURE 1 Secreted and cell surface CSPGs, which have been observed in the central

nervous system. Schematic presentation of the PGs with common ECM modules represented

in color. The interactions of the N‐terminal domains of the lecticans with haluronan (HA) are

indicated at the left side. The anchorage of cell surface bound PGs to the cell membrane (CM)
via GPI moieties (brevican) or transmembrane domains is indicated at the bottom. Protein parts,

which contain cysteins and may represent less established extracellular protein modules,

are indicated as white globules. Regions lacking cysteins, which might have a mucine‐like
character, are indicated as black lines. Bolder lines in decorin and biglycan represent leucine rich

repeats. Zigzag‐lines represent transmembrane domains (small), CS chains (medium), and HA

(big).
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extracellular space in the developing brain. It has been noticed that in rat
brain the decrease of CS during postnatal brain development coincides with
a reduction of the fraction of the total brain volume occupied by the ECM,
which decreases from about 40% to 20% of the total brain volume (Sykova,
2001).

An analysis of the composition of CS of 1 week old rat brain revealed
29% unsulfated, 51% 4‐sulfated, and 19% 6‐sulfated disaccharides, while
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less than 0.5% unsulfated, 96% 4‐sulfated, and 2.5% 6‐sulfated disacchar-
ides were found in adult brain (Flaccus et al., 1991). The amount of dis-
ulfated disaccharides remained 1% at both investigated time points. The
significant decrease in 6‐sulfated disaccharides during postnatal rat brain
development has been confirmed and correlated with the decline of the
expression of C6‐sulfotransferase‐1 in brain (Properzi et al., 2005). Also in
embryonic chicken brain, the overall content of CS and the relative amount
of 6‐sulfated disaccharides decreases, from about 60% at day 6 to about
45% at day 17 (Kitagawa et al., 1997). A very detailed structural examina-
tion with a special emphasis on the iduronic acid content has been per-
formed with CS isolated from embryonic and adult pig brain (Bao et al.,
2004). Consistent with the data obtained from rodent brain, this analysis
revealed a decrease of unsulfated chondroitin from about 20% to 5% and a
decrease of chondroitin‐6‐sulfate from about 33% to 10%, comparing
embryonic and adult chondroitinase ABC digestion products, respectively.
Digestion with chondroitinase AC and chondroitinase B revealed that em-
bryonic CS contains a significant portion of DS, with 8–9% disaccharides
containing iduronic acid units, whereas such units accounted for less than
1% of the adult CS.

Although significant at embryonic stages, in comparison to other
tissues the iduronic acid substitution of brain CS appears rather sparse,
since CS chains of small PGs of the decorin type secreted by skin fibro-
blasts can have 87% of their uronic acid residues isomerized to iduronic
acid (Rauch et al., 1986). This low amount of DS in brain tissue could be
associated with the observation that patients with a lysosomal storage
disease, Maroteaux‐Lamy disease that solely affects the depolymeriza-
tion of CS, are not significantly affected by mental deficits but can exhibit
severe dwarfism and other abnormalities. These patients are lacking N‐
acetyl‐galactosamine‐4‐sulfate sulfatase activity. Interestingly, their urine
contains DS but not iduronic acid free CS, which is apart from the exo-
glycosylytic pathway also susceptible to endoglycosylytic degradation
by mammalian hyaluronidases, while regions rich in iduronic acid resists
hyaluronidase activity (Coster et al., 1975).
C. Developmental Changes of CS Chains Attached to
Particular Core Proteins
Developmental changes of the sulfate substitution of the CS chains
of neurocan, phosphacan, a keratan sulfate (KS)‐modified phosphacan
variant, and neuroglycan C isolated from mouse and rat brain have been
reported (Hikino et al., 2003; Maeda et al., 2003; Rauch et al., 1991;
Shuo et al., 2004). The results are summarized in Table II. As for brain CS,
in general, a decrease in 6‐sulfation is also evident for each individual
PG investigated. While all values in Table II were derived from PGs isolated



TABLE II CS Compositions of Individual PGs Isolated with Monoclonal Antibodies from Brain Tissue

Source, age mAb 0‐S, 4‐S, (CS‐A) 6‐S, (CS‐C) 2,6‐diS (CS‐D) 4,6‐diS (CS‐E)

Neurocan

Rat brain, 7d 1D1 – 80 20 – –
Rat brain, 10d 1G2 10.2 63 24.5 0.8 1.5

Rat brain, adult 1D1 – 97 <3 – –

Phosphacan
Mouse brain, postnatal DSD‐1 2 68 23 5 –

Rat brain, 7d 3F8 – 67 33 – –

Rat cortex, 7d 6B4 4.3 63.6 32.1 – –

Rat brain, 10d 6B4 11.7 64.5 21.9 0.8 1.1
Rat cortex, 12d 6B4 2.7 83.2 14.1 – –

Rat brain, 20d 6B4 6.9 85.8 6.0 1.3 –

Rat brain, adult 3F8 – 96 <4 – –

Phosphacan‐KS
Rat brain, 7d 3H1 – >99 <1 – –

Rat brain, adult 3H1 – >99 <1 – –

Neuroglycan C
Rat brain, 10d C5 8.4 76.9 10 0.7 4.0

Rat brain, adult C5 6.2 89 2.1 0.2 2.5

The antibody used for isolation is indicated in the first column. Note that 3H1 recognizes a carbohydrate (KS) epitope. All values represent percent values

of the total amount of analyzed disaccharides. The spectrum of those might vary between different analytical protocols. Data were compiled from:
(Hikino et al., 2003; Maeda et al., 2003; Rauch et al., 1991; Shuo et al., 2004).
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with the aid of monoclonal antibodies from brain, a significant fraction
of 14.3% of the oversulfated (4,6‐disulfated) E motif in the GAG
chains of recombinant appican was produced by C6 glioma (Tsuchida
et al., 2001). Oversulfated disaccharides as well as human brain derived
appican have been implicated in the support of neurite outgrowth (Salinero
et al., 2000).
D. Immunocytochemical Expression Patterns of CS and
CSPGs in the Developing Brain
During development of the rodent forebrain, CSPGs are distributed
throughout the proliferative zone that initially comprises the thin wall of
the telencephalic vesicle (Bandtlow and Zimmermann, 2000). Later, chon-
droitin, CS‐C, and the neurocan core protein become most prominent in the
preplate, which contains growing processes of preplate neurons. Subse-
quently, when cortical plate neurons subdivide the preplate, these molecules
are present in the marginal zone and the subplate. Later, labeling of CSPGs
declines rapidly concomitant with the differentiation of the cortex (Kappler
et al., 1997).

Interestingly, axons of preplate and cortical plate neurons extend
obliquely across the CSPG‐rich subplate to enter the CSPG‐poor intermedi-
ate zone. In the upper intermediate zone, they abruptly change their direc-
tion to run in parallel to the subplate zone. Adjacent to this path, the
thalamic afferent axons extend within the CSPG‐rich subplate. Cortical
neurons and their efferent axons express the neural cell adhesion molecules
TAG‐1 and highly polysialylated NCAM, while thalamocortical axons in
the subplate express L1. Thus, CSPGs in the subplate may regulate the
segregation of these tracts (Bandtlow and Zimmermann, 2000). Other
PGs, which display a different laminar pattern as decorin (Kappler et al.,
1998) or a nonlaminar expression pattern, like phosphacan, may play
different roles in the cerebral cortex (Miller et al., 1995).

CS and CSPGs are also present in the developing cerebellum (Meyer‐
Puttlitz et al., 1996), spinal cord (Katoh‐Semba et al., 1998; Meyer‐Puttlitz
et al., 1996), and in different sensory systems. In the spinal cord, neurocan
and phosphacan may guide axonal growth from the dorsal root ganglia. In
the developing mouse retina, CSPGs follow a centrifugal, receding gradient,
which correlates with the sequence of axogenesis (Chung et al., 2000a;
Leung et al., 2004). In the optic chiasm, CS forms boundaries in the vicinity
of decussating axons (Chung et al., 2000b) and may be involved in active
sorting of dorsal retinal axons from ventral retinal axons (Chung et al.,
2000a; Leung et al., 2004). In the mouse olfactory system, neurocan is
detected in primary olfactory axons as they extend toward the telencephalon
and contact the olfactory bulb (Clarris et al., 2000).
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E. Perineuronal Nets
‘‘Perineuronal nets’’ enwrap cell bodies and proximal dendrites of cer-
tain neurons in the adult mammalian CNS and may represent a supportive
and protective scaffolding (Celio and Blümcke, 1994). These ECM struc-
tures are confined to the space interposed between glial processes and the
nerve cells. PGs within perineuronal nets may entrap the tissue fluid and
form a perineuronal gel layer, which protects the synapses as a ‘‘perisynaptic
barrier’’ (Murakami and Ohtsuka, 2003). While axon terminals on the
principal neurons in the superior olivary nuclei contain CS‐A and CS‐C
(Atoji et al., 1995), CS‐D was found in the broad ECM around them
(Atoji et al., 1997). A prominent individual CSPGs identified in perineuronal
nets is aggrecan (Matthews et al., 2002), and a major function of perineur-
onal nets appears to be the stabilization of synaptic connections at the
expense of plasticity (Pizzorusso et al., 2002). A negative correlation has
been noticed between their presence and the susceptibility of neurons to
Alzheimer’s disease or oxidative stress (Morawski et al., 2004).
IV. Physiological Functions of CSPGs _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Cell Culture Studies

1. Neuritogenesis
CSPGs inhibit neuritogenesis of dorsal root ganglia neurons, retinal
neurons, and forebrain neurons on laminin substrata (Silver and Miller,
2004). Furthermore, CS and CSPG preparations were found to inhibit
neuritogenesis in assays performed with many other neuron types on differ-
ent substrates (Bandtlow and Zimmermann, 2000). While in some cases
elimination of the CS chains reduced or abolished the inhibitory activity, in
other cases the core proteins themselves were inhibitory as well (Ughrin
et al., 2003). Many of these studies used laminin as an adhesive and out-
growth promoting substrate. However, since laminin itself may carry CS
moieties (Sasaki et al., 2002), exogenous CSPGs may also interfere with
interactions mediated by such chains.

On the other hand, CS and DS promote neurite growth of embryonic rat
brain neurons on polyornithine (Lafont et al., 1992), and synthetic DS‐like
oligosaccharides mimic these morphological effects (Lafont et al., 1994). CS
promotes axon growth of thalamic neurons (Fernaud‐Espinosa et al., 1994),
while CS‐E and oversulfated DS also promote neurite outgrowth of hippo-
campal neurons (Hikino et al., 2003). The CS/DS hybrid epitope of phos-
phacan is sufficient to promote neurite outgrowth.

In summary, CSPG‐associated mechanisms can modulate neuritogenesis
in vitro either positively or negatively depending on the PG core protein, the
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substrate, the type of cells, and their stage of development. Furthermore,
differentially localized inhibitory or stimulatory CS‐binding molecules may
be involved (Emerling and Lander, 1996; Kantor et al., 2004).
2. Signal Transduction Mechanisms and Neuron Survival
CSPGs activate signal transduction pathways, which regulate the actin
cytoskeleton. CSPG was found to induce a transient rise in cytosolic calcium
levels in neurons (Snow et al., 1994). This might contribute to the activa-
tion of protein kinase C, which mediates inhibitory activities of CSPGs
(Sivasankaran et al., 2004). Downstream signaling seems to involve Rho
and ROCK, since inhibition of these proteins stimulates neurite growth on
CSPGs (Dergham et al., 2002). Moreover, the inhibitory activity of a CSPG
mixture on retina ganglion cell axon growth is blocked by the application of
C3 transferase, and specific inhibitors of Rho kinase (Monnier et al., 2003).
In agreement with the observation that the Rho signaling pathway plays a
role in neuronal survival (Kobayashi et al., 2004), CSPGs and even CS/DS
can promote the survival of neurons (Junghans et al., 1995; Kappler et al.,
1997).
B. Analysis of CS Chains and PG Function In Vivo

1. Knockout Models
Basic observations reported from CSPG deletions have been included in
Table I. Most complete eliminations of brain CSPGs revealed only subtle
changes. Brain development is apparently normal in mice deficient in
chondroitin‐6‐sulfotransferase, despite of a disappearance of the CS‐D
(2,6‐disulfated) motif (Uchimura et al., 2002).
2. Effects of Chondroitinase on CNS Development
CSPGs of perineuronal nets appear to be involved in the control of
synaptic plasticity. In vivo treatment with chondroitinase ABC was able to
eliminate perineuronal nets and to reactivate ocular dominance plasticity in
the adult visual cortex of rats (Pizzorusso et al., 2002). In the optic chiasm,
chondroitinase treatment of brain slice preparations reduced dramatically
the uncrossed component that normally passes to the ipsilateral optic tract
(Chung et al., 2000a) and interfered with the age‐related axon order in the
optic tract (Leung et al., 2003).
3. Effects of CS or PG Application In Vivo
Application of exogenous CS to the ventricular surfaces of intact retinas
in organ culture induces complete inversion of retinal ganglion cell bodies
and their axons within the retinal neuroepithelium, that is, both the cell body
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and nerve fiber layers were repolarized to the opposite side of the neuroe-
pithelium (Brittis and Silver, 1994). Furthermore, CS and biglycan influence
neuronal function in adult animals when injected into the nucleus basalis
magnocellularis of the ventral pallidum of adult rats (Hasenöhrl et al., 1995;
Huston et al., 2000) leading to long lasting improvements of memory and
learning, even in behaviorally impaired old animals (Huston et al., 2000).
C. Binding Partners of CSPGs
CSPG has been shown to interact with many different soluble and
membrane‐associated molecules. These interactions have been reviewed
(Bandtlow and Zimmermann, 2000). Binding of a variety of growth factors
and cytokines to oversulfated CS/DS has been described. Midkine and
pleiotrophin interact with oversulfated CS/DS hybrid chains purified from
embryonic pig brain (Bao et al., 2004, 2005) and CS from hagfish notochord
(CS‐H) (Nandini et al., 2004). FGF2, FGF10, and FGF18 interact with
embryonic pig brain CS/DS (Bao et al., 2004). Furthermore, FGF2,
FGF10, FGF16, and FGF18 interact with CS‐H (Nandini et al., 2004).
Glial‐derived neurotrophic factor, brain‐derived neurotrophic factor,
VEGF165, and HB‐EGF interact with CS‐H (Nandini et al., 2005). More-
over, collapsin response mediator proteins (CRMPs) from neonatal rat brain
were found to bind to CS with high affinity, and CRMP‐specific antisera
coprecipitated CS from brain extracts (Franken et al., 2003).
V. CSPGs in CNS Diseases ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Traumatic Lesions
After CNS injuries, the formation of scar tissue by a variety of cell types
expressing multiple axon growth inhibitory molecules is thought to present
a physical and molecular barrier to axon regeneration (Silver and Miller,
2004). CSPG molecules have been shown to be present in this glial scar.
After transection, fibers of the adult rat postcommissural fornix sprout over
short distances but fail to traverse the lesion site terminating in close vicinity
to the wound. Here, CSPG labeling is confined to the immediate vicinity of
the lesion site. CSPGs form a homogeneous meshwork around the wound.
Regrowing fornix fibers invade and elongate within this CSPG‐rich region
up to the lesion site, where they terminate (Lips et al., 1995). In this lesion
model, upregulation of decorin and biglycan was shown (Stichel et al.,
1995). The rapid upregulation of decorin in astrocytes within a wide area
around the lesion was followed by a massive appearance of biglycan that
remained restricted to the transection site associated with sheet‐like struc-
tures. Similar glial scarring, which is accompanied by CSPG expression, has
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been reported after axotomy of the nigrostriatal tract (Moon et al., 2002),
after stab wounds and knife lesions of the cerebral cortex (Asher et al., 2000,
2002; Matsui et al., 2002; Vorisek et al., 2002), after transection of the
entorhinal cortex (Deller et al., 2000; Haas et al., 1999; Thon et al., 2000),
and after lesions of the spinal cord (Camand et al., 2004; Inman and
Steward, 2003; Jones et al., 2002, 2003a,b; Lemons et al., 1999; Tang
et al., 2003). In none of these central lesion models, an effective regeneration
of lesioned fiber tracts has been observed. Local treatment of the lesion zones
with chondroitinase ABC promoted the regeneration of neurites in the spinal
cord (Bradbury et al., 2002; Caggiano et al., 2005; Yick et al., 2003, 2004).
However, it should not be neglected that treatment with chondroitinase ABC
leads to the formation of disaccharide fragments, which can exert neuro-
trophic effects that may contribute to the positive effects on neurite growth
in vivo (Rolls et al., 2004). In a different approach, targeting the mRNA of
xylosyltransferase‐1 reduces specifically GAG chains. Applied to the injured
spinal cord, a strong reduction of the GAG chains in the lesion zone allowed
axons to regenerate around the core of the lesion (Grimpe and Silver, 2004).
Thus, CS moieties are necessary parts of structures, which inhibit axon
regeneration after spinal core lesions. Different CSPG‐binding molecules
may contribute to the inhibitory properties of parts of the glial scar toward
central neurites (Emerling and Lander, 1996).

Consequences of CSPG‐associated inhibitory mechanisms are the activa-
tion of protein kinase C isoforms, and Rho and ROCK (Sivasankaran et al.,
2004). Thus, treatment with a PKC inhibitor, Go6976 (Sivasankaran
et al., 2004), C3 transferase to inactivate Rho, or Y27632 to inhibit ROCK
stimulated axon regeneration and functional recovery after spinal cord injury
(Dergham et al., 2002).
B. Degenerative, Inflammatory, and Epileptic Lesions
In Alzheimer’s disease, DS and CS localize to the characteristic lesions
(i.e., senile/neuritic plaques, cerebrovascular amyloid deposits, and neu-
rofibrillary tangles) (Snow et al., 1992), and CS‐A and DS were shown to
be potent enhancers of amyloid fibrillogenesis (Castillo et al., 1999).

In the autoimmune disease, multiple sclerosis glial scar tissue consists
in active lesions of a central plaque region surrounded by a zone of reactive
astrocytes at its edge, which is prominently stained with a monoclonal anti-
body against DSPG, 3‐B‐3 (Sobel and Ahmed, 2001), versican, aggrecan,
and neurocan. On the other hand, phosphacan was distributed more uni-
formly (Sobel and Ahmed, 2001) and the phosphacan/PTPbeta mRNA
was found to be expressed at high levels in cells with oligodendrocyte
morphology (Harroch et al., 2002).
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In epilepsy, alterations in the occurrence of CSPGs were observed. In
mesial temporal lobe epilepsy, markedly increased CS levels have been
observed in dissected tissue and cerebrospinal fluid (Perosa et al., 2002a,
b). An increase of CS could be observed also in animal experiments after the
occurrence of seizures in models of pilocarpine (Naffah‐Mazzacoratti et al.,
1999) and domoate (Heck et al., 2004) induced epileptic states.
VI. Conclusions _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin and low‐sulfated CS are very likely rather unsocial mole-
cules, which create a noninterfering or only weakly interacting, quasi‐
isolating environment. An important prerequisite for any complex wiring
system is certainly a sufficient isolation and segregation of connections from
each other. Fewmolecules have been identified which bind specifically to low
or medium sulfated CS chains, and these represent the vast majority of CS
chains in the brain. However, low and medium sulfated CS can display a
considerable heterogeneity. Epimerization gives rise to DS, and alterations in
sulfation give rise to chondroitin, CS‐A, and CS‐C. Unless molecules have
been identified, which bind under physiological conditions to at least a
significant subfraction, low or medium sulfated CS chains could be consid-
ered as molecules mainly designed to be repellent, which renders them bad
substrates for attachment and migration in two‐dimensional in vitro assay
systems. Fortunately, the central nervous system is not a two‐dimensional
environment.

Oversulfated CS/DS motifs have been isolated from developing brain
(Bao et al., 2004, 2005; Zou et al., 2003), which are able to interact with a
variety of different cytokines with high affinities and may modulate the
activity of these cytokines.

The effects of CS moieties critically depend on their context, which is
specified to a major extent by the core proteins to which they are attached.
A major function of core proteins is probably to determine the distribution
of CS chains by immobilizing them specifically to the appropriate positions.
Attached to specific PG core proteins, oversulfated CS/DS moieties could be
strategically localized, modulating diffusion gradients, and neurotrophic
signaling of growth factors.

Taken together, the heterogeneity of CS structures and of core proteins
makes CSPGs versatile molecules, which are able to act both as barrier mole-
cules and ‘‘master regulators of molecular encounter’’ (Lander, 1998). The
interesting effects observed after alteration of CSPG function with the CS‐
degrading enzymes in CNS lesion models will stimulate the pharmacological
interest in these molecules in the future.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Increased levels of chondroitin sulfate proteoglycan (CSPG) character-
ize responses to various types of tissue injury both in the periphery and in the
central nervous system (CNS). In the periphery, CSPG secretion following
insult has been associated with the repair process, while in the CNS, it is
mainly thought to inhibit regeneration. Central nervous system repair is a
highly complicated process; neural tissue has low tolerance to any deviation
from homeostasis, and it is characterized with intensive perpetuating tissue
damage. Despite its reputation as an inhibitor of CNS recovery, several
recent studies suggested that CSPG might have beneficial features in the
context of the injured CNS. For example, CSPG promotes neuronal survival
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and seals the injury site, thereby blocking the leakage of neurotoxic com-
pounds from the damaged site to the healthy neighboring tissue. Addition-
ally, CSPG spatially restricts the immune response to the injured loci by
promoting the adhesion of immune cells and binding of relevant cytokines.
Moreover, the degradation products of CSPG (i.e., CSPG‐derived disaccha-
rides) were also demonstrated to be highly effective in promoting axonal
growth, microglial activation, and controlling T‐cell functions. Thus, these
CSPG‐degradation products are not wasteful derivatives of an unneeded
molecule but rather carry great therapeutic potential. The variety of the
features characterizing CSPG in the context of CNS might indicate that
the crucial factor leading to the adverse effect of CSPG is not its mere
presence but rather an outcome caused by the lack of synchrony between
its degradation and the requirements of the tissue in the process of repair.
Revisiting the therapeutic potential of CSPG and its degradation products
might lead to a better understanding of the endogenous repair mechanisms
and potential pharmacological applications related to this molecule.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Proteoglycans (PGs) are a diverse group of molecules composed of
repeated disaccharide glycosaminoglycan (GAG) chains, linked to a central
core protein. PGs are defined by both their core protein and their carbohy-
drate constituents. CSPG is the major type of PG expressed in the CNS, and
the mammalian brain contains many different types of CSPGs. During
development, CSPG exhibits a complex pattern of expression: generally,
regions with very high CSPG expression are confined to barrier zones that
are refractory to axon growth (Brittis et al., 1992; Snow et al., 1991;
Steindler et al., 1990), although some types of CSPGs (e.g., phosphacan)
are expressed along fiber pathways and in regions where axon growth occurs
(Maeda and Noda, 1996; Maeda et al., 1992; Oohira et al., 1994). CSPGs
are therefore considered to be neural‐growth modulators having selective
repulsive activities on subsets of neurons, restricting their growth at specific
locations (Maeda and Noda, 1996; Oohira et al., 1994).

CNS injury commonly results in devastating tissue damage and is char-
acterized by poor regenerative capacity. One of the major characteristics of
the injured CNS tissue is the significant increase in the production of CSPG
(Levine, 1994; McKeon et al., 1991; Pindzola et al., 1993). The intense
expression of CSPG at the injury site, along with the well‐documented
growth inhibitory nature of this molecule (Chen et al., 2002; Matsui and
Oohira, 2004; Properzi et al., 2003), has led to the common perception of
CSPG as one of the major factors leading to the phenomenon of limited CNS
regeneration. Other lines of evidence indicate that CSPG has a role in
inducing inflammation in the CNS (Fitch and Silver, 1997). Since the
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common wisdom considered immune activation in the CNS as generally
destructive, this was considered as further validation to the deleterious effect
of CSPG on CNS repair.

In this chapter, we will try to provide a broad view of the variety of
features characterizing CSPG and examine their effects on CNS repair.
Along with studies suggesting an inhibitory effect of CSPG on axonal
growth, we will present other findings describing different features of
CSPG, which can actually support CNS healing. We will also examine the
effects of CSPG on immune activation in light of the current view of a
controll ed immune respons e as sup portive of CNS repai r (Kipni s and
Schwartz , 2005). To complet e the picture of the benefici al and destructive
features of CSPG in the CNS repair process, we will also summarize recent
data indicating the potential role of CSPG degradation products on CNS
recovery. Finally, we will discuss the therapeutic potential of CSPG and its
degradation products.
III. CSPG in Wound Healing _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CSPG, as well as other PGs, are found to be prominent molecules during
wound healing through their influential role in cell–cell and cell–matrix inter-
actions. The healing process is a multifactorial reaction, which can be broadly
classified into five overlapping phases including inflammation, granular tissue
formation, reepithelialization, matrix production, and remodeling. In general,
GAGs are overexpressed during the early stages of wound healing and return
to their normal levels during the remodeling phase, although these molecules
were reported to play an essential role at every stage ofwound healing. Various
PGs, including CSPG, play a structural role in the wound healing process; by
forming cross‐links between collagen and the PGs, they regulate the three‐
dimensional organization of collagen and tissue replantation. Moreover, the
interaction between PGs and collagen provides adequate strength to the tissue,
and by blocking the cleavage sites of collagen, PGs may inhibit the action of
collagenase and collagen degradation (Parthiba and Gupta, 2000).

Various PGs are known to be involved in cell functions by regulating
growth factor and cytokine activity (Villena and Brandan, 2004). Most of
the growth factors and cytokines that are involved in wound healing are
immobilized at the cell surface and in the ECM through PG binding
(Ramsden and Rider, 1992; Ruoslahti and Yamaguchi, 1991). Presenting a
ligand in an extracellular matrix (ECM)‐binding form offers multiple advan-
tages to cells. Tethering the ligand within a region of space inhibits ligand
spreading, and creates elevated local concentration of effective molecules.
Unlike soluble ligands, access to the bound compound is limited to cells
within or migrating into the ECM protein‐containing region. This feature is
especially important with compounds that could be harmful at excessive
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levels such as in the case of TNF‐a, which is neuroprotective in low levels,
but cytotoxic when expressed at higher concentrations. In addition, tether-
ing of such ligands at highly effective local concentration endows them with
unique biochemical properties, generally boosting the natural potential of
these factors. Moreover, the binding to ECM can be a means to expose
cryptic determinants needed for their signaling.

Another important aspect of CSPG, as well as of other PGs, is their
role in the immune response. On the one hand, various cells of the im-
mune system, such as leukocytes and macrophages produce CSPG (Jones
and Tuszynski, 2002; Makatsori et al., 2003). On the other hand, CSPG
production is regulated, among other factors, by immune components such
as the cytokines IL‐1, IL‐4, and TNF‐a (Sorensson et al., 2003; Wegrowski
et al., 1995). CSPG directly affects various cells of the immune system
including T cell, B cells, natural killer (NK) cells, dendritic cells (DCs),
macrophages and microglia in terms of cell motility, differentiation, prolif-
eration, and cytokine secretion (Aoyama et al., 2005; Delfino et al., 1994;
Garnier et al., 2003; Kwakkenbos et al., 2005; MacDermott et al., 1985;
Rachmilewitz and Tykocinski, 1998; Wrenshall et al., 1999; Yang et al.,
2002). Thus, for example, it was reported that CSPG promotes DCs matu-
ration (Yang et al., 2002), induces secretion of Th1‐type cytokines (IFN‐g,
IL‐2, and IL‐12) by OVA‐sensitized spleenocytes, and suppresses secretion of
Th2‐type cytokines (IL‐5 and IL‐10) from those cells (Sakai et al., 2002).

Angiogenesis is another crucial factor required for efficient repair. The
formation of new blood vessels promotes recovery and supports the immune
response. The role of CSPG in promoting angiogenesis (Denholm et al.,
2001) supports the general line of evidences indicating that CSPG is a
major player promoting the recovery process.
IV. General Aspects of CNS Repair ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The CNS has limited regenerative capacity in adulthood. One of the
major factors contributing to this phenomenon is the high availability of
growth inhibitory molecules in the region of CNS injury. Some such factors,
such as myelin debris (Domeniconi and Filbin, 2005; Fouad et al., 2001;
Fournier et al., 2002; Grados‐Munro and Fournier, 2003; He and Koprivica,
2004; Kastin and Fan, 2005; Teng and Tang, 2005), are a consequence of the
insulted neural tissue, while others, such as CSPG, are synthesized de novo
by various CNS cell types.

Additionally, the CNS is characterized by perpetuating degeneration
processes, in which toxic compounds generated at the injured site cause
further damage to the neurons spared from the primary insult. Among
those factors are physiological compounds that exceed their normal levels
such as glutamate and nitric oxide (Fig. 1).



FIGURE 1 Perpetuating degeneration processes in the injured CNS. The direct damage to
neurons triggers a series of event resulting in additional death of neurons that were able to

escape the primary insult.
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Repa ir mec hanisms (reg eneration an d neurogene sis) are limi ted in the
CNS. How ever, almost paradoxi cally, the CNS has a limited source of
protectiv e mec hanisms such as the im mune respons e that is availabl e and
protectiv e to other tissues but is highly con strained in the context of the
CNS. The mec hanisms used by the innat e immune respons e, such as the
secretion of nitr ic oxide or phago cytosis of damaged cells by microgl ia/
macroph ages, can be destr uctive in the CNS if not properly control led
(Fig. 2 ). Moreove r, the CNS is actuall y an immun e privil eged site. Taken
together, these observa tions ha ve led to the commo n wisdom of viewin g the
interaction between the im mune and the CNS as a detrim ent to healing. In
recent years , howev er, studi es indicate that a well ‐ balanc ed immune re-
sponse is crucial for CNS repai r. It was sho wn that a nimals suffering from
immune deficiency have reduced CNS repair capacity, and boosting the
immune response has been proven to augment healing in several models of
CNS injury (Kipnis et al ., 2001; Schori et al., 2001). The immune respons e in
the CNS is a highly complicated reaction mediated by both cells resident in
the CNS, such as microglia, and other cells that infiltrate the CNS following
the insult. Microglia are the local macrophages of the CNS. They act as
stand‐by cells in the service of both the immune and the nervous systems. In
healthy CNS, these cells are quiescent, but in the event of injury to axons or
cell bodies, provided that their activity is well controlled, they can be
activated to buffer harmful compounds, clear debris from the damaged
site, and secrete neurotrophic factors. In the absence of controlled activa-
tion, these cells acquire a destructive phenotype associated with increased



FIGURE 2 The different phenotypes of activated microglia. Activated microglia result in

different phenotypes depending on the type of activation/milieu. Neurotoxic features charac-

terize the activation of these cells by microorganisms. Neuroprotective features usually
characterize activation of microglia by controlled levels of IFN‐g or IL‐4.
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leve ls of TNF ‐ a an d nitric oxide secretion , accelerati ng the damage to the
tissue. Thus , T cel l‐ activat ed microglia can be protective to neural tissue via
the secretio n of neurotr ophic factors and buffering toxicity (Butovs ky et al .,
2005; Shaked et al ., 2005) ( Fig. 2 ). In section VB , we will disc uss the role of
CSPG in this dialog.
V. CSPG in CNS Repair _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In the CNS, CSPG is intensively secreted following injury. Major deposi-
tions of this molecule are commonly observed around the lesion site, where
the glial scar forms. The glial scar contains astrocytes, oligodendrocyte
precursor cells, microglia, and meningeal cells. Several of these cell types
including astrocytes, microglia/macrophages, and even neurons, secrete or
express CSPG on their membranes.
A. The Inhibitory Effect of CSPG on Axonal Growth
The growth inhibitory effect of CSPG on neurons has been widely
discussed in the past years. In fact, CSPG inhibition is considered to be a
major impediment to regeneration observed in the injured CNS. Evidence of
the growth inhibitory nature of CSPG comes from various findings: the lack
of axonal elongation on CSPG both in vivo and in vitro (Asher et al., 2002;
Dou and Levine, 1994; Friedlander et al., 1994; Schmalfeldt et al., 2000;
Smith‐Thomas et al., 1994; Yamada et al., 1997); the observations that
enzymatic degradation of CSPG promotes axonal growth through the glial
scar (Bradbury et al., 2002; Chau et al., 2004; McKeon et al., 1991; Moon
et al., 2001; Tropea et al., 2003; Yick et al., 2000), and the physiological role
of CSPG during development in creating boundaries for the growing axons.
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CSPG expression is high in areas that a re refract ory to axo nal grow th such
as the roo f plat e in the spinal cord (Sn ow et al ., 1991), the pe ripheral region
of the retina near the pupil ( Brittis et al., 1992 ). Mo st of the grow th inhi bi-
tory funct ion of CSPG is medi ated through its sug ar chains or their core
proteins. The sulfati on pattern directly influenc es the bindin g propert ies and
function of CSPGs; howev er, the specific su lfation pattern required for the
inhibito ry activity of these mol ecules on axon gro wth is yet unknown.
B. The Effects of CSPG on the Immune Response
The interaction between immune components and CSPG has far‐reaching
implicat ions on the regulatio n of CN S repai r. The classic notion, which
views the im mune respons e as mer ely destructive in the con text of the
CNS, regard s the interact ion between the immune compone nts and CSPG
as yet an other evide nce of the destru ctive role of CSPG. How ever, in ligh t of
the recen t indicati ons that CNS repair can ben efit from a well ‐ balanc ed
immune respons e, a reexam ination of this interact ion is requi red. Thus ,
for exampl e, our studies have sugges ted that when CSPG is used as a matrix,
it activat es mi croglia (Roll s et al., 2004a ). CSPG was also found by us to act
in synerg y with low levels of inte rferon (IFN) ‐ g in induci ng microgl ia to
expressMHC class‐II molecules and to secrete the neurotrophic factors NGF,
NT4/5, and NT3. Such a synergy allows the benefit of IFN‐g activation to be
augmented without the cost of inducing the killing mechanism (TNF‐a, nitric
oxide) (Shaked et al., 2005) that is associated with higher levels of IFN‐g
(Rolls et al., 2004a). Moreover, we recently found a correlation in vivo
betweenMHC class‐II‐expressing microglia/macrophages andmajor deposi-
tions of CSPG at the site of CNS injury (A. R. unpublished data). Other
studies indicate that culturedmacrophages secrete factors capable of robustly
digesting PGs in an in vitro model of the glial scar (Horn et al., 2004),
possibly suggesting a regulatory interaction between CSPG and macro-
phages/microglia in the recovering CNS.
C. CSPG Isolates the Damaged Site
When considering the repair process in the CNS, one of the major
requirements is the effective sealing of the injury site to prevent the diffusion
of mediators of damage to the surrounding healthy tissue. In this regard, the
production of CSPG in the margins of the lesion can be crucial due to its
physical properties. Studies indicate that the diffusion rate through CSPG is
significantly lower compared to other matrices. A study that examined the
diffusion parameters in rat cortex following a cortical stab wound indicated
that an increase in CSPG levels was associated with a decrease in the
diffusion parameters, making the tissue less permissive and indicating that
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CSPG deposition can impose diffusion barriers (Roitbak and Sykova, 1999;
Sykova, 2001).
D. CSPG in Neural Survival
Another aspect worth noting in the context of CNS repair is the effect of
CSPG on neuronal survival. Some CSPG types were shown to markedly
enhance neuronal survival. For example, astrocytes synthesize and release
the small CSPG molecule, biglycan, which was found to support survival of
neocortical neurons in vitro, possibly via the activation of tyrosine kinases
(Koops et al., 1996). Additionally, CSPG was reported to be neuroprotective
from nitric oxide‐mediated death of cultured neonatal retinal ganglion cells
(Nichel et al., 1995). A similar neuroprotective effect of CSPG on neuronal
survival was observed in beta‐amyloid toxicity. The beta‐amyloid peptide in
its aggregated form is toxic to neurons both in vitro and in vivo. The
aggregated form of a fragment of the beta 1–42 peptide, believed to be
responsible for this toxicity, is able to form senile plaques. Various PGs,
including CSPG, are localized throughout the senile plaques found in
Alzheimer’s patients. Studies indicate that both heparan sulfate proteoglycan
(HSPG) and CSPG prevent neurite fragmentation and toxicity normally
induced by the aggregated beta‐amyloid peptide (Woods et al., 1995). In
other studies, intraocular injections of CS type C resulted in a significant
salvage of axotomized ganglion cells (Huxlin et al., 1995b). Moreover,
normal brain development is associated with massive cell death pro-
grammed as part of brain establishment. In vivo injection of CSPG into
the eyes of rat pups during the postnatal part of the period of naturally
occurring ganglion cell death prevents, in a dose‐ and time‐dependent man-
ner, the death of a significant number of the ganglion cells that are normally
lost (Huxlin et al., 1995a). In the embryonic stages of rat neocortical
development, CSPG are mainly located in specific brain layers. CSPG ex-
pression is maintained after birth and even extends to postnatal day 7;
expression is downregulated by postnatal day 21, concomitant with the
period of naturally occurring cell death. The latter observation is consistent
with a putative role of CSPG in the control of neuron survival during cortical
shaping and formation (Kappler et al., 1997).

It therefore seems that CSPG has a very complicated role in CNS repair
(Fig. 3); although it is deleterious to axonal growth, it is also beneficial in
some other respects to regeneration. It might therefore be more instructive to
examine the beneficial or inhibitory effect of CSPG on CNS repair not in a
global way but in the context of each phase in the repair process. Thus,
CSPG expression might be pivotal in the initial phases following injury for
promoting neuronal survival, limiting the spread of damage and localizing
the immune response; however, its presence in the latter stages might be
destructive due to its inhibitory effect on regenerating axons.



FIGURE 3 Effects of CSPG on CNS repair. CSPGs are characterized by various effects on

the different aspects of CNS repair.
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VI. Degradation Products _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. CSPG‐ Degrading Enzymes
The ex pression patte rns of CSPG in the injured CN S are ch aracterized
by a transient incr ease im mediately follow ing the insult and a relative
decrease in its levels abo ut 10–14 days following injury (Jones et al .,
2003). Neverthe less, in some cases, the levels of CSPG remain elevate d for
months or even years. The specific enzymes responsible for the observed
decline in CSPG levels have not been fully characterized. Broadly, GAGs can
be depolymerized enzymatically either by eliminative cleavage with lyases or
by hydrolytic cleavage with hydrolases. Often, these enzymes are specific for
residues in the polysaccharide chain bearing certain modifications. They
elicit sequence‐specific interactions with the GAG chains, which seem to
be dependent on the conformational flexibility of each specific sequence.
This difference in enzymatic mechanism yields mixtures of chemically
distinct GAG oligosaccharides generated from their parent molecules.
B. The Effects of CSPG‐Degradation Products on
Neuronal Tissue
Some of these CSPG derivatives demonstrate completely different
properties from those of the intact molecule. Several GAG derivatives
demonstrate growth‐promoting features. For example, octasaccharides
derived from CS D induce neurite outgrowth (Nadanaka et al., 1998). We
demonstrated that a disaccharide derived from CSPG promotes axonal
growth in both PC12 and in primary hippocampal cultures (Rolls et al.,
2004b). When the CSPG‐derived disaccharide is added to cultures of PC12
cells, it exhibits a neuroprotective effect from glutamate‐ or nitric oxide‐
induced toxicity. In vivo studies indicate that CSPG‐derived disaccharide
can protect neurons in several rodent models such as glutamate‐induced
toxicity (Rolls et al., 2004b) in the eye or elevated intraocular pressure
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(Bakalash et al., 2005). The neuroprotective effect of this compound is
mediated via the activation of intracellular signaling in the neural cells and
the direct activation of microglia to a neuroprotective phenotype.
C. The Effects of CSPG‐Degradation Products on
Immune Components
Various GAG derivatives were reported to affect the inflammatory
response. Some possess anti‐inflammatory features while others seem to
induce inflammation. For example, CSPG‐derived disaccharides modulate
T cell‐mediated responses, limiting their motility and activation by reducing
the levels of TNF‐a and IFN‐g from these cells (Rolls et al., 2006). Heparin‐
derived disaccharides affect both T cells and macrophages, limiting cytokine
secretion (Cahalon et al., 1997). However, on the other hand, low‐molecular
mass fragments of hyaluronan (HA) demonstrate proinflammatory poten-
tial. In vivo CSPG‐derived disaccharides were shown to attenuate experi-
mental autoimmune encephalomyelitis (EAE) (Rolls et al., 2006) in mice
and to relieve experimental autoimmune uveitis (EAU) in rats, both induced
by activated T cells. Moreover, CSPG‐derived disaccharides reduce DTH
response in mice (Rolls et al., 2006). The DTH response is mediated by
T cells, mainly of TH1 type. The phenomenon of degradation products that
exhibit properties different from their parent compound has been observed
before: IL‐2‐degradation products were reported to have anti‐inflammatory
eff ects, in contra st to the pro inflammat ory pro perties of inta ct IL‐ 2 (Ariel
et al ., 1998), and it was there fore sugges ted that degradat ion products might
have a regulatory role.
VII. Pharmacological Implications _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In this chapter, we discussed the different aspects of CSPG in CNS
repair. Although recent evidences indicate that CSPG can contribute to the
recovery, many treatments were designed in order to overcome its growth
inhibitory effects. Here, we discuss the most common treatments in this
field. We also provide an overview on the therapeutic applications and
possible uses of the CSPG‐degrading products (Fig. 4).
A. Balancing CSPG

1. Preventing CSPG Formation
Treatments were developed to prevent the deposition of CSPG, includ-
ing suppression of CSPG‐core protein synthesis and suppression of GAG‐
chain synthesis by DNA degrading enzymes. Decorin is a compound that
suppresses the synthesis of several CSPG types by inhibiting the activity of



FIGURE 4 Therapeutic intervention to overcome the inhibitory effect of CSPG.

Classification of the different approaches directed to overcome the inhibitory effects of CSPG
on axonal growth. The different treatments in each category are listed.
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transform ing grow th factor b ( Yamaguc hi et al., 1990 ) and the growth ‐
factors recep tor tyros ine kinase, known to pro mote synthe sis of PG ( Asher
et al ., 2000). Decorin adminis tration to injured sites in the adult ‐rat spinal
cord promot es ax on grow th. The DN A‐ degradi ng enzym es are ano ther
example of a trea tment desi gned to sup press CSPG deposi tion; they were
designed to targe t and degrade mRNA encodi ng an enzyme (xylosyl trans -
ferase ‐ 1), which ini tiates GAG s synthe sis on core proteins. When such
enzymes are infused aroun d injured sites, they reduce the expres sion of
CSPG and promot e neuronal regene ration ( Grim pe and Silver, 2004 ).
2. Degrading CSPG
One of the most commo n approache s to ov ercome the grow th inhi bition
imposed by CSPG is the degradat ion of CSPG by specific enzym es. Loc al
applicat ion of chondroi tinase ABC (ChABC) at the inj ury site upregul ates
a regene ration ‐ associ ated protein, GA P43, in injured ne urons an d pro mo-
tes regene ration of both ascendi ng‐ sensory projectio ns and desce nding ‐
corticos pinal trac t axo ns. ChA BC trea tment also rest ores postsyn aptic
activity below the lesion afte r electrica l sti mulation of corticos pinal neurons
and promot es funct ional recove ry of locomo tor an d propri oceptive beh a-
viors (Bradbury et al., 2002). Such treatments with ChABC were reported to
be effective in several in vivo models such as spinal‐cord injury (Bradbury
et al., 2002 ), sciatic ne rve trans ection (Z uo et al., 2002), and nerve grafts
(Krekoski et al., 2001). It was further demonstrated that CSPG degradation
reactivates visual cortical plasticity in mature rats (Pizzorusso et al., 2002).
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Not all enzymatic treatments result in increased recovery despite complete
degradation and elimination of the CSPG molecule, as determined by immu-
nohistochemical analysis, such as in the case of CSPG degradation of by
hyaluronidase (Moon et al., 2003). This may indicate that the effectiveness
of the enzymatic treatment derives not only from the elimination of CSPG
but also from the generation of specific degradation products that contribute
to the repair.
3. Overcoming Inhibitory Intracellular Signaling Associated
with CSPG
A different approach was designed to overcome the inhibitory effect of
CSPG by affecting intracellular‐signaling pathways to either counteract the
inhibitory signal imposed by CSPG or to activate alternative pathways
inducing growth in neurons. For example, the Rho/ROCK pathway med-
iates signals from CSPG and other inhibitory molecules (Monnier et al.,
2003; Tufvesson and Westergren‐Thorsson, 2003). The activation of Rho is
mediated by PKC. Therefore, a PKC inhibitor was infused to injured‐adult
rat spinal cords to suppress the Rho/ROCK pathway. This treatment pro-
moted regeneration of dorsal column axons but not of corticospinal tract
cells (Sivasankaran et al., 2004). C3 transferase is another example of a
molecule designed to inactivate Rho and thereby induce axonal growth of
neurons cultured on CSPG (Dergham et al., 2002). Other members of the
Rhofamily of small GTPases, cdc‐42 and Rac‐1, induce axonal growth upon
activation. Treatments designed to promote their activation resulted in
increased number of neurites growing on CSPG (Jain et al., 2004). The fact
that the growth inhibitory effect of CSPG on neurons can be overcome by
direct activation of intracellular mechanisms promoting axonal growth may
indicate that CSPG does not impose a mechanical barrier to regeneration but
rather affects its intracellular signaling.
B. Benefiting from CSPG‐Degradation Products

1. Competing with CSPG
Degradation products of CSPG, mostly oligosaccharides, were tested
as treatments in different models of CNS insult. The main use of the
degradation products has been in cases in which CSPG depositions were
reported to contribute to pathology, such as in the case of Alzheimer’s
disease, in which PGs and GAGs facilitate amyloid fibril formation and
stabilize the plaque aggregates at the earliest stage of fibril formation.
Monosaccharides and disaccharides were used to compete with the intact
CSPG and heparin for amyloid‐beta binding, thereby decreasing plaque
formation (Gupta‐Bansal et al., 1995).
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2. Affecting Cell Signaling
Other CSPG‐derived compounds were demonstrated to directly activate
intracellular mechanisms and affect cell behavior. Disaccharides derived
from CSPG (CSPG‐DS) can directly induce axonal growth and neuronal
survival, activating the PKCa and PYK2 intracellular‐signaling pathways
(Rolls et al., 2004b). Microglial activation to a neuroprotective phenotype
was also observed following CSPG‐DS treatment, which was associated with
ERK1/2 and PYK2 activation (Rolls et al., 2004b). The systemic or local
application of CSPG‐DS in the eye toxicity model (when the toxic factors are
either excessive levels of glutamate or aggregated beta‐amyloid) was demon-
strated to be neuroprotective, resulting in enhanced neuronal survival and
increased functional recovery. These effects were achieved without degrad-
ing the intact CSPG, and it is therefore possible that application of the
disaccharides helps to maintain the balance between the intact and degraded
CSPG forms, without the need for additional CSPG degradation.
VIII. Conclusions _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CSPG levels are elevated in various pathological conditions both in the
CNS and in the periphery, where these compounds are associated mainly
with wound repair processes. In the CNS, although the expression of CSPG
is observed during normal development (Schwartz and Domowicz, 2004),
by adulthood, the expression of CSPG is detected mainly under injurious
conditions (Properzi et al., 2003) and in several other pathologies such as
Alzheimer’s and MS. CSPGs are generally thought to be inhibitory for CNS
repair. One of the reasons for this perception is their growth inhibitory
properties and their association with recruitment of immune components
such as macrophages/microglia and T cells. Here, we suggest that CSPGs are
actually needed for the CNS repair process. Yet, the regulation of CSPG
production and clearance under the conditions following injury might not be
optimal. According to this view, the destructive effect of this group of
molecules may be a result of their excessive expression or unbalanced
degradation kinetics, factors that could limit their effectiveness. The repara-
tive functions of these molecules, either by sealing off the injury site, gen-
erating diffusion barriers, promoting neuronal survival or activation and
localization of the immune response, can be lost, following treatments
focused on the elimination of CSPG. The observations that the degradation
products of CSPG yield potent protective and therapeutic compounds with-
out the need for CSPG degradation might offer the possibility of exploiting
this group of compounds for novel pharmacological treatments for acute
and chronic degenerative conditions in the CNS.
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Role of Chondroitin‐4‐Sulfate in

Pregnancy‐Associated Malaria
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Many pathogenic microorganisms use glycosaminoglycans (GAGs) as
receptor for cell‐ or tissue‐specific invasion, causing infection. In the case of
pregnancy‐associated malaria, Plasmodium falciparum‐infected red blood
cells (IRBCs) adhere in the placenta, leading to a number of clinical mani-
festations. A uniquely low‐sulfated extracellular chondroitin sulfate proteo-
glycan (CSPG) localized in the intervillous space of the placenta is the
receptor for the IRBC adherence. Chondroitin‐4‐sulfate (C4S) chains of
the CSPG specifically mediate the IRBC adherence, and the optimal IRBC
binding involves a C4S dodecasaccharide motif comprising two 4‐sulfated
and four nonsulfated disaccharides. The sulfate and hydroxyl groups at C‐4
of N‐acetylgalactosamine (GalNAc) and the carboxyl group of uronic acid
are critical for the IRBC adhesion, whereas theN‐acetyl group of GalNAc is
not involved. P. falciparum erythrocyte membrane protein‐1, a member of
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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the parasite var gene family of proteins that is expressed on the surface of
IRBCs, has been proposed as the ligand for IRBC adherence. In malaria
endemic areas, pregnant women produce IRBC antiadhesion antibodies in a
pregnancy stage‐specific manner, which protect against placental malaria. A
comprehensive understanding of the structural interactions involved in
IRBC adherence to placental CSPG would be valuable in designing C4S
oligosaccharides or mimetic peptide therapeutics for the treatment of pla-
cental malaria. While many pathogens are known to use heparan sulfate
(HS) as a receptor for attachment to host cells or tissues, the involvement of
CSPG in pathogen adhesion is very rare. As far as we are aware, the
adherence of P. falciparum IRBCs in the placenta is the only unequivocally
established case in which CSPG is involved in the interactions of pathogens
with the host.
II. Glycosaminoglycans as Receptor for Microbial Adhesion and
Invasion of Host Cells and Tissues ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Accumulated evidence indicates that during evolution, many micro-
organisms (pathogenic bacteria, viruses, and parasites) have adapted to
exploit the GAG chains of proteoglycans (PGs) of specific cells and tissues
for efficient invasion, propagation, and survival in the host (Rostand and
Esko, 1997; Wadstrom and Ljungh, 1999). Of the several GAG types
present in animal cells and tissues, the majority of the GAG‐recognizing
microorganisms use HS chains of heparan sulfate proteoglycans (HSPGs) as
receptor for infecting the hosts. The HS chains of animal cells differ consid-
erably with regard to the sulfate content and relative amount of glucuronic
acid (GlcA) and iduronic acid, leading to cell‐specific HS structural features.
Thus, animals express HS chains of diverse structural features that are
differentially recognized by adhesive proteins on the surface of various
microbes for attachment and invasion of host cells. For example, herpes
simplex virus (HSV) adheres to the HS chains of the host cells through the
interaction of viral surface glycoproteins, glycoprotein B (gpB) and glyco-
protein C (gpC), using different HS structural motifs (Herold et al., 1995).
P. falciparum sporozoites invade hepatocytes by binding to heparin‐like
motifs of the HS chains that are enriched with N‐sulfated glucosamine
and 2‐sulfated uronic acid (Pinzon‐Ortiz et al., 2001; Pradel et al., 2002).
Other microorganisms that are reported to use HS chains for entry into
host includeHaemophilus influenzae, human immunodeficiency virus, cyto-
megalovirus, dengue virus, Trypanosoma cruzi, Leishmania donovani,
Bordetella pertussis, Borrelia burgdorfeii, Helicobactor pylori, Neisseria
gonorrhoeae, Chlamydia trachomatis, Leishmania amastigotes, Staphylo-
coccus aureus, S. mutans, and S. pyogenes (Frick et al., 2003; Lima et al.,
2002; Pradel et al., 2002; Rostand and Esko, 1997; Wadstrom and Ljungh,
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1999). Toxoplasma gondii has been reported to bind a variety of GAGs,
which include heparin, C4S, and chondroitin 6‐sulfate (C6S) (Carruthers
et al., 2000). However, the broad GAG‐recognition specificity of T. gondii is
not firmly established.

In contrast to a large number of diverse types of microorganisms
that have been shown to use HS chains of HSPGs as receptor for the adhesion
and invasion of host cells, only a limited number of microbes appear to use
chondroitin sulfate (CS). Hitherto there have been no reports regarding
microorganisms using dermatan sulfate (DS) as a receptor. Subsets of HSV
and T. gondii have been reported to use the CS chains of CSPGs as the host
cell receptor (Banfield et al., 1995; Carruthers et al., 2000), but the receptor
specificity has not been unequivocally established. The blood stage P. falci-
parum has been shown to use the CS chains of CSPGs for IRBC adherence in
the host (discussed in a later section), and to date, this is the only micro-
organism that has been conclusively shown to use the CS chains for adhesion
in the host. Hyaluronic acid (HA) has also been suggested as a receptor for
P. falciparum adherence (Beeson and Brown, 2004; Chai et al., 2001). How-
ever, this finding has been controversial (Valiyaveettil et al., 2001), and
further studies are required to determine if HA is also a receptor. As far as
we are aware, there are no other reports regarding microorganisms using HA
as a receptor for adhesion to host tissues.
III. Structural Features and Occurrence of
Chondroitin Sulfates ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The focus of this chapter is to discuss the role of CS in the adherence of
P. falciparum‐IRBCs in the human placenta, which leads to pregnancy‐
associated malaria. As discussed in detail in chapter 3, CS consists of a
repeating disaccharide moiety made up of GlcA and GalNAc with variable
number of sulfate groups on GalNAc residu e (Bhavan adan and Davidso n,
1992; Kjellen and Lindahl , 1991 ). The CS chains of most animal CSPGs
belong to two groups: (i) C4S also called chondroitin sulfate A (CSA) with
sulfate group at C4 of GalNAc and (ii) C6S also known as chondroitin
sulfate C (CSC) with sulfate group at C6 of GalNAc. However, the sulfation
of GalNAc residues of CS during biosynthesis is usually not complete, and
the CS chains of many animal cells are sulfated to variable degrees, resulting
in the formation of partially sulfated CS chains. For example, while most of
the GalNAc residues of the sturgeon notochord CS are sulfated, only �15%
of the GalNAc in the CS chains of a subpopulation of bovine corneal CSPG
is sulfated (Muthusamy et al., 2004a). In the CS chains of most animal cell
and tissue CSPGs, 70–80% of the GalNAc are sulfated at C4 or C6. The CS
chains of certain animal tissues contain sulfate groups at C4 of some Gal-
NAc residues and at C6 of others, forming copolymeric structures. For
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example, �53% and �39% of the GalNAc residues in the CS chains of
bovine tracheal CSPG have sulfate groups at C4 and C6, respectively, and
the remainder of the GalNAc is nonsulfated (Alkhalil et al., 2000). On the
other hand, the CS chains of some animal‐tissue CSPGs are oversulfated. For
instance, �60% of the GalNAc residue of the squid cartilage CS (CS E) are
sulfated at both C4 and C6. In shark cartilage CS (CS D), �23% of the
disaccharide moieties contain sulfate groups at both C2 of GlcA and C6 of
GalNAc (Alkhalil et al., 2000).
IV. Malaria Infection and Parasite Interaction with
the Host ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Malaria is a deadly infectious disease in the tropical and subtropical
regions of the world. Despite the availability of various drugs for treatment,
malaria continues to be a leading cause of deaths. In addition to causing
2–3 millions deaths annually, the disease contributes enormously to the
socioeconomic burden of the people living in the endemic areas (Gilles and
Warrell, 1997; Sachs and Malany, 2002; Sherman, 1998). Malaria is also a
major health problem for travelers, military personnel, business people,
and diplomats from nonmalarial regions entering endemic areas (Sachs and
Malany, 2002). In recent years, the spread of drug‐resistant parasites and
insecticide‐resistant mosquitoes is exacerbating the problem (Greenwood
and Mutabingwa, 2002). Therefore, novel therapeutics and/or a vaccine
are needed to combat malaria effectively. A comprehensive understanding
of the parasite biology and parasite–host interactions is likely to facilitate
such efforts.

The parasitic protozoan of the genus Plasmodium is the causative agent
of malaria (Gilles and Warrell, 1997; Sherman, 1998). More than a hundred
Plasmodium species are present in nature, which infect various animals,
including human, monkeys, rodents, birds, and reptiles. However, malaria
in human is caused by four species, P. falciparum, P. vivax, P. malaraie, and
P. ovale. Of these, P. falciparum is the most virulent and responsible for more
than 90% of malaria fatalities (Gilles and Warrell, 1997; Sherman, 1998).
The mode of infection and developmental stages are similar for all four
human malaria parasites. The parasites enter the host in the form of spo-
rozoites during a bite by infected mosquitoes and selectively infect liver cells.
Infection at the liver stage is largely asymptomatic, and over a period of
time the parasites mature and differentiate into merozoites. Each infected
liver cell releases tens of thousands of merozoites, which specifically invade
red blood cells. In the blood stage, the parasite multiplies every 48 h, each
infected erythrocyte releasing 8–24 merozoites, which go on to infect other
erythrocytes (Gilles and Warrell, 1997). Multiplication of the blood‐stage
parasites leads to massive destruction of red blood cells and stimulation of
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host innate immune system to produce proinflammatory mediators. These
events collectively contribute to severe anemia, periodic fever and chills,
metabolic acidosis, and many organ‐related pathological conditions (Gilles
and Warrell, 1997; Miller et al., 2002; Sherman, 1998). Since most of the
events of parasite–host interactions are common to all four human malaria
parasite species, why only P. falciparum but not other three species causes
fatal forms of disease remains poorly understood. However, accumulated
evidence indicates that adherence of parasite IRBCs to the microvascular
endothelial surface, a distinctive feature of P. falciparum compared to
the other three human parasite species, may play a key role (Miller et al.,
2002; Weatherall et al., 2002). Extensive accumulation of the IRBCs in the
microvascular capillaries of vital organs causes capillary blockage with
deprivation of oxygen and nutrients and production of toxic levels of proin-
flammatory cytokines (Miller et al., 2002). These events damage the endo-
thelial cell lining, causing organ dysfunction and severe organ‐related
pathological conditions such as coma, pulmonary edema, respiratory dis-
tress, liver dysfunction, and renal failure (Heddini, 2002; Hommel, 1993;
Weatherall et al., 2002).

Sequestration of IRBCs in the microvascular capillaries of the host
organs is an adaptive mechanism for the efficient survival of the parasite in
the harsh environment of the host. This mechanism provides the parasite
several survival advantages: (i) by avoiding clearance of the IRBCs by the
spleen, (ii) establishing a low oxygen environment that is conducive for its
growth, (iii) efficient multiplication under decreased blood flow, and (iv)
evading the host defense by inducing effective immune suppression locally.
Abolition of IRBC adherence is likely to allow the host to effectively clear
infection, preventing the development of malaria pathology. Therefore,
understanding the IRBC‐adherence mechanism and structural interactions
involved in the adherence could offer strategies for the development of
therapeutics and/or a vaccine for malaria.

P. falciparum has evolved to use several host receptors on the vascular
endothelial surface for IRBC adherence and effective survival by evading the
host immune responses. The identified host receptors involved in IRBC adher-
ence include, CD36, intercellular adhesion molecule‐1, vascular cell adhesion
molecule‐1, E‐selectin, platelet endothelial cell adhesion molecule‐1/CD31,
and thrombospondin on vascular endothelial cell surface (Baruch et al.,
1996; Chaiyaroj et al., 1994; Heddini et al., 2001; Ockenhouse et al., 1992;
Pasloske and Howard, 1994; Treutiger et al., 1997; Udomsangpetch et al.,
1997). IRBCs have also been reported to bind to complement receptor,HS, and
C4S (Chaiyaroj et al., 1996; Robert et al., 1995; Rogerson et al., 1995; Rowe
et al., 1997; Vogt, et al., 2003). It is believed that the adherent proteins
expressed on the surfaces of IRBCs are members of antigenic var gene family
of proteins that are collectively called P. falciparum erythrocyte membrane
protein 1 (PfEMP1) (Baruch et al., 1995, 1996; Borst et al., 1995; Gardner
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et al., 1996;Noviyanti and Brown, 2003; Smith et al., 1995, 2000a,b, 2001; Su
et al., 1995). The P. falciparum genome has a repertoire of �60 distinct var
genes, which are variably expressed in different parasite strains. In infected
individuals, the parasite, through its ability to express divergent PfEMP1s from
the var gene repertoire, can adhere to various organs and multiply, causing
organ‐related illness. However, over a period of time, the host produces anti-
adhesive antibodies against the adherent PfEMP1, inhibiting IRBC adhesion
and aiding the clearance of infection (Bull andMarsh, 2002; Bull et al., 1998;
Giha et al., 2000). Thus, in immune‐protected people, the IRBCs cannot
adhere to the vascular capillaries, thereby limiting parasite growth. To over-
come this host’s immune‐defensive mechanism, the parasite switches to other
adherent phenotypes by expressing PfEMP1swith different receptor specificity
through the use of its var gene repertoire (Gatton, et al., 2003; Giha et al.,
1999; Jensen et al., 2004; Paget‐McNicol et al., 2002; Peters et al., 2002). This
ability of the parasite to express varying PfEMP1 forwhich the host has not yet
developed adhesion inhibitory antibodies enables it to selectively adhere
through a different receptor and efficiently survive in the host.
V. Adherence of P. falciparum‐Infected Erythrocytes in
the Placenta and Pregnancy‐Associated Malaria ____________________________________________________________________________________________________________________________________________________________________________________________________________________________

In malaria endemic areas, women are highly susceptible to P. falciparum
malaria during pregnancy, especially those who are pregnant for the first
time (Brabin 1983; Brabin and Rogerson, 2001; Duffy and Desowitz, 2001;
Steketee et al., 1988). This phenomenon occurs, even though women in
general, like men, have protective immunity acquired during adulthood
(Artavanis‐Tsakonas et al., 2003; Baird, 1995; Day and Marsh, 1991;
Hviid, 1998; Riley et al., 1994; Roberts, 2003). The reason for the suscepti-
bility of pregnant women is that the development of the placenta provides a
new receptor for P. falciparum adherence that is not expressed on the
vascular endothelial surface (Duffy, 2001; Fried, 2001). Therefore, indivi-
duals other than pregnant women are not exposed at significant levels to this
parasite subtype. In the absence of the phenotype‐specific protective immu-
nity, the antigenically distinct P. falciparum selectively adhere to the placenta
and multiplies, leading to the massive accumulation of IRBCs in the inter-
villous space (Beeson et al., 2002; Brabin et al., 2004; Fried and Duffy, 1998;
Miller and Smith, 1998). In response to this IRBC sequestration (Fig. 1),
macrophages infiltrate the placenta in large numbers and release toxic levels
of proinflammatory cytokines (Brabin et al., 2004; Menendez et al., 2000;
Ordi et al., 2001; Rogerson et al., 2003). These events affect the normal
functions of the placenta, causing placental malaria, which is characterized
by a number of clinical manifestations that include low‐birth weight, still
birth, abortion, premature delivery, and maternal morbidity and mortality



FIGURE 1 (A) Schematic diagram of a portion of human placenta. (B) Photograph of a

tissue section of P. falciparum‐infected placenta fixed with 10% formaldehyde and stained with

hemotoxylin and eosin. IVS, intervillous space; Syn, syncytiotrophoblast lining; Mf,
macrophage/mococytes; arrows, IRBCs.
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(Brabin et al., 2004; Crocker et al., 2004; Ismail et al., 2000; McGregor
et al., 1983; Menendez, 1995; Menendez et al., 2000; Ordi et al., 2001;
Rogerson et al., 2003; Steketee et al., 2001; Walter et al., 1982). Over
successive pregnancies, women develop placental parasite‐specific immunity
and acquire resistance to placental malaria (Duffy, 2001). Therefore, in
endemic areas, the multigravidae are at relatively low risk of developing
placental malaria.
VI. C4S Mediates the Adherence of P. falciparum IRBCs in
Human Placenta _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The adherence of IRBCs in the placenta of P. falciparum‐infected
women, the observed low levels of parasitemia in the peripheral blood
despite the accumulation of IRBCs at high density in the placenta, and the
pregnancy‐associated malarial complications have been known for more
than 100 years (Duffy, 2001). Nevertheless, until recently, the underlying
mechanism for IRBC adherence in the placenta was unknown. Since almost
all adults in endemic areas, where P. falciparum infection occurs on a daily
or weekly basis, people are generally resistant to developing severe illness.
Thus, the susceptibility of women to placental malaria had been attributed
to immune suppression during pregnancy (Duffy, 2001). However, this
notion does not explain the observed decrease in susceptibility to placental
malaria with increasing gravidity (Brabin, 1983).

In 1995, Rogerson et al. discovered that a population of P. falciparum
laboratory strains can adhere to CHO cells and that the binding is mediated
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by C4S. The CHO cell‐adherent IRBCs were unable to bind CHO cell
mutants deficient in the expression of C4S, and the IRBC binding to CHO
cells was inhibited by C4S but not by C6S, DS, HS, or heparin (Rogerson
et al., 1995). Treatment of CHO cells with chondroitinase ABC but not
heparitinase caused a drastic reduction in IRBC binding. It was further
found that a minor population of IRBCs isolated from the peripheral
blood of infected persons bound to immobilized C4S (Chaiyaroj et al.,
1996), suggesting that the C4S‐IRBC binding is biologically relevant. During
the same period, Robert et al. (1995) showed that IRBCs of P. falciparum
laboratory strains could bind in vitro cultured human lung endothelial
cells and Saimiri monkey brain microvascular endothelial cells in a C4S‐
depenedent manner. The binding of IRBCs to the endothelial cells was
inhibited by C4S but not by C6S, DS, HS, HA, or keratan sulfate (KS)
(Robert et al., 1995). The binding was also abolished on treatment of
endothelial cells with chondroitinase ABC and chondroitinase AC II.
These two independent studies clearly established that a subpopulation of
P. falciparum IRBCs could bind to C4S. A year later, Fried and Duffy (1996)
discovered the biological relevance of IRBC binding to C4S by demonstrat-
ing C4S‐dependent adherence of IRBC in the placenta of P. falciparum‐
infected pregnant women.

By testing various extracellular matrix (ECM) molecules, including
C4S, DS, fucoidin, fibronectin, laminin, fibrinogen, and different collagen
types immobilized on plastic surface, Fried and Duffy (1996) found that the
IRBCs isolated from P. falciparum‐infected placentas could bind to C4S but
not to other molecules tested, such as C6S, DS, and heparin. The placental
IRBCs could adhere to tissue sections of uninfected placentas, and the
binding was inhibited by soluble C4S but not by DS. Treatment of the
placental tissue sections with chondroitinase ABC abolished IRBC binding.
Furthermore, the placental IRBC isolates were unable to bind to CD36, the
major receptor for IRBC adherence in vascular capillaries in males and
nonpregnant women. On the other hand, IRBCs from the peripheral blood
of nonpregnant women were unable to bind to the immobilized C4S and
instead adhered to CD36 (Fried and Duffy, 1996). Thus, it was demon-
strated that IRBC adherence in the placenta and vascular capillaries is
mediated by distinct host receptors, namely C4S and endothelial cell adhe-
sion molecules, respectively. Subsequently, several investigators substan-
tiated the adherence of IRBCs to C4S (Achur et al., 2000; Beeson et al.,
1998; Cooke et al., 1996; Duffy and Fried, 1999; Gysin et al., 1997; Gowda
and Ockenhouse, 1999; Maubert et al., 1997, 2000; Pouvelle et al., 1998;
Rogerson and Brown, 1997). The IRBCs were also shown to adhere to
immobilized C4S under shear stress conditions similar to those of physio-
logical blood flow in postcapillary venules, demonstrating that the C4S‐
dependent binding of IRBCs is physiologically relevant (Cooke et al.,
1996; Rogerson et al., 1997).
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It has also been shown that a minor population of IRBCs from the
peripheral blood of P. falciparum‐infected individuals (particularly those
from Thailand), presumably regardless of gender, could bind to immobilized
C4S (Chaiyaroj et al., 1996). However, the IRBCs do not adhere significant-
ly to vascular endothelia because CSPGs are rarely present on the vascular
endothelial surface in vivo even though in vitro cultured endothelial cells
synthesize significant levels of CSPGs as components of the ECM and cell
surface. Therefore, C4S‐adherent P. falciparum phenotypes are unable to
selectively accumulate in males and nonpregnant women. This explains
why protective immunity to malaria that is developed by people in endemic
areas during their childhood years does not include antibodies that prevent
C4S‐IRBC adhesion and immunity against C4S‐adherent phenotype.
VII. Uniquely Low‐Sulfated Extracellular CSPG is the Major
Receptor for IRBC Adherence in Human Placenta ___________________________________________________________________________________________________________________________________________________________________________________

To identify the CSPG that mediates IRBC adherence in the human
placenta, Achur et al. (2000) have purified and structurally characterized
the CSPGs and other related PGs of human placenta. It has been found
that human placenta contains three distinct types of CSPGs: (i) a uniquely
low‐sulfated extracellular aggrecan family CSPG; (ii) several cell‐associated
CSPGs; (iii) tissue‐matrix PGs containing copolymeric DS/CS chains (Achur
et al., 2000). These three CSPG types account, respectively, for 24%, 2%,
and 74% of the total CSPGs in the placenta.

The CS chains of extracellular CSPG are extremely low sulfated; on an
average, only one in twelve of the disaccharide residues are 4‐sulfated. The
level of sulfation in the CS chains of placental CSPG from different indivi-
duals varies considerably; 4–12% of 4‐sulfated and 86–98% of nonsulfated
disaccharide residues (Achur et al., 2000). The cell‐associated CSPGs com-
prise a mixture of several distinct PGs, including low‐abundance syndecan
and the CSPG form of thrombomodulin in cytotrophoblasts, syncytiotro-
phoblasts, and fetal villous blood capillary endothelial cells (Achur et al.,
2000; Gowda et al. unpublished observations). Since these CSPGs are
distributed in several cell types of the placenta, it is likely that only very
low amounts of CSPGs are present on the syncytiotrophoblast surface. The
CS chains of these CSPGs are moderately sulfated; 27–33% are 4‐sulfated,
13–15% 6‐sulfated, and 52–60% nonsulfated disaccharide residues. Tissue
matrix PGs include mainly decorin and biglycan with DS/CS copolymeric
chains (Achur et al., 2000). These matrix DS/CSPGs are localized in the
stromal tissue and blood vessel walls but are absent in the intervillous space
or on the syncytiotrophoblast cells. Therefore, these DS/CSPGs are not
accessible for IRBC interactions.
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The IRBC‐binding ability of the purified placental CSPGwas assessed by
an in vitro cytoadherence assay (Fig. 2). Of the two CSPG types of the human
placenta that are accessible for IRBC interactions, the extracellular CSPG
and cell surface CSPGs, it is the former, despite being extremely low sulfated,
that efficiently binds IRBCs in a concentration‐dependent manner (Achur
et al., 2000). Treatment of the CSPG‐coated plates with chondroitinase ABC
or testicular hyaluronidase completely abolished the IRBC binding, whereas
treatment with Streptomyces hyalurolyticus hyaluronidase or heparitinase
had no effect, indicating that the CS chains of the CSPG mediate the IRBC
adhesion. Consistent with this conclusion, the IRBC binding to the CSPG is
efficiently inhibited by C4S, and the inhibition is dose dependent (Fig. 3). In
contrast, C6S, HA, HS, heparin, dextran sulfate, or pentosan polysulfate are
noninhibitory. From these data, it is evident that the placental IRBCs have
strict specificity to C4S. The cell‐associated CSPGs of the placenta can also
bind IRBCs, but their IRBC‐binding capacity is significantly lower than that
of the extracellular low‐sulfated CSPG (Achur et al., 2000). Therefore, the
low‐sulfated CSPG, being accessible for IRBCs and able to strongly bind
IRBCs, functions as the major receptors for IRBC adherence in the placenta
(also see discussion in a later section).
FIGURE 2 (A) Schematic diagram illustrating the various steps of the in vitro
cytoadherence assay used for assessing the binding of IRBCs to CSPG coated onto plastic

Petri dishes. The CSPG solutions (10–15 ml at 10–400 ng/ml in PBS) are spotted as 4 mm spots,

blocked with 2% BSA in PBS, overlaid with parasite culture. The unbound cells washed off

with PBS, and bound cells are fixed, stained with Giemsa, and photographed under a
microscope. (B) Photograph under a microscope, showing the binding of IRBCs prestained

with SYBR Green to CSPG‐coated plates.



FIGURE 3 Inhibition of IRBC binding to the human placental low‐sulfated CSPG coated
onto plastic plates by various GAGs. The assay was performed as described by Alkhalil et al.
(2000). The level of 4‐sulfated disaccharides in the partially sulfated C4S is indicated in the

parenthesis; the reminder represents nonsulfated disaccharides.
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VIII. CSPG Receptor for IRBC Adhesion is Localized in the
Intervillous Space of the Placenta __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In P. falciparum‐infected placentas, the IRBCs sequester predominantly
in the intervillous space (Fig. 1). Immunohistochemical analysis of the
placental tissue sections, using antibodies specific to the core proteins of
the placental PGs, showed strong staining in the intervillous space and weak
but significant staining on the syncytiotrophoblast surface (Muthusamy
et al., 2004b). The staining was abolished upon prior treatment of the tissue
sections with chondroitinase ABC. Immunohistochemical analysis using
monoclonal antibodies against the unsaturated disaccharide motifs, formed
on the core saccharides at the GAG chain‐attachment sites, upon treatment
of CSPG with chondroitinase ABC, showed that anti‐Ddi‐4S antibody but
not anti‐Ddi‐6S antibody could strongly stain the intervillous space and to a
lesser degree the syncytiotrophoblast surface (Muthusamy et al., 2004b).
Mild washing of the unfixed, frozen placental tissue sections with isotonic
buffers completely washed off the low‐sulfated CSPG with concomitant
abolition of the antibody staining in the intervillous space. Based on these
data, it was concluded that the low‐sulfated CSPG is localized mainly in the
intervillous space. Firm evidence for the intervillous space CSPG being the
placental IRBC receptor came from colocalization of the CSPG and IRBC
adherence (Muthusamy et al., 2004b). Analysis of IRBC binding to the fixed
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placental tissue sections showed that IRBCs adhered at high density in the
intervillous space and at low levels on the syncytiotrophoblasts. The IRBC
adherence was C4S dependent, since the tissue sections pretreated with
chondroitinase ABC were unable to bind IRBCs and the adherence of
IRBCs was inhibited by soluble C4S. This ex vivo IRBC adherence pattern
closely resembled the distribution pattern of low‐sulfated CSPGs in the
placenta as observed by immunohistochemical analysis. Dual immunofluo-
rescence staining of the endogenous RBCs and the low‐sulfated CSPG and
ex vivo IRBC adherence on the same tissue section using prestained IRBCs
with SYBR Green colocalized the low‐sulfated CSPG and the adhered
IRBCs, mainly in the intervillous space and at low levels on the syncytio-
trophoblasts (Muthusamy et al., 2004b). The distribution patterns of CSPG
and ex vivo‐adhered IRBCs were similar to the pattern of IRBC adherence in
P. falciparum‐infected placentas, that is, predominantly in the intervillous
space and at low but significant levels on the syncytiotrophoblast lining
(Fig. 1B). Thus, it has been established that the low‐sulfated CSPG is
localized to intervillous space and is the major receptors for IRBC adherence
in human placenta.
IX. Structural Requirement for the IRBC Adherence to Human
Placental CSPG Receptor ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The structural interactions involved in IRBC adhesion to the CS chains of
the placental CSPG receptor have been determined by inhibition analysis using
CS with varying sulfation pattern (Alkhalil et al., 2000; Beeson et al., 1998;
Chai et al., 2002; Fried et al., 2000; Fusai et al., 2000; Maubert et al., 1997).
A comparative analysis of a fully sulfated C4S from sturgeon notochord
and two C4S/C6S copolymers from bovine trachea and whale cartilage was
carried out. The two C4S/C6S tested were about 2.5‐fold more efficient in
inhibiting IRBC adhesion to placental CSPG compared to the fully 4‐sulfated
CS (Alkhalil et al., 2000). This is despite the fact that the C4S/C6S copolymers
have significant levels of 6‐sulfate groups. Since the C4 hydroxyl groups of the
6‐sulfated GalNAc residues in the bovine tracheal and whale cartilage C4S/
C6S are not substituted, it appears that the 6‐sulfated disaccharides with free
hydroxyl groups at C4 of GalNAc essentially function as non‐4‐sulfated
disaccharide residues in binding IRBCs (Alkhalil et al., 2000). Based on these
data, it was inferred that the IRBC adhesion involves the participation of both
4‐sulfated and non‐4‐sulfated disaccharides of the C4S chains (Alkhalil et al.,
2000). When the 6‐sulfate groups of the bovine tracheal and whale cartilage
CS were completely removed by regioselective 6‐O‐desulation, the inhibitory
capacities of the CS were significantly increased (Alkhalil et al., 2000; Fried
et al., 2000), suggesting that either the C6 sulfate groups sterically interfere
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with IRBC binding to a certain degree or the C6 hydroxyl groups of GalNAc
are involved in binding.

To determine the level of 4‐sulfate groups required for optimal IRBC
binding by partially sulfated C4S, Alkhalil et al. (2000) prepared a series
of partially sulfated C4S containing 3–89% sulfate groups and measured
their ability to bind IRBCs. Of these C4S tested, only those that had 30–52%
4‐sulfate groups could maximally inhibit IRBC binding to placental
CSPG, whereas C4S containing 3–11% or >80% sulfate groups were less
inhibitory (Fig. 3, and not shown).

Gowda and coworkers (unpublished results) have studied the role of
various functional groups of CS in IRBC binding to placental CSPG. To assess
the role of N‐acetyl groups in IRBC binding, the acetyl groups of bovine
tracheal CS were replaced by the N‐propionyl, N‐butyryl, N‐hexanoyl, or
N‐benzoyl groups and tested for inhibition of IRBC binding to placental
CSPG. The inhibitory capacity of each derivative was similar to that of the
unmodified bovine tracheal CS, demonstrating that theN‐acetyl groups of the
GalNAc residues of C4S are not involved in IRBC adherence. Conversion of
more than >65% of the carboxyl groups of the bovine tracheal CS into
primary hydroxyl groups resulted in the complete loss of inhibitory activity,
whereas the CS in which �15% carboxyl groups were reduced was almost
fully active. The CS in which �50% carboxyl groups were reduced has
retained only 30–40% of the inhibitory activity. Gowda and coworkers (un-
published results) also studied the inhibitory activities of partially sulfated C4S
(carboxyl groups equatorially disposed) with sulfate content ranging from
30–60% and compared with those of DS (carboxyl groups axially oriented)
with similar sulfate content. In each case, the inhibitory activity of DS was
about 50% less than the C4S with similar sulfate content. Thus, it was
demonstrated that the carboxyl groups of C4S are critical for IRBC binding.
X. Minimum C4S Structural Motif Involved in the IRBC
Adherence to Placental CSPG _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

To determine the minimum C4S‐chain length involved in IRBC binding,
oligosaccharides of varying sizes, prepared by enzymatic digestion of CS,
have been tested for the inhibition of IRBC binding. Using oligosaccharides
formed by chondroitinase ABC digestion of bovine tracheal CS, Beeson et al.
(1998) reported that a tetradecasaccharide is the minimum structural motif
required, whereas Pouvelle et al. (1998) found that oligosaccharides with
eighteen or nineteen disaccharides were required for efficient inhibition of
IRBC adherence. However, Alkhalil et al. (2000) tested oligosaccharides
of various sizes, prepared by testicular hyaluronidase digestion of CS from
three different sources, and showed that a dodecasaccharide (six disaccha-
ride units) is the minimum motif required for maximum inhibition of
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IRBC adherence to the placental CSPG (Fig. 4). Subsequently, Chai et al.
(2002) confirmed that the dodecasaccharide is the minimum chain length
needed for IRBC binding. Furthermore, Alkhalil et al. (2000), by evaluating
the inhibitory activity of C4S dodecasaccharides containing different sul-
fate contents, demonstrated that oligosaccharides with two or three sulfate
groups have higher inhibitory capacity than those with either one or more
than three sulfate groups. In contrast to this finding, Chai et al. (2002)
reported that five sulfate groups are required for the maximal interaction
of C4S dodecasaccharides with IRBCs. However, it is not clear whether the
dodecasaccharide used by Chai et al. (2002) was exclusively 4‐sulfated or
it contained one or more 6‐sulfated groups in addition to the 4‐sulfate
groups. Since bovine tracheal CS was used in their study, it is possible that
the tested oligosaccharides contained significant levels of 6‐sulfate groups
and the actual 4‐sulfate content is considerably low. This controversy was
addressed, and it was found that two or three 4‐sulfate groups within the
dodecasaccharide minimal structural motif are sufficient for optimal binding
of IRBCs (Achur and Gowda, unpublished results).

The requirement of aC4Smotifwith six disaccharides for efficient binding
suggests that a conformational structure is involved in IRBC adherence. In
solution, C4S exists as a left‐handed, single stranded helix with three disac-
charides per turn (Cael et al., 1978). Therefore, the dodecasaccharide motif of
C4S corresponds to two turns of the helical conformation. Since 4‐sulfated
and 4‐nonsulfated disaccharides in the ratios of 1:1–1:2 are required
for efficient interaction with IRBCs, it appears that a specific distribution
FIGURE 4 Inhibition of IRBC binding to the human placental low‐sulfated CSPG coated
onto plastic plates by C4S oligosaccharides of varying sizes. The assay was performed as

described by Alkhalil et al. (2000).
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pattern of the sulfate groups in a conformational structure involving the
interaction of several structural elements within each turn of the two helices
of the dodecasaccharide motif is involved in IRBC binding.
XI. Distribution of Sulfated Disaccharide Residues in
the CS Chains of Placental CSPG ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Given that a minimum of two 4‐sulfate groups in a dodecasaccharide
motif of the C4S is required for optimal binding of IRBCs and that the CS
chains of placental CSPG contain only 2–14% sulfate groups (Achur et al.,
2003; Alkhalil et al., 2000), it is clear that the sulfate groups in the placental
CS chains are clustered at certain regions at a density of at least two
4‐sulfated disaccharides per dodecasaccharide motif. To determine whether
this is the case, Achur et al. (2003) have studied the distribution of sulfate
groups in the CS chains of the placental CSPG receptor. The CS chains of
placental CSPGswere prepared and digestedwith Streptococcus dysgalactiae
hyaluronidase, an endo‐b‐N‐acetylhexosaminyl lyase that preferentially acts
on the nonsulfated regions of the partially sulfated CS chains. The enzyme
converted 80–90%of the CS chains into nonsulfated di‐ and tetrasaccharides
and the remainder into larger oligosaccharides (Achur et al., 2003). Size and
disaccharide compositional analyses indicated that the majority of larger
oligosaccharides were 6–14 disaccharide moieties in length, consisting of
20–28% 4‐sulfated and 72–80% nonsulfated disaccharide repeating resi-
dues. These results indicated that the majority of sulfate groups in the CS
chains of the placental CSPGs are distributed such that certain regions of the
polysaccharide have �28% 4‐sulfated disaccharide units and the other
regions contain a few or no sulfate groups. IRBC‐adhesion inhibition analysis
demonstrated that the oligosaccharides corresponding to the sulfate group‐
clustered domains of the placental CS chains could efficiently inhibit IRBC
binding to placental CSPG. The inhibitory capacity of the oligosaccharides of
the placental CS chainwas comparable to that of the C4Swith 36%4‐sulfated
disaccharides. Together, the above results indicate that the sulfate groups in the
CS chains of placental CSPGs are uniquely distributed and that these sulfate‐
clustered domains provide the necessary structural elements for the efficient
adhesion of IRBCs, even though the CS chains have overall a low degree of
sulfation (Achur et al., 2003).
XII. Low‐Sulfated Placental CSPG is Expressed Throughout
the Second and Third Trimester _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In malaria endemic areas, the prevalence of P. falciparum infection in
pregnant women peaks during 13–20weeks of gestation (Brabin, 1983). This
peak prevalence corresponds to the period when IRBCs accumulate heavily
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in the placenta. These observations imply that receptors for IRBC adhesion in
the placenta are expressed early during the pregnancy. Agbor‐Enoh et al.
(2003) have studied the expression pattern of CSPG in the intervillous space
of the placenta during the course of pregnancy. The extracellular CSPG has
been purified from placentas at 16, 24, 28, 33, and 38 weeks of gestation,
structurally characterized and IRBC‐adherence characteristics studied. The
low‐sulfated CSPG was found to be present in the intervillous space at all
gestational ages studied. The level of CSPG expressed per unit tissue weight
was similar in placentas of various gestational ages and were comparable to
the levels of low‐sulfated CSPG in the term placentas. The structural features
of the CS chains of the CSPG purified from placentas of different gestational
ages were similar to those of the term placentas, comprising 4–10%
4‐sulfated and 96–90% nonsulfated disaccharide moieties (Agbor‐Enoh
et al., 2003). The molecular size of the CSPG decreases with increased
gestational age. However, the IRBC‐binding capacity of the CSPGs isolated
from placentas of different gestational ages was similar to that of the CSPG
purified from term placentas. These results indicate that the low‐sulfated
CSPG is available for IRBC adherence in the placenta during the entire
second and third trimesters of gestation. However, the observed peak preva-
lence of placental malaria corresponds to the period when the host immune
response is still developing, and the parasites grow unhindered.
XIII. Presence of C4S‐IRBC Antiadhesion Antibodies in
Pregnant Women in Malaria Endemic Areas _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In malaria endemic areas, the rate of P. falciparum infection in pregnant
women starts declining in the weeks following the peak‐prevalence period
(Brabin, 1983; Zhou et al., 2002). Given that the CSPG receptor for IRBC
adherence is expressed at high levels throughout the second and third
trimesters (Agbor‐Enoh et al., 2003) and that placenta rapidly develops
during these periods, the observed decline in parasite prevalence after
20 weeks of gestation is not due to a decrease in the level of the CSPG
receptor in the placenta. Moreover, in malaria endemic areas, nonpregnant
women have acquired protective immunity to P. falciparum malaria and
thus are resistant to severe malaria in a manner similar to their male counter-
parts (Brabin, 1983). However, women during pregnancy are generally at
higher risk of malaria, and the risk is greatest during the first pregnancy,
deceasing with subsequent pregnancies (Brabin, 1983). Fried et al. (1998)
have shown that sera from pregnant women from different malaria endemic
countries (Kenya, Malawi and Thailand) inhibit IRBC adherence to immo-
bilized C4S and to placental tissue sections. These investigators also found
that the C4S‐IRBC adherence inhibitory antibodies were absent in males and
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women who were not previously pregnant. Antiadhesion antibodies were
also absent in the sera of people from malaria‐free regions. Subsequently,
several studies (Beeson et al., 1999, 2004; Gysin et al., 1999; Maubert et al.,
1999; O’Neil‐Dune et al., 2001; Ricke et al., 2000; Staalsoe et al., 2001),
using sera from different endemic regions, showed that most pregnant
women have IRBC‐C4S adhesion inhibitory antibodies at term, and the
antibodies are produced in a gender‐specific manner, substantiating the
findings of Fried et al. (1998).

In pregnant women, the antiC4S‐IRBC adhesion antibodies are pro-
duced differentially in a gravidity status‐specific manner. It appears that in
highly endemic areas, the majority of pregnant women at term contain
antiadhesion antibodies, and the adhesion inhibitory activity of sera from
certain primigravidae at term is comparable to that of sera from multigravi-
dae (O’Neil‐Dunne et al., 2001). This observation appears to contradict, at
first glance, the finding that primigravidae are highly susceptible while multi-
gravidae are relatively resistant to placental malaria. However, as discussed
below, the differential disposition of primigravidae and multigravidae to
placental malaria appears to be related to, at least in part, the efficiency
with which the antibodies are produced during the early stage of pregnancy.
O’Neil‐Dunne et al. (2001) have showed that antibodies are usually absent
in all pregnant women prior to 12 weeks of gestation, regardless of gravi-
dity, and that antibodies are produced during pregnancy in the majority
of P. falciparum‐infected pregnant women. Analysis of sera from preg-
nant women at different stages of pregnancy showed that primigravidae
and multigravidae differentially produce antiadhesion antibodies during
pregnancy. Primigravidae lacked antibodies prior to 20 weeks of pregnancy
and began producing antibodies during 20–24 weeks of gestation. In con-
trast, multigravidae lacked antibodies until 12 weeks of pregnancy and
produced antibodies during 12–16 weeks of gestation, significantly earlier
than primigravidae. After 20 weeks of gestation, there was no significant
difference in the levels of antibodies betweenprimigravidae andmultigravidae.
This pregnancy stage‐dependent differential antibody response is likely due to
the pre‐existing memory of an antiadhesion antibody response in multigravi-
dae acquired during earlier pregnancies and the lack of such a memory re-
sponse in primigravidae. The differential kinetics of this antibody response
appears, at least in part, to contribute to the gravidity‐dependent differential
susceptibilities to pregnancy‐associated malaria.

The differences in kinetics of the antiadhesion antibody responses also
explain the previously observed difference in the prevalence of P. falciparum
infection during pregnancy in primigravidae and multigravidae (Brabin,
1983). In highly endemic areas, peak prevalence of P. falciparum in-
fection occurs during 13–16 weeks of pregnancy both in primigravidae
and multigravidae. Thereafter, the prevalence of parasites rapidly declines
in multigravidae but persists, at peak levels, until around 20 weeks in
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primigravidae (Brabin, 1983). However, the rate of parasite clearance during
the third trimester is similar in these two groups. Therefore, the peak preva-
lence of parasite infection and the differential recovery during the second
trimester of primigravidae andmultigravidae correspond to the periodswhen
both populations lacked antiadhesion antibodies. The subsequent compara-
ble rate of recovery from infection during the third trimester relates to the
similar levels of antibodies in either group.

The sera from pregnant women in different geographical areas can
inhibit C4S‐IRBC adherence, regardless of whether IRBCs are from C4S‐
adherent laboratory cultured parasites or from infected placenta of women
in different endemic areas. This indicates the expression of a common, well‐
conserved parasite adhesive protein or a limited set of variant adhesive
proteins in genetically different strains of the C4S‐adherent parasites. The
ability of antibodies to inhibit IRBC adherence shows a causal relationship
between IRBC adherence in the placenta and placental pathology. Consis-
tent with this conclusion, it has been reported that antiadhesion antibodies
are associated with normal birth weight and better survival of the newborns
(Beeson et al., 2004; Duffy and Fried, 2003a; Staalsoe et al., 2004; Taylor
et al., 2004). These findings and other accumulated evidence support
the idea that the C4S‐IRBC adherence step is an effective target for the
development of therapeutics and/or a vaccine.
XIV. P. falciparum Adhesive Protein that Mediates IRBC
Adherence to the Placental CSPG ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Although information on the P. falciparum adhesive protein expressed
on the IRBC surface that mediates C4S‐dependent binding of IRBCs
in human placenta represents an important aspect of placental malaria,
discussion about the parasite protein is beyond the scope of this chapter.
The readers are referred to recently published reviews (Beeson and Brown,
2002; Duffy and Fried, 2003b; Gowda et al., 2004; Rowe and Kyes, 2004;
Scherf et al., 2001; Sherman et al., 2003; Smith and Deitisch, 2004).
XV. Conclusions _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

After the discovery in 1996 that a subpopulation of P. falciparum IRBCs
binds C4S and this phenomenon is involved in IRBC adherence in human
placenta, various studies have conclusively demonstrated that placental
IRBC adherence is mediated by C4S. These include: (i) identification, struc-
tural characterization, and localization of the placental low‐sulfated CSPG
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and its ability to efficiently bind IRBCs; (ii) comprehensive studies on
the structure and IRBC binding activity of C4S; (iii) the discovery that
pregnant women produce C4S‐IRBC antiadhesion antibodies in a gender‐
and gravidity‐specific manner and that the presence of high levels of these
antibodies provide protection against placental malaria‐associated poor
pregnancy outcomes.

Regarding the C4S structure–activity relationship, several critical C4S
structural elements involved in IRBC binding are known, but much more
remains to be understood. For example, although it is known that a C4S
dodecasaccharide with two 4‐sulfate groups is the motif involved in IRBC
adherence, the precise location of 4‐sulfated disaccharide moieties within
the oligosaccharide is not known. Fifteen different structures are possible for
a dodecasaccharide with two 4‐sulfated and four non‐4‐sulfated disaccha-
ride moieties variously distributed. Determining which one of those struc-
tures can maximally bind IRBCs is challenging. For example, separation of
the various oligosaccharides from amixture of dodecasaccharides formed by
enzymatic degradations of C4S is almost impossible. An alternative synthet-
ic approach will also be a daunting task. However, the knowledge that has
already been gained regarding the structural interactions involved in IRBC
binding offers valuable insight into efforts aimed at developing novel thera-
peutics based on C4S oligosaccharides or peptide mimetics for treating
pregnancy‐associated malaria.

Compared to the definitive information known about the CSPG recep-
tor and many C4S structural interactions involved in IRBC adhesion, the
identity of the parasite‐adhesive protein remains unclear. Although it is
widely believed that PfEMP1 encoded by one or more var genes mediates
IRBC binding to placental CSPG, unequivocal evidence is lacking. It is
possible that PfEMP1 is the parasite adhesive protein, but direct biochemical
evidence is needed to conclusively show that PfEMP1 is the CSPG ligand on
the IRBC surface. Considering the intensity of ongoing efforts in various
laboratories around the world, it is hoped that definitive answers will be
soon forthcoming, thus offering strategies for the development of therapeu-
tics and/or a vaccine for pregnancy‐associated malaria.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The use of chondroitin sulfate (CS) for the symptomatic treatment of
osteoarthritis (OA) has become very popular; however, it has also been the
subject of controversy for several reasons. First, the nutraceutical industry is
less regulated than the pharmaceutical industry and thus, the nutraceutical
CS often suffers from poor quality control. Second, the bioavailability of
orally administered CS is not generally accepted. Third, the mechanism of
the effect of CS for treatment of OA remains unclear. There is abundant
in vitro and in vivo evidence from animal and human clinical studies
demonstrating the efficacy and safety of CS. This chapter focuses on the
immunological activity of structurally regulated CSs. The mechanism of this
immunological activity appears to be through CS binding to receptors
related to cytokine production in lymphocytes such as splenocytes.
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II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Most important pharmaceuticals have their origin in natural products,
such as herbs and antibiotics, however, many physicians are deeply skeptical
about the use of natural remedies. This skepticism is based on the concerns
about the lack of scientific evidences of their efficacy. A new class has
emerged called nutraceuticals, which are nutritional supplements with pre-
sumed pharmaceutical properties and efficacy. Because these substances are
relatively unregulated, there is no requirement for rigorous scientific evi-
dences before marketing. This lack of regulation also poses severe problems
with purity and quality control. Glucosamine and CS sales alone in Japan
are estimated at several billion JPY (several hundred million US dollars) in
retail sales. Furthermore, the combination of glucosamine and CS is a very
popular nutraceutical in the USA. While there is no scientific evidence on the
efficacy of glucosamine and CS in the treatment of joint disease, the market
of this nutraceutical product continues to grow. Self‐medicating patients
represent the driving force making nutraceutical products bestsellers
throughout the world. Glucosamine and CS have been widely studied in
tissue culture, animal models of arthritis, veterinary clinical trials, and
human comparative or placebo controlled trials. All published studies sug-
gest a positive effect, and no trial has shown significant side effects. Based on
the absence of conclusive data, the National Institute of Health has started
‘‘NIH Glucosamine/Chondroitin Arthritis Intervention Trial (GAIT)’’
(htt p://www.ni ams.nih .gov/ne/ press/2000 /gait_qa .htm#w hat) to obtai n de-
finitive scientific evidence for the efficacy of glucosamine and CS in the
treatment of arthritis.

Glucosamine and CS are integral components of articular cartilage and
are important to the physiologic and mechanical properties of this tissue.
Glucosamine is involved in cartilage formation by acting as the precursor of
the disaccharide unit in glycosaminoglycans (GAGs) (Baker and Ferguson,
2005; De los Reyes et al., 2000; Scott et al., 2005). Chondroitin sulfate is a
GAG that is a component of the aggrecan structure that makes up articular
cartilage (Freeman, 1979). It binds collagen fibrils and limits water content
by cooperating with hyaluronan, which is also a GAG. Chondroitin sulfate
plays a role in allowing the cartilage to resist tensile stresses during various
loading conditions by giving the cartilage resistance and elasticity (Muir,
1986). Exogenously administered glucosamine and CS have been shown
in vitro to have other physiological effects. Glucosamine stimulates chon-
drocytes to increase secretion of GAGs and proteoglycans (PGs) in vitro
(Jimenez, 1996). There is also evidence of CS‐based anti‐inflammatory
activity not related to prostaglandin metabolism, probably through a free
radical scavenging effect (Raiss, 1985). Osteoarthritis is clinically character-
ized as the decomposition of cartilage by degradative enzymes. These
enzymes are competitively inhibited by CS in vitro (Bartolucci et al., 1991;

http://www.niams.nih.gov/ne/press/2000/gait_qa.htm#what
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Bassleer et al., 1992). Moreover, laboratory studies have demonstrated
a synergistic effect when glucosamine and CS are administered together.
Lippiello et al. (2000) noted that the coadministration of CS and glucos-
amine resulted in a greater increase of 35SO4 incorporation into GAGs
(97%) than demonstrated by either agent alone (glucosamine, 32%; CS,
32%). This synergistic effect was also observed in experiments on CS’s
antiprotease activity in vitro (Arner, 2002). However, the orally adminis-
tered CS has to be absorbed through gastric/intestinal system into blood flow
to show these effects in its intact form.

There are many arguments regarding whether or not orally administered
CS is absorbed through gastric/intestinal system (Owens, 2004). We have
found only very small amounts of relatively low‐molecular weight CS chains
(average molecular weight 15,000) in the blood over 24 h following oral
administration to mice. The failure to observe significant bioavailability
suggests a novel concept that CS might act in the absence of absorption, on
the humoral immunosystem by stimulating the intestinal intraepithelial lym-
phocytes (IEL) through cytokine production (Akiyama et al., 2004; Sakai
et al., 2002a). This chapter describes the effects of CS on immunosystem
in vivo and in vitro.
III. Clinical Experience (David and Lynne, 2003) _____________________________________________________________________________________________________________________________________________________________________________________________________________________

In an artificially induced cartilage injury model, Uebelhart et al. (1998)
noted that treatment with CS resulted in a marked reduction in the loss of
PSs as compared with controls. Lippiello et al. (1999) reported that the effect
of CS given to normal dogs was an increase in the serum GAG levels. Using
indirect assessments of cartilage metabolism, they found that serum from
treated dogs increased biosynthetic activity (incorporation of radioactively
labeled glucosamine) and decreased proteolytic degradation (release of 35S)
from prelabeled normal calf cartilage segments. Using a rabbit instability
model created by transecting the anterior cruciate, Lippiello et al. (2000)
found that the articular matrix was severely degraded in the untreated group
while remaining essentially intact in the treated group. In a canine model of
unilateral carpal synovitis, although no effect was observed if the treatment
was started after the synovitis occurred, dogs pretreated with the combina-
tion of glucosamine and CS have shown less evidence of bone remodeling
and lower lameness scores (Canapp et al., 1999).

Glucosamine and CS are often used either separately or in combination
for the treatment of arthritic ailments (Dechant et al., 2005). The safety
profile of these nutraceuticals has been reviewed (Hungerford and Valaik,
2003). When recommending a supplement to patients, the physicians should
take into account the purity of the ingredients, reputation of the manufac-
turer, and the molecular weight of chondroitin supplied. An analysis of
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marketed products indicated that the amounts of glucosamine and CS pres-
ent in the products sold often fell short of the declared values on the label
(Adebowale et al., 2000). Most of the commercially available supplements
sold in Japan analyzed in our laboratory contained less CS than indicated on
their label, and significant amounts of carrageenan was found in many of
these products (data not published). These discrepancies may introduce the
confusion underlying the potential benefits of these nutraceuticals in treating
arthritic disease.

Several clinical trials exploring the efficacy of both glucosamine and CS
in the treatment of OA have been performed over the past 30 years as
indicated in an earlier section; the outcomes of these studies have also
been reviewed (Leeb et al., 2000; McAlindon et al., 2000; Richy et al.,
2003). The goal of these reviews was to assess both the potential symp-
tom‐modifying (e.g., pain and functional efficacy) and structure‐modifying
(e.g., changes in joint space narrowing) activities of glucosamine and CS in
alleviating symptoms of OA of the knee using outcome‐oriented metaana-
lysis of these randomized clinical trials. The general conclusion from these
reviews is that glucosamine ingestion shows efficacy in both narrowing joint
space and some symptom‐modifying parameters. However, although CS
ingestion showed similar symptom‐modifying effects, the structure‐modify-
ing benefits still need to be confirmed. Given this clinical evidence, there is
clearly a need for more basic research aimed at elucidating the cellular and
molecular mechanisms involved with these two interesting nutraceuticals.
IV. Metabolic Fate of Orally Administered
Chondroitin Sulfates ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The metabolic fate of orally administered CS is ambiguous (Ronca and
Conte, 1993). Baici et al. (1993) investigated the ability of an oral dose of CS
to impact the concentration of GAGs in humans. In this study, CS samples
were administered to six healthy volunteers, six patients with rheumatoid
arthritis, and six patients with OA. The concentration of GAGs in serum
was reportedly unchanged following ingestion (Baici et al., 1993). Morrison
(1977) has indicated that the intact absorption of CS was extremely low,
estimating the absorption rate to be between 0 and 8%. The complexity of
this issue is based on the fact that CS is found in a wide range of molecular
weights, chain lengths, charge distributions, with positional isomers of sulfo
groups, and containing variable percentages of similar disaccharide residues
comprised of sulfated glucuronic acid (GlcA) and N‐acetylgalactosamine
(GalNAc) as shown in Fig. 1. A further complication occurs because low‐
molecular weight derivatives of CS have also been pharmacologically pro-
duced and utilized in some of the pharmacokinetic and therapeutic studies
and trials (Conte et al., 1991; Ronca et al., 1998). It is quite possible that the
contrasting metabolic fates of orally administered CSs are a direct reflection



FIGURE 1 Disaccharide structures found in chondroitin sulfate.
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of this dissimilarity in the primary structure and physical properties of these CS
samples. The pharmacokinetic properties of a proprietary CS were investi-
gated by Conte et al. (1995). Significant extraction procedures were utilized to
generate a low‐molecular weight product that could be characterized for
structure, physiochemical properties, and purity. Only a fraction with a rela-
tive molecular weight of about 14 kDa was used in their experiments. This
fraction showed a sulfate‐to‐carboxyl ratio of 0.95 due to the high percentage
of monosulfated disaccharide sequences [55% CS‐A (4‐O‐sulfonated Gal-
NAc) and 38% CS‐C (6‐O‐sulfonated GalNAc)], and a low amount of dis-
ulfated disaccharide sequences (1.1%). The purity of the preparation was
greater than 97%CS. This sample was radioactively labeled and orally admi-
nistered to the rats and dogs.Althoughmore than70%of the radioactivitywas
absorbed and was subsequently found in urine and tissues, the radioactivity
associated with an intact molecule of CS corresponding to the molecular mass
of the administered CS was relatively small (approximately 8.5%), and this
percentage decreased rapidly over time. The majority of the radioactivity
absorbed was actually associated with molecules with a molecular mass of
less than or equal in size to GalNAc residues. This radioactivity increased over
time and remained elevated. Radioactivity after 24 h was highest in the small
intestine, liver, and kidneys (tissues responsible for the absorption, metabo-
lism, degradation, and elimination of the compound); however, relatively high
amounts of radioactivitywere also found in tissues, which utilize amino sugars
such as joint cartilage, synovial fluid, and trachea. This group also orally
administered CS to healthy volunteers in either a single daily dose of 0.8 g or
in two daily doses of 0.4 g. Although both dosing schedules increased plasma
concentration of exogenous molecules associated with CS, the results have
indicated that the oral administration of one dose of 0.8 g CS was the more
effective regimen. Some physiological parameters associated with GAGs, such
as hyaluronan, were also analyzed to investigate whether orally administered
exogenous CS affects synovial fluid in patients with OA. The results indicated
that the treatment with CS might also modify these parameters. Thus, despite
all of these studies, the oral bioavailability and efficacy of CS remains contro-
versial. However, the majority of physiological benefits subsequent to admin-
istration of CS appears to be a direct result of increased availability of the
monosaccharide/disaccharide residues of CS produced by the action of
enzymes found in the intestine (Hong et al., 2002).
V. A New Concept for Explaining the Effect of
Chondroitin Sulfate in Arthritis Treatment ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Polysaccharides, such as CS, are clearly poorly absorbed through the
digestive system. Moreover, we have shown that the half‐life of CS in the
circulatory system is 3–15 min, based on the pharmacokinetic study of
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intravenously administered CS (Sakai et al., 2002b). Accordingly, it appears
unlikely that orally administered CS is systemically distributed to connective
tissues, such as cartilage and skin, and that exogenously administered CS
directly stimulates chondrocyte synthesis of extracellular matrix compo-
nents. This suggests that the mechanism of action of exogenously admi-
nistered CS might be mediated from within the intestinal tract by other
systems, such as the immunological system (Wrenshall et al., 1999). Our
laboratory has already shown that CS affects and upregulates the in vitro
antigen‐specific Th1 immune response on murine splenocytes sensitized with
ovalbumin (OVA) and that CS suppresses the antigen‐specific IgE responses
(Sakai et al., 2002a). These findings also suggest a therapeutic use of CS to
control the IgE mediated allergic response. The number and position of O‐
sulfo groups varies among CS samples obtained from different sources (Alves
et al., 1997; Farias et al., 2000; Santos et al., 1992).We hypothesized that the
immunological activity of orally administered CS might also be different
among the several types of CS. Thus, it is important to determine the struc-
ture–activity relationship (SAR) of CS, particularly with respect to the num-
ber and position ofO‐sulfo groups in CS. Knowledge of the SAR of CSwill be
necessary to further explore its effective use as a therapeutic agent.

It is generally accepted that CD4þ T cells are subpopulations contain-
ing 2 cell types (Th1 and Th2), based on their different patterns of cytokine
secretion (Mossmann and Coffman, 1989a,b). Th1 cells secrete IFN‐g, IL‐2,
and IL‐12. Th2 cells produce IL‐4, IL‐5, and IL‐10. IFN‐g and IL‐12 induce
the differentiation of Th0 cells to Th1 cells, whereas IL‐4 induces the
differentiation to Th2 cells (Fig. 2). Therefore, it is believed that an increase
FIGURE 2 Overview of Th1/Th2 balance.
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in IFN‐g and IL‐12 shifts the Th1/Th2 cell balance to predominantly Th1,
while an increase in IL‐5 and IL‐10 shifts the balance to predominantly Th2
(Akiyama et al., 1999; Nagafuchi et al., 2000). We have previously reported
that CS induced Th1‐type cytokine (IFN‐g, IL‐2, and IL‐12) secretion but
suppressed Th2‐type cytokine (IL‐5 and IL‐10) secretion by the OVA‐sensi-
tized splenocytes (Sakai et al., 2002a). We have also already shown that both
O‐sulfo group content and position in CS is important for the Th1‐promoted
activity of murine splenocytes, in terms of the cytokine production and Th1/
Th2 balance (Akiyama et al., 2004). We first examined whether the activity
was associated with the O‐sulfo groups in CS and confirmed that the sulfa-
tion of a polysaccharide has played an important role in the activity. We have
reported that CS induced the Th1‐promoted activity while dextran, a neutral
polysaccharide used as a control, did not (data not shown). In contrast,
dextran sulfate also did not show significant effects on cytokine production
by murine splenocytes (Fig. 3). These results indicate that the polysaccharide
type and sulfation is critical for the Th1‐promoted activity (Akiyama et al.,
2004). We subsequently showed the effect of the level of sulfation number
and position of CS on the Th1‐promoted activity (Akiyama et al., 2004).
While fully sulfonated CS exhibits Th1‐promoted activity, intact CS‐A and
the partiallyO‐sulfonated CS demonstrate higher activity CS (Fig. 1). These
results strongly suggested that excess sulfo groups in CS could decrease the
Th1‐promoted and Th2‐inhibitory activities of CS. Among the monosul-
fated CS, CS‐A, ‐C, and ‐B, the CS‐A sample showed highest activity (Figs. 1
and 3). This result suggested that the [‐4)GlcA(b1–3)GalNAc4S(b1‐]n se-
quence is more important for activity than the [‐4)GlcA(b1–3)GalNAc6S
(b1‐]n or [‐4)IdoA(b1–3)GalNAc4S(b1‐]n sequences characteristic of CS‐C
and ‐B, respectively (Fig. 1). Chondroitin sulfate‐B [dermatan sulfate (DS)],
while nearly structurally identical to CS‐A (it contains IdoA instead of
GlcA), shows lower activity. This is surprising as the greater flexibility
of the IdoA residue in CS‐B is commonly used to explain the propensity of
IdoA‐containing GAGs to interact with proteins and display a large number
of different biological activities (Kawashima et al., 2002). Examination
of the disulfated CS samples shows that the effects of CS‐E on the Th2‐
inhibitory activity were higher than those of CS‐D or ‐A (Fig. 3, also see
structures shown in Fig. 1). These results suggested that the [‐4)GlcA(b1–3)
GalNAc4S6S(b1‐]n sequence in CS‐E is more important for high activity than
the [‐4)GlcA2S(b1–3)GalNAc6S(b1‐]n sequence characteristically found in
CS‐D. Furthermore, these experiments demonstrate that the [‐4)GlcA(b1–3)
GalNAc4S(b1‐]n and [‐4)GlcA(b1–3)GalNAc4S6S(b1‐]n sequences in CS are
more critical for higher activity. Researchers have reported many biological
activities for sulfated polysaccharides (Chaidedgumjorn et al., 2002; Koyanagi
et al., 2003; Linhardt and Toida, 1997; Toida et al., 1999). In most cases the
number of sulfo groups in the polysaccharide directly correlates with the level of
bioactivity (Chaidedgumjorn et al., 2002; Koyanagi et al., 2003; Toida et al.,



FIGURE 3 Effect of CS on the cytokine production of murine splenocyte in vitro. BALB/c
mice (n¼ 5) were intraperitoneally injected on day 0 and 13with 20 mg of ovalbumin (OVA) and

2 mg of Al(OH)2 at a total volume of 400 ml. Spleen cells (5.0 � 106 cells/ml) were collected on

day 14 and were cocultured with OVA (final 100 mg/ml). The amounts of cytokines in the
supernatant were measured by ELISA. Asterisk indicates significance of difference from control

value (*p < 0.05, **p < 0.01). Bars represent mean values (�S.D.) for six wells.
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1999). Koyanagi et al. (2003), have shown that by increasing the number of
sulfo groups in fucoidans (sulfonated fucans), its antiangiogenic and anti-
tumor activities can be potentiated. Our laboratory has also reported the
many biological activities of the chemically fully sulfated poly‐ and oligosac-
charides (Chaidedgumjorn et al., 2002; Suzuki et al., 2001; Toida et al.,
1999, 2000). Chondroitin sulfate has been found in many tissues (Suzuki
et al., 1968) and cells (Ohhashi et al., 1984; Petersen et al., 1999; Stevens
et al., 1988), and has been reported to interact with various biologically
important molecules and regulate their functions. We have demonstrated
the importance of the content, position, and number of O‐sulfo groups in
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CS for immunological activity of the OVA‐stimulated murine splenocytes
in vitro (Akiyama et al., 2004; Sakai et al., 2002a). It was also shown that
Th1‐promoted and Th2‐inhibitory activity of CS on murine splenocytes
could be associated with binding to L‐selectin. It has been reported that
a large CS/DSPG interacts through its CS/DS chains with the adhesion
molecules L‐ and P‐selectin, CD44, and chemokines. Kawashima et al.
(1999, 2000) and others (Capila and Linhardt, 2002; Hirose et al., 2001)
reported that oversulfated CS/DS, containing [‐4)GlcA(b1‐3)GalNAc4S6S
(b1‐]n sequences, interacts with L‐selectin, P‐selectin, and chemokines. Our
findings may indicate that these same [‐4)GlcA(b1‐3)GalNAc4S6S(b1‐]n
sequences in CS would be associated with the strongest effects on the promo-
tion of the Th1‐type cytokine production and the inhibition of the Th2‐type
cytokine production. The present structural characterization of CS to Th1‐
promoted, and Th2‐inhibitory activity is consistent with the high‐affinity
binding of CS, containing the [‐4)GlcA(b1‐3)‐GalNAc4S(b1‐]n and [‐4)
GlcA(b1‐3)GalNAc4S6S(b1‐]n sequences, to L‐selectin (Kawashima et al.,
2002). These findings also may support our hypothesis that such an immu-
nological activity could be associated with the binding of CS‐A to L‐selectin
on T cell surface. These results also may indicate that differences in the
content and position of O‐sulfo groups in CS could markedly influence
Th1‐promoted and Th2‐inhibitory activities, as do differences between
GlcA and IdoA residues in CS. In these observations, however, the inhibition
of CS binding to L‐selectin could not be shown by FACS analysis using
labeled antiL‐selectin monoclonal antibody (Akiyama et al., 2004). This
result may suggest that the epitope region on L‐selectin to antiL‐selectin
monoclonal antibody might not be located in the lectin region that binds to
CS. We have not yet established the relationship between the various CS
samples from natural products and the immunological activities. Thus, fur-
ther studies are required on the relative L‐selectin binding affinity of different
types of CS to fully elucidate the importance of L‐selectin‐CS binding. The
effect of heparin was also examined on Th1/Th2 balance and found to
demonstrate the same level of activity as CS at identical doses (results not
published). We are considering future studies to assess the effects of heparin
and its derivatives on these activities to fully elucidate the SAR of GAG.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Molecules in biological systems often perform more than one function.
Many structures have the ability to scavenge free radicals, acting in living
organisms as antioxidant, although their main biological function is differ-
ent. During oxidative stress, the increase in concentration of these molecules
seems to be a biological response that in synergism with the other antioxi-
dant defense systems may protect cells from oxidation. Among these struc-
tures chondroitin sulfate (CS) has increasingly focused the interest of many
research groups. This chapter briefly summarizes the action of CSs in reduc-
ing molecular damage caused by free radicals and associated oxygen reac-
tants. The chondroitin‐4‐sulfate exerts higher antioxidant activity than
chondroitin‐6‐sulfate. The specific sulfation pattern seems to play a central
role in the inhibitory activity of these molecules on free radicals, since the
suggested mechanism is entrapment by chelation of those metal cations, like
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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Fe2þ and Cu2þ, that in turn, by Fenton’s reaction, are responsible of reactive
oxygen species (ROS) production. Chondroitin sulfate’s protection on a
wide variety of molecules (i.e., lipids, proteins, DNA, and so on) and in
various cells from different organs is documented in several in vitro and
in vivo experimental studies. Chondroitin‐4‐sulfate was shown to be able to
reduce biological injury and free radical generation in several models of
oxidative stress‐induced damage in cellular cultures. Other investigations
evaluated these antioxidant properties in experimental models of disease in
animals and in human pathologies, especially arthritis. The antioxidant
activity of CS could be used in the future as therapeutic agent in pathologies
where free radicals are involved.
II. Background __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

It is widely known that the generation of free radicals and other ROS
plays a key role in a large number of pathologies, including rheumatoid
arthritis, liver disease, and atherosclerosis. These reactive molecules are
formed during normal aerobic metabolism in cells and following phagocyte
activation during infection/inflammation. A consequence of uncontrolled
production of free radicals is damage to biomolecules leading to altered
function and disease (Evans and Halliwell, 1999).

Free radicals can directly damage membrane lipids and other biological
molecules such as proteins and nucleic acids. Oxidative injury occurs to
some extent through the direct action of superoxide anions (O2

�) and other
ROS, but it is also partly secondarily derived from peroxide radicals, lipid
hydroperoxides, and several lipid fragmentation products that behave as
active oxidizing agents in various tissues such as the kidney, heart, liver,
brain, lung, gut, skin, and so on (Halliwell et al., 1992). A number of
endogenous antioxidant defense mechanisms that limit the levels of poten-
tially dangerous ROS, have been identified. Endogenous defenses are differ-
entiated in enzymatic, superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx), and nonenzymatic systems that are able, in
normal conditions, to neutralize free radicals.

The matrix metalloproteinases (MMPs) are a family of calcium‐depen-
dent zinc‐containing endopeptidases, which are capable of degrading a wide
variety of ECM components (Bode andMaskos, 2003). MMPs are known to
play important roles in tissue remodeling during physiological processes,
including tissue repair. The activity of MMPs is regulated by several types of
inhibitors, of which the tissue inhibitors of metalloproteinases (TIMPs) are
the most important (Nagase and Woessner, 1999). The balance between
MMPs and TIMPs regulates tissue remodeling under normal conditions.
A deregulation of this balance is characteristic feature of pathological con-
ditions involving extensive tissue degradation and destruction, such as
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arthritis, diabetes, liver injury, and atherosclerosis. ROS are known to react
with thiol groups, such as those involved in preservingMMP latency, so they
could modulate the activity of MMPs (Wainwright, 2004).

Although oxidative stress is an unavoidable consequence of aerobic
metabolism, the majority of four electron reduction of the O2 molecule is
of a rather low reactivity. However, trace amounts of unprotected transition
metal ions, like Fe2þ and Cu2þ, can catalyze the Haber–Weiss reaction of the
low‐reactive O2

� and H2O2 that gives rise to the highly toxic hydroxyl
radical. O2

� role in the iron or copper catalyzed Haber–Weiss reaction is
the superoxide‐assisted Fenton reaction (Halliwell and Gutteridge, 1999).

The catalytic effect of transition metal ions‐induced OH� generation can
be reduced by using molecules possessing chelating activity against these
metal ions.

Glycosaminoglycans (GAGs) are a family of acid polysaccharides that
display a variety of fundamental biological roles (Iozzo, 1998). The typical
GAG structure consists of alternating units of uronic acid and hexosamine.
Except for hyaluronic acid (HA), GAGs also contain sulfate groups and are
covalently linked to proteins, to give proteoglycans (PGs). There are two
major classes of sulfated GAGs—the glucosamine‐containing family that
includes heparan sulfates (HS) and heparin (Hep) and the galactosamine‐
containing family including CSs and dermatan sulfate (DS). A further GAG
is keratan sulfate (KS), containing galactose andN‐acetylglucosamine. In CS
chains, the hexosamine residues usually carry sulfate esters at either carbon
4 or 6, with prevalence of 4 sulfation in C4S chain and of 6 sulfation in C6S
chain. PGs function both as structural molecules and as scaffold structures
binding a wide variety of protein ligands through GAG–protein and pro-
tein–protein interactions (Iozzo, 1998).

Several studies have shown antioxidant properties of GAGs, mainly for
HA and C4S, probably due to their capacity to chelate transition metals like
Cu2þ or Fe2þ.
III. The Ability of CS and HA to Chelate Metal Ions _____________________________________________________________________________________________________________________________________________________

The GAGs capacity to bind metal ions and other charged molecules is
known since more than 50 years. Calcium ion environment in C4S has been
elucidated by Cael et al. (1978)—the ion bridges carboxylate groups in
separate chains and carboxylate and sulfate ester groups within a single
chain.

Binding to CS of metal ions, such as Cu2þ and Naþ, investigated by
using electron‐spin resonance, viscometry, and ligand‐field spectroscopy
(Balt et al., 1983), was localized into the carboxylate group, and the sulfate
group binds the ions with electrostatic interaction only. By X‐ray absorption
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of CS–iron complexes, high‐ordered state of the iron into the CS complex
with respect to other iron complexes was shown (Yang et al., 1986).

As already mentioned, calcium ion may bind both carboxylate and ester
sulfate groups, in C4S. In C4S, all the major substituents of the disaccharide
sugar rings are equatorial, except the axial sulfate ester group on position 4
of N‐acetylgalactosamine. The position of the sulfate groups along the
centerline of the polymer backbone gives high‐negative charge density on
the long axis of the molecule, and C4S does not self‐aggregate. C6S, in
which the sulfate groups are at the periphery of the molecule, can self‐
aggregate (Scott et al., 1992). C4S displays a better antioxidant effect than
C6S and than HA, which lacks sulfate ester group. In any case cations bind
carboxylate groups—the higher antioxidant activity of C4S suggests that
sulfate group at carbon 4 gives additional contribution to stabilize cation
binding.
IV. In Vitro Studies __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Many in vitro evidences that GAGs may protect endothelial cells by
ROS were provided. In an experimental model of glutamate‐induced neuro-
nal toxicity, Okamoto et al. (1994) investigated the neuroprotective activity
of CSPGs on excitotoxic cell death induced by excitatory amino acids.
Albertini et al. (1996) showed that the antioxidant effect of PGs obtained
from bovine cornea protected liposome from peroxidation and limited
fragmentation induced by Fe2þ. Oxidation of low‐density lipoprotein
(LDL) in atherosclerosis is mediated by transition metals that in turn cata-
lyze ROS production. Albertini et al. (1997) showed that C4S (and not C6S)
inhibited copper‐induced LDL oxidation. A possible initial key reaction
in LDL oxidation, the reduction of copper(II) to copper(I) by LDL, was
decreased in the presence of C4S, probably by masking copper‐binding sites.

The effect of C4S and C6S on the oxidation of human HDL has been
investigated by kinetic analysis (Albertini et al., 1999). C4S increased the lag
time and reduced the maximum rate of HDL oxidation induced by Cu2þ. On
the contrary, C6S was ineffective. Since C4S was able to bind Cu2þ, authors
suggested that this resulted in less Cu2þ available for HDL oxidation and
likely represented the mechanism of the protective effect.

Volpi and Tarugi (1999a) investigated the antioxidant activity of CS,
obtained from different sources, on Cu2þ‐induced LDL oxidation, and the
influence of CS charge (decreasing charge densities proved effective) and size
(low‐molecular masses were uneffective). Furthermore, Volpi and Tarugi
(1999b) evaluated the antioxidant effect of various GAGs of different origin
both on Cu2þ‐ and 2,20‐azobis(2‐amidinopropane) hydrochloride (AAPH)‐
induced human LDL oxidation. HA had no effect. CS from beef trachea
produced a very strong protective antioxidant effect.
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Arai et al. (1999) studied the antioxidant activity of GAGs on Cu2þ and
AAPH‐induced oxidative modification of apolipoprotein E (apoE) in human
very low‐density lipoprotein (VLDL). The VLDL oxidation catalyzed by
Cu2þ was suppressed by GAG, HS, Hep, and C4S, even though GAGs
demonstrated no ability to scavenge a,a‐diphenyl‐b‐picrylhydrazyl radical
and no charge influence. An interaction between GAG and VLDL preserving
the biological functions of apoE from oxidative stress was suggested.

On the contrary, Camejo et al. (1991) showed a prooxidant effect of
GAGs on Cu2þ‐induced LDL oxidation, with GAGs increasing Cu2þ affinity
of apoprotein. Abuja (2002) also described a prooxidant action of C4S on
LDL oxidation—aggregation of LDL in the presence of C4S, and not C6S,
arises a complex, which can oxidize in the presence of ascorbate and urate
and suggest entrapment of Cu2þ within.

Takahashi et al. (2002), by using electron‐spin resonance to detect OH
radicals, showed in vitro protective effect on eye tissues by a mixture of HA
and CS (Viscoat) commonly used in phacoemulsification.

Morawski et al. (2004) reported that perineuronal nets, mainly consist-
ing of large CSPGs interacting with HA and tenascin, which surround
subpopulations of neurons, protect neurons against oxidative stress.

C4S showed antioxidant properties in reducing oxidative injury induced
by different oxidizing agents in human skin fibroblast cultures (Campo et al.,
2004b). The treatment with commercial GAGs at different doses showed
beneficial effects on cell growth, lipid peroxidation, reduced glutathi-
one (GSH), SOD, and lactate dehydrogenase (LDH) levels in all oxidative
models. HA and C4S exhibited the highest protection.

In fibroblast cultures exposed to FeSO4 plus ascorbate (Campo et al.,
2004c), C4S and HA were able to limit cell death, DNA strand breaks,
protein oxidation, OH� generation, lipid peroxidation, and improved anti-
oxidant defenses. The same beneficial effects were also obtained by adding
purified human plasma GAGs to the same model of fibroblast cultures
(Campo et al., 2005a).

Oxidative stress induces MMPs/TIMPs imbalance (Wainwright, 2004).
Purified human plasma C4S, by reducing ROS generation, was able to
reduce MMPs/TIMPs imbalance caused in fibroblast cultures by FeSO4

plus ascorbate (Campo et al., 2005b).
V. In Vivo Studies _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Animal Studies
Many in vivo laboratory works on antioxidant effect of GAG were
carried out, which supported the findings of the in vitro researches.

CS was used complexed with iron as antianemic. The complex CS–Fe
(Condrofer), given orally to rats in which severe experimental anemia had
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previously been induced, showed a more complete reversal of anemia than
iron, probably due to the higher bioavailability of iron administered as
complex (Barone et al., 1988).

Supplementation in rats of the infused saline with CS reduced peroxida-
tion of the peritoneum and prevented loss of ultrafiltration during peritoneal
dialysis (Breborowicz et al., 1994).

The contents of CS and HA in the surroundings of the bronchi were
significantly increased after exposure to diesel exhaust particles (DEP),
which have been shown to generate ROS, in the same areas in which cell
damage and proliferating cell nuclear antigen‐positive cells also increased
(Sato et al., 2001), suggesting that CS and HA in the lung contribute to cell
process of recovery from injury caused by exposure to DEP.

CS antioxidant activity was exerted in rheumatoid arthritis (RA), in
which ROS are thought to play an important role. Ronca et al. (1998)
studied CS pharmacokinetics and tested its anti‐inflammatory activity in
rats. The results showed that compared with nonsteroidal anti‐inflammatory
drugs (NSAIDs), such as indomethacin or ibuprofen, CS appears to be more
effective on cellular events of inflammation than on edema formation.

Beren et al. (2001) described an anti‐inflammatory effect of a nutritional
supplement consisting of a combination of glucosamine hydrochloride,
purified sodium CS, and manganese ascorbate in a rat model of collagen‐
induced autoimmune arthritis (CIA).

Campo et al. (2003a) evaluated the antioxidant activity of HA and C4S
in a rat model of CIA. Treatment with HA and C4S limited the erosive action
in the articular joints of knee and paw, together with the possibly correlated
synovial neutrophil infiltration and lipid peroxidation, while restored the
endogenous antioxidants GSH and SOD. In Lewis rats with CIA, the treat-
ment with HA and C4S again limited inflammation and the clinical signs in
the knee and paw, reduced OH� production, decreased conjugated dienes
(CD) levels, partially restored the endogenous antioxidants vitamin E (VE)
and CAT, reduced MIP‐2 serum levels and limited neutrophil infiltration
(Campo et al., 2003b). These data give further support to the possible role of
endogenous GAGs to limit/control the progression of this detrimental
disease, probably by working as metal chelators.

The hepatoprotective effect of CS on the antioxidant enzyme activity in
total homogenate liver and mitochondria (Ha and Lee, 2003) and micro-
somal fractions of rats injected with CCl4‐induced liver injury was shown
(Lee et al., 2004).

Campo et al. (2004a) studied the effects of HA and C4S in a model of
CCl4‐induced acute liver damage in rats. Several parameters were evaluated
24 h after CCl4 administration, by intraperitoneal injection. Intraperitoneal
treatment of rats with HA or C4S failed to exert any effect in the considered
parameters, while the combination treatment with both GAGs decreased the
serum levels of aminotransferases ALTand AST, inhibited lipid peroxidation
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by reducing hepatic MDA, reduced plasma TNF‐a, restored the endogenous
antioxidants, and decreased myeloperoxidase (MPO) activity, an index of
neutrophil infiltration. These data suggest that HA and C4S could possess a
different antioxidant mechanism, and consequently, the combined adminis-
tration of both GAGs exerts a synergistic effect with respect to the single
treatment.

HA or C4S intraperitoneally administered in a rat model of liver fibrosis
induced by repeated injections of CCl4 act successfully, especially when in
combination, and reduced ALT and AST rise, lipid peroxidation, TIMPs
activation and mRNA expression, partially restored SOD and GPx activ-
ities, and limited collagen deposition in the hepatic tissue (Campo et al.,
2004d).

Campo et al. (2004e) also investigated the effect of the administration of
C4S and HA in a cerulein‐induced acute pancreatitis in rats. The results
obtained showed that intraperitoneal pretreatment of rats with C4S, HA, or
with both compounds ameliorated pancreatic cell conditions, restored the
endogenous antioxidants GSH, CAT, and SOD, limited cell membrane
peroxidation, and reduced neutrophil activation.

Finally, the treatment with CS was able to decrease MDA concentration
and restore the SOD, CAT, and GPx activities in a dose‐dependent manner in
an experimental postmenopausal model in rats (Ha, 2004).
B. Human Studies
There are a multitude of positive clinical studies, involving different
pathologies, in which CS acutely or chronically was administered.

Koch et al. (1993) showed that Viscoat (containing CS with HA)
provided greater corneal endothelial protection than Healon (containing
only HA) during iris‐plane phacoemulsification. Kim and Joo (2004)
concluded, by using the soft‐shell technique, that Viscoat and Hyal‐2000
(containing only HA) protected corneal endothelial cells during cataract
surgery.

Shimamatsu (1998) reported that iron supplementation as i.v. iron–CS
colloid may be a safely feasible ultimate way to rule out iron deficiency in
hemodialysis patients with anemia resistant to recombinant human erythro-
poietin therapy i.v. A plausible explanation of these results is the iron
chelating activity of CS preventing ROS formation.

Treatment with CS ameliorates symptoms and progression of osteoar-
thritis (OA). A large number of human studies have been performed with
positive outcomes (Volpi, 2004). The exact role played by CS in limiting the
effects of OA has not yet been elucidated. Fioravanti et al. (1991) and
Rovetta (1991), by comparing in patients affected by OA the efficacy and
the tolerance of galactosoaminoglucuronoglycan sulfate, by oral and/or
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intr amuscular admin istration, with tho se of NSAID s obt ained go od clinical
resul ts an d good tolerance .

Morrea le et al. (1996) asses sed the clinical efficacy of CS, by intramus -
cular injection, in compar ison with sodium dicl ofenac in a medi um/long ‐
term clinical study in pati ents with knee OA. Aut hors concl uded that CS
seem s to ha ve slow but gradually increasi ng clinical activi ty in OA and these
ben efits last for a long peri od after the end of treatm ent.

Coaccioli et al . (1998 ) eval uated the clinical effica cy and the toleran ce of
galac tosaminog lucur onog lycan sulfate , admin istered both orally and intra ‐
articul arly, for the trea tment of generalized and localized OA. Again a
signifi cant im provement of the articul ar function and excel lent tolerance
wer e observe d.

Several other controll ed clinic al studi es have been perfor med in osteoa r-
thri tic patients in order to evaluate the effica cy and tolerability aga inst
place bo (PBO) only. Uebelhar t et al . (200 4) investigate d the effica cy and
tole rability of a 3‐ month dur ation, twice a year, interm ittent trea tment with
oral CS in knee OA pa tients, with positive results . The pr ogression of
erosi on in the OA fing er join ts at 24 months resulted low er in patients
trea ted wi th CS and nap roxen than in patients taking nap roxen only
( Rove tta et al., 2002 ). Impr ovement of the subjective sympt oms was ob-
serve d in pati ents with mono or bil ateral kne e OA trea ted for a pe riod of
3 months with oral CS vs. PBO (Bour geois et al. , 1998 ). Followi ng a
rand omized, doubl e ‐bli nd, PBO ‐ controll ed study by treating wi th CS
pa tients with OA of the knee, Bucsi and Poor (19 98) con cluded that
CS acts as a sympt omatic slow ‐ acting dru g in knee OA.

Although in all these studies any possi ble mec hanism of action playe d by
CS or other GAGs was not investig ated, and sinc e in this patholo gy free
radic al atta ck seem s to play a centra l role in cart ilage de gradation, it is
plausi ble to suppose that, in part, the ameli oration in OA sympt oms could
be due to a redu ction in ROS activity.
VI. Antioxidant Mechanism _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Several hypothes es ab out the anti oxidant mec hanism of CS and GA Gs
ha ve been pro posed. For example, Karlsson et al . (1988 ) sugges ted that the
complex of GAGs with extracellular superoxide dismutase (E‐SOD) may
protect mammalian cells from free radical damage. Nevertheless, the most
plausible explanation for CS, as well as for HA, is due to the presence of the
carboxylic group of the glucuronic acid residue, always in the same spatial
position, able to chelate metal ions, like Ca2þ (Cael et al., 1978), and also
lik e Cu 2 þ (Cu 2 þ ion binds CS more strong ly that Ca 2þ ion) (Dund stone,
1960) or Fe 2 þ , that a re in turn respons ible of the initiati on of Fen ton
and Haber–Weiss reactions. The ability of these polysaccharides to chelate
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different ions and transition metals was extensively reported (Albertini et al.,
1997, 1999, 2000; Balogh et al., 2003) and appears related to the antioxidant
effect, since the metal entrapment could certainly decrease its availability for
oxidation processes.

In C4S, sulfate group on the galactosamine residue may also interact
with metal cation (Cael et al., 1978). Albertini et al. (1999) suggested that a
reasonable explanation for the different Cu2þ binding ability of C4S and
C6S might be the distance between carboxylic and sulfate groups, which
is shorter in C4S than in C6S. C6S may also positively reduce free radi-
cals activity, although less than C4S (Campo et al., 2004b). These
data suggest that CS is differently able to bind iron and copper cations in
solution. Albertini et al. (1997) suggested that the protective effect of C4S on
Cu2þ ‐induced LDL oxidation depends upon electrostatic interactions mask-
ing some apoprotein copper‐binding sites, which initiate oxidation process.
C6S may be unable to realize a similar interaction, owing to the different
position of the sulfate group. According to Volpi and Tarugi (1999b), the
reversible GAG–LDL complex is based on hydrophobic interactions, as
previously reported (Camejo et al., 1991), introducing structural modifica-
tions that mask some copper‐binding sites and decrease LDL susceptibility
to copper‐catalyzed oxidation. Arai et al. (1999) have supposed that the
decomposition of GAGs by ROS produced neutralizing molecules that in
turn may act as radical scavengers with consequent reduction in free radical
activity.

Presti and Scott (1994) showed a direct scavenger action of HA on OH.

generated by various oxidative systems.
A secondary activity of CS could be an anti‐inflammatory effect exerted

by chelating transition metals or by scavenging ROS.
VII. Pharmacological Strategies _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

CS administration orally or intravenously seems to be an interesting
prospective of drug therapy to reduce free radical activity and the severity of
diseases involving free radical generation, in particular OA. The antioxi-
dants may act by reducing hydroperoxides and H2O2, by sequestering metal
ions, by scavenging active free radicals, by repairing damage; or they may
induce the biosynthesis of other antioxidants or defense enzymes.

The molecular characteristics of CS and its regulatory function on cell
metabolism by binding growth factors, hormones, and other molecules of
extracellular matrix, suggest that the mechanism of antioxidant action
should be mainly expressed through both chelation activity and influence
on antioxidants biosynthesis. The intravenously administration is the way in
which a drug better does achieve target cells. Nevertheless, the oral route
is more preferable because it is less invasive and easier for the patients,



TABLE I Conditions Showing Antioxidant Effects Following Treatment with Chondroitin Sulfate

Lipoproteins

Type of lipoprotein Oxidative injury induced by Reference

LDL Cu2þ Albertini et al., 1997; Volpi and
Tarugi, 1999a

LDL Cu2þ and AAPH Volpi and Tarugi, 1999b

HDL Cu2þ Albertini et al., 1999
VLDL Cu2þ and AAPH Arai et al., 1999

Cell cultures

Type of added CS Cell type Oxidative injury induced by Reference

Commercial Rat cortical and

hippocampal neurons

Excitatory amino acids Okamoto et al., 1994

Commercial Eye tissue Phacoemulsification Takahashi et al., 2002
Commercial Human skin fibroblast CuSO4 plus ascorbate,

FeSO4 plus ascorbate or H2O2

Campo et al., 2004b

Commercial Human skin fibroblast FeSO4 plus ascorbate Campo et al., 2004c
From human plasma Human skin fibroblast FeSO4 plus ascorbate Campo et al., 2005a

Campo et al., 2005b

4
2
6



Experimental animal model of diseases

Type of disease or injury Animal Oxidative injury induced by Reference

Anemia Rat Iron‐deficient diet Barone et al., 1988
Inflammation Rat Zymosan and carrageenan Ronca et al ., 1998
Lung injury Rat Diesel exhaust particles Sato et al., 2001
Autoimmune arthritis Rat CIA Beren et al ., 2001; Campo et al., 2003a,b
Acute liver injury Rat CCl4 Campo et al., 2004a; Ha and Lee, 2003;

Lee et al ., 2004
Liver fibrosis Rat CCl4 Campo et al ., 2004d
Acute pancreatitis Rat Cerulein Campo et al ., 2004e
Menopause Rat Ovariectomy Ha, 2004

Human diseases

Type of disease Type of CS Reference

Phacoemulsification Viscoat Kim and Joo, 2004; Koch et al ., 1993
Osteoarthritis Galactosoaminoglucuronoglycan

sulfate

Coaccioli et al., 1998; Fioravanti et al., 1991;
Rovetta, 1991

Hemodialysis Iron–CS colloid Shimamatsu, 1998
Osteoarthritis Chondroitin sulfate Bucsi and Poor, 1998; Bourgeois et al ., 1998;

Morreale et al., 1996; Rovetta
et al., 2002; Uebelhart et al., 2004

4
2
7
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although the amount of the active drug reaching the blood is controversial
question.

Molecular size is another critical factor, which influences the rate of
drug absorption. A study may be developed to identify and isolate the
shortest CS chain able to chelate metal ions. In addition, CS could be
chemically modified in order to better stabilize the chelation complex and
to enhance direct free radical scavenger effect. However, the metabolic
properties of chelating agents play a critical role in determining both their
efficacy and toxicity, including inhibition of metal‐containing enzymes.
VIII. Conclusions _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Several basic science evidences, such as cell culture, or in vitro biochem-
ical studies, suggest an antioxidant activity for CS that is able to reduce cell
and tissue damage, due to free radical attack, mainly by sequestering transi-
tion metals that in turn catalyze ROS production. CS seems also to possess a
slight radical scavenger activity. Cells from different tissue sources, such as
endothelial cells, chondrocytes, neurons, and fibroblasts, obtained a benefi-
cial antioxidant effect by CS treatment, as well as lipoproteins. To show the
protective effect, several parameters were evaluated—inhibition of lipid
peroxidation, restoring of endogenous antioxidants, such as SOD, CAT,
GSH, GPx, VE, and so on, reduction of DNA damage, protein degradation
and MMPs/TIMPs imbalance, and increased cell survival.

Using experimental animal models of diseases in which free radicals play
an important role, CS was effective in the reduction of cartilage degradation
and biochemical parameters amelioration in rats with induced arthritis, in
rats with liver injury, and in models of lung intoxication and pancreatitis.

Some beneficial effects of CS in humans were also described, although
mainly in the treatment of OA.Table I summarizes the antioxidant effects
of CS.
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Währinger Gürtel 18–20, Austria
Effects of Chondroitin Sulfate on

the Cellular Metabolism
I. Potential of the Versatile Molecule Chondroitin
Sulfate to Interfere with Cellular Reactions ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The vertebrate extracellular matrix (ECM) was for a long time believed
to function mainly as a relative inert scaffolding to stabilize the physical
structure of tissues. By now it is clear that the matrix plays a far more active
and complex role in regulating the behavior of the cells that contact it—
influencing their development, function, and metabolic manifestations. This
chapter illustrates the evidence that pharmacological substitution of chon-
droitin sulfate (CS) functions by providing the source molecules for proper
synthesis of aggrecan, the major cartilage matrix component. Furthermore,
this chapter introduces the concept that it can be active in modulating
the binding reactions that often form the basis for signaling events under-
lying proper matrix synthesis. The experimental evidence therefore is
summarized.
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In this context, proteoglycans (PGs) are thought to play a major part in
chemical signaling between cells. In a test tube, they bind various secreted
signaling molecules such as certain protein growth factors, and it is likely
that they do so in tissues. PGs also bind and regulate the activities of other
types of secreted proteins such as proteolytic enzymes and protease inhibi-
tors. Binding to a PG could control the activity of a protein in several ways:
(1) it could immobilize the protein close to the site where it is produced,
thereby restricting the range of action; (2) it could provide a reservoir of the
protein for delayed release; (3) it could sterically alter or block the activity of
the protein; (4) it could protect the protein from proteolytic degradation,
thereby prolonging its action; and (5) it could alter or concentrate the
protein for more effective presentation to cell‐surface receptors. In addition,
the glycosaminoglycan (GAG) portion can directly bind to cell surface
receptors and transduce a signal. In some cases, the signaling molecules
bind to the protein core of matrix PGs. As a prominent example, the
ubiquitous growth regulatory protein transforming growth factor beta
(TGFb) binds to the core of decorin, what inhibits the activity of TGFb. In
most cases, however, the signaling molecules bind to the GAG chains of the
PG. The GAG chains vary from type to type, what brings upon varying
binding constants from tissue to tissue. In addition, the composition of the
carbohydrate modifications can be adapted to metabolic situations, such as
mechanical wear or inflammatory reactions, within each GAG type and
provides adaptive modulation of the binding constant in addition to type
specificity (Kim et al., 1996; Plaas et al., 1998, 2000). The range of diversity
of the activities controlled by the binding is further expanded by this adaptive
modification.

At the level of cell physiology, the concept of a beneficial effect of CS
that is added externally in soluble form, includes that the earlier mentioned
binding reactions of receptors, signal molecules, and proteases to the CSs
linked to the plasmamembrane or extracellular scaffold are competed by the
soluble form created in situ by matrix degradation or by pharmacologic
application. In the consequence the regulatory effects, such as immobilizing
and restricting the range of action, steric alteration of the activity, protection
from proteolytic degradation and concentration to form a reservoir or
to allow for more effective presentation to cell‐surface receptors, are all
competed by the soluble form of orally substituted CS.

In the physiologic situation, binding of the respective molecules occurs
to the static framework of the CS side chains in aggrecan, the predominant
PG in cartilage. The dissociation equilibria of the bound molecules deter-
mine the contribution of this mechanism to the signals transmitted into
chondrocytes. The equilibrium can be disturbed when aggrecan is degraded
and soluble CS is set free, carrying the signal molecules away from the site of
action. In addition, when externally added CS elevates the concentration
within the cell matrix area, the soluble CSs compete with the matrix scaffold
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and exchange the signal molecules from the matrix what consequently leads
to altered availability at the cell surface.

The details of this molecular concept are largely enigmatic, there is,
however, considerable evidence from studies in neuronal and glia cells,
which supports the assumption of a specific effectiveness of CSs in modifying
the cell metabolism by signal transduction into the chondrocytes.

We are at the beginning of understanding the CS function at the cellular
level, and although data are scarce, one cannot rule out one or more
receptors for CS that transmit directly signals into cell.
II. Chondroitin Sulfate Functions in Nerve Tissue _____________________________________________________________________________________________________________________________________________________________________________________________

A great deal of knowledge on the interaction of CS with cells was
gathered in the last decade with brain cells, neurons as well as glia cells.
The situation is somewhat similar to what can be seen in joint tissue, where
chondrocytes are embedded in chondroitin sulfate proteoglycans (CSPGs)
that create the environment in which differentiation and proliferation of the
chondrocytes with assistance of cells from synovial tissue takes place. CSPGs
are the most abundant subtype of PGs in the nerve tissue. They have a wide
distribution in brain and are largely found in the ECM, where they interact
with other proteins such as collagen, fibronectin, laminin, or vitronectin.
These interactions are mediated in most cases by the GAG component of the
PGs. A second class of PGs is found integrated in the plasma membrane of
neurons and glia cells, either as transmembrane proteins or as glycosyl‐
phosphatidyl (GPI)–anchored molecules. These cell surface PGs are largely
implicated in cell adhesion, process outgrowth, and synaptogenesis as well
as in the binding of signal molecules like the growth factors of the Wnt
family, fibroblast growth factor (FGF), and TGFb.

Traditionally, the expression of heparan sulfate proteoglycans (HSPGs)
can be associated with neuritogenesis, while CSPGs and dermatan sulfate
proteoglycans (DSPGs) appear to provide inhibitory clues to growing neur-
ites. However, the specificity seems largely to be determined by the type of
neuron, as the opposite can be observed also. Mostly the effectiveness of the
PGs is deduced from coincidence of axon guidance effects and positional
expression of the PGs. There are only limited data on a molecular level, how
these effects are brought upon. As found within retinal path finding in the
Xenopus embryo, soluble HS interacts with native FGF‐2 (Walz et al.,
1997). In studies with the Xenopus model, it was detected that addition of
soluble GAGs altered the trajectory of different brain axon bundles in a
rapid and reversible way. This effect was explained by a competitive inter-
ference of the soluble GAG with endogenous GAG‐binding molecules (Walz
et al., 1997). As a result an imbalance of the growth cone adhesion to its
surrounding environment can be observed.
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As described by Rapp and Huettinger (2005), CS may compete with the
uptake processes of lipoproteins mediated by low‐density lipoprotein recep-
tors. In other studies, GAG binding to neuronal surface was followed by
internalization of the GAG itself. Binding was observed throughout the cell
surface on the cell body, processes, and growth cone. Subsequently, accumu-
lation into lysosomes, endoplasmic reticulum, and Golgi apparatus could be
observed. Suchmechanism is likely operative in chondrocytes also andwould
serve the purpose of delivering elements of matrix synthesis by catabolism of
polymer CS in lysosomes and delivery of the products into endoplasmic
reticulum and Golgi apparatus, where synthesis of aggrecan and other PGs
is carried out. In addition, products of GAG degradation can take a different
intracellular route and appear occasionally in the nucleus, resulting in some
cell types in cell cycle arrest and trans‐repressor activity on Fos and Jun/Ap‐1
transcription (Busch et al., 1992). Binding of CSPGs to surface receptors has
been further shown to activate second messengers: raises in cytoplasmic
calcium, cAMP levels, and activation of GTPase, PKc, and tyrosin kinase
signaling pathways are among the effects reported upon binding of PGs—
many of them of potential importance for chondrocytes. Although not all
these effects were controlledwith chondroitinase, to show the dependency on
the GAG portion of the PGs, the role thereof is unquestionable.

The events occurring in a process that is called glial scarring, the central
event presenting an obstacle for regrowing axons, uncover a pivotal role for
the CSs. The noticeable outcome of these events, the growth cone collapse, is
pungently induced by myelin components and more subtle by CSPGs. Treat-
ment with chondroitinase and subsequent overcome of inhibition served as
control for the relevance of the GAG component in the process. Here, a
remarkable interaction of CSPGs with the Rho family of GTPases, which
direct the formation of a wide range of cytoskeletal structuring processes,
was uncovered. Neutralization of Rho activation allowed axons to cross
CSPG barriers in cell culture models. Although in this report it was not
possible to reverse the effect by chondroitinase treatment, a participation of
the GAG portion is likely and is evident in other systems (Fawcett and Asher,
1999). Rho mediated signal transduction produce, for example, prolifera-
tion incentives only when a proper signal is given by integrins that there is
adherence to ECM and prohibits transduction when the cell is liberated and
suspended in medium. It will be interesting to find out whether soluble ECM
components can imitate ECM or block the integrin related binding site.

Numerous reports point toward a versatile function of CS depending on
the sulfation pattern.

Chondroitin sulfate proteoglycans and CSGAGs have been reported to
inhibit neurite outgrowth in vitro (Bandtlow and Zimmermann, 2000;
Davies et al., 1997; Faissner and Steindler, 1995; McKeon et al., 1991;
Niederost et al., 1999). This concept is consistent with findings that degra-
dation of CS chains permitted the axonal regeneration after a spinal
cord injury (Bradbury et al., 2002). In contrast, DSD‐1‐PG, a PG that
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contains disulfated D disaccharide units [D‐glucuronic acid‐(2s)‐N‐acetyl‐D‐
galactosamine (6s)] has been suggested to stimulate neurite outgrowth of
cultured rat hippocampal neurons through its distinct CS side chain structure
(Faissner et al., 1994). Using a set of CSs with distinct sulfation percentage in
the 4‐ and 6‐position, we could demonstrate that the variation in the GAG
chain exerts differential cellular effects. It was also of profound interest
whether externally added CSs can compete with core protein bound CS to
modulate the effects of tissue‐synthesized matrix. In series of microscopic
images three parameters of neuritic outgrowth activity, neurite length, num-
ber of neurites, and fasciculation (thickness of neurites) were analyzed at
concentrations occurring in intact tissues. Fasciculation increased and num-
ber of neurites decreased with high di‐sulfation. No significant differences on
process length reduction were found between the CS isotypes. The data
indicate that the soluble fragments from CS are actively modulating cell
development. Besides dosage, sulfation density and position are relevant for
effects of CS in neuronal regenerative activity (Rapp et al., 2005).

Taken together, the underlying mechanisms by which CSPGs inhibit the
cell machinery that coordinates neuronal growth are complex. In some cases,
the inhibitory clues are attributed to theGAGportion of themolecule solely. In
others, CSPGs cannot be made growth permissive after chondroitinase digest.
The studies, however, provide rich information of what principal cellular
events could contribute to changes in chondrocyte physiology mediated by
provision of soluble CS. These are: (1) CS can be internalized and degraded,
thus providing building blocks for matrix synthesis; (2) internalized CS can be
transported to the nucleus and function there as a trans‐activating gene expres-
sion regulator; (3) a complex interaction of CS within elements of the ECM
that contacts integrins or transmembrane receptors plus; and (4) binding,
exchange, and modulation of bound growth factors and proteases that all
transmit to and activate intracellular distinct signal pathways. Many of these
properties are tied to the modifications of sulfation. With all these data on the
interaction of CS on neuronal growth, it seems possible to suggest a participa-
tion of CS in the pain reduction as found in studies of CS treatment of
osteoarthritis (OA) (Leeb et al., 2000). Nerve fibers can be found even in
menisci, preferentially, alongside blood vessels. Delivery of soluble CS is
ascertained by this anatomical situation (Mine et al., 2000).

The following experimental evidence records what metabolic
consequences relevant for OA pathology can be found in cells.
III. Biological and Pharmacological Changes in Chondroitin
Sulfate Levels that Effect Metabolic Changes _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

There are numerous reports in which levels of CS in serum and synovial
fluid were determined in normal and pathological conditions (Bautch et al.,
2000; Belcher et al., 1997; Ettrich et al., 1998; Fox and Cook, 2001; Hazell
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et al., 1995; Heimer et al., 1992; Ishimaru et al., 2001; Kindblom and
Angervall, 1975; Lewis et al., 1999; Nakayama et al., 2002; Saito et al.,
2002; Shinmei et al., 1992; Smith et al., 1980; Uesaka et al., 2002; Yamada
et al., 1999). In view of the major risk factor for OA, age, the concomitant
significant decrease of the C6S/C4S in synovial fluid is a remarkable discov-
ery (Nakayama et al., 2002). It is further corroborated by an examination of
the levels of CS in synovial fluid of a collection of patients with staged OA
(Kellgren and Lawrence scale I to IV) presenting a decline of C6S/C4S ratio
from 5,6 at stage I to 2,7 at stage IV. The slow progressive form of OAwithin
the ageing population seems different from the acute form of OA resulting
from trauma, at least in terms of CS levels in synovial fluid (Shinmei et al.,
1992). Here, the ratios of C6S/C4S were found comparable to the healthy
and age matched control group (approximately 27 years).

The levels of CS that can be achieved in serum by oral substitution were
determined elaborately by several authors (Adebowale et al., 2002; Conte
et al., 1995; Palmieri et al., 1990; Volpi, 2002, 2003; Volpi and Maccari,
2005). By scintigraphic methods a tropism of CS for cartilaginous tissue in
knee was found (Ronca et al., 1998). Chondroitin sulfate that was labeled
with Tc and injected was monitored for whole body distribution with a
gamma camera. Although the intensity in the bloodstream was expected to
be highest, a distinct area of very high intensity was seen over an area
superimposable to the knee joint. Taken together, these results provide a
basis for estimating the concentration that can be achieved in synovial
fluid—approximately 10–50 mg/ml—to generate metabolic influences. In
terms of reaction kinetics, the twofold to threefold elevation that was
measured in serum could be even augmented by the tropism for joint space
and thus influence high as well as low affinity binding processes. Thus, for all
the hypothesized cellular mechanisms a sufficient change in concentration
will be existent to produce a significant change in binding equilibrium.
IV. Effects of Soluble Chondroitin Sulfate on
Chondrocytes __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Cells building the body bearing tissue depend heavily on elements that
confer mechanostability. The remarkable feature of cartilage is that local
forces cause the elements involved in mechanostability to reorient and while
loosing flexibility to gain stability. The reorientation is transduced into the
cell and causes a number of reactions intracellularly, among others involved
are actin‐filaments (stress‐fibers), microtubule, and intermediate filaments.
They contact integrins located in the cell membrane and so couple to the
extracellular components like fibronectin, collagen, and PGs over distance.
At this point, a rich source of signaling is located, kinases and signal proteins
tuning production of cytokines and proteinases that coordinate the cell
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metabolism. They all are complexed to the integrins receiving input of the
level of mechanical stress. That this system is tangled by CS was probed by
observing the effect of addition of CS on actin‐filaments of fibroblasts after
mechanical disruption of the monolayer. The induced reorientation of the
monolayer, a situation comparable to wound healing, caused reorientation
of stress fibers toward the wound area solely in cultures with CS added
(Gschwentner and Huettinger, 1998).

We demonstrated by immunofluorescence microscopy that PGs have
minor effects on the formation of stress fibers in confluent undisturbed fibro-
blast cultures. There was, however, a dramatic effect in regenerating
fibroblast monolayers on the coordinated formation of stress fibers in the
presence of CS but not other GAGs like HS (Fig. 1). The pictures demon-
strate that CS in a regenerating fibroblast monolayer culture could induce
stress fiber conformation concentrated toward the stressed area, indicating a
mechanism likely to involve integrin signaling and stimulated actin turnover.

In OA, the chondrocytes lack anabolic effectiveness and catabolic reac-
tions are dominating. Essentially the same signaling events are in effect in
slow progressive OA, which is attributed to gene expression changes within
ageing and acute forms that follow trauma (Aigner et al., 2003, 2004;
Hamerman, 1998).

For the elucidation of the metabolic effect of CS, it is of fundamental
interest to pinpoint regulatory events tipping on either side of the balance,
the inhibition of catabolic and the increase of anabolic reactions. There are
solid reports on the interaction of ECM components including CSPGs with
integrins and subsequent activation of signal transduction pathways (Gemba
et al., 2002; Makihira et al., 1999; Midwood and Salter, 2001; Millward‐
Sadler et al., 2000; Segat et al., 2002). Mechanical stimulation of human
FIGURE 1 Stress fiber orientation at sites of laceration (wound area) is affected distinctly

by CS but not other GAGs. Fibroblast were grown to 50% confluency and lacerated

by scratching the monolayer. Cells were then grown with the indicated additions of GAGs
(50 mg/ml) and the actin detected with fluorescent phalloidin and observed in a Zeiss Axiovert

microscope.
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articular chondrocytes in vitro results in increased levels of aggrecan mRNA
and decreased levels of MMP‐3 mRNA by a transduction process involving
integrins and the focal adhesion kinases. The chondroprotective response is
absent in chondrocytes from OA cartilage. Abnormalities of mechanotrans-
duction leading to aberrant chondrocyte activity in diseased articular carti-
lage are therefore considered important in the progression of OA. As an
example, HMPG is a CSPG, expressed by chondrocytes in fetal and in
normal and osteoarthritic adult articular cartilage. HMPG is a receptor for
ECM proteins, including type VI collagen, and regulates beta1 integrin
binding to fibronectin in normal cells. In OA chondrocytes the function is
impaired. Furthermore, analysis of mitogen‐activated protein kinases
(MAPKs) showed activation of extracellular signal‐regulated kinase
(ERK), c‐Jun NH2‐terminal kinase, and p38 MAPK in the consequence of
activation of focal adhesion kinases. These data converge into the interpre-
tation that focal adhesion kinase andMAPK mediate mechanotransduction,
and activation of human articular chondrocytes and CSPGs are participat-
ing. Some reports extend the role for integrin subtypes to switch chondro-
cyte differentiation: one promotes chondrocyte differentiation, whereas
another is necessary to stabilize the differentiated phenotype. It might
serve as a working hypothesis that soluble CS interferes with these processes,
but no experimental evidence exists yet. We have therefore started to sub-
stantiate the assumption by measuring the previously mentioned key signal
events, p38 and ERK after adding CS in cell culture. Effects on these would
bring insight into the cellular mechanisms driving the anabolic results found
upon incubation of chondrocytes with CS (Bassleer et al., 1998). Initially we
found no alterations. However, when chondrocytes were provoked into a
catabolic state with lipopolysaccharide (LPS), significant alterations came
about. LPS is a bacterial cell wall component frequently associated with the
induction of OA after bacterial infections (Benton et al., 2002; Tiku et al.,
1992). LPS effects were profoundly modulated by TGFb, CS, and both
applied in combination. Most prominent, silencing of the LPS activated
p38 stress signal by CS was superimposable to TGFb mediated silencing.
TGFb also raised phospho‐ERK1/2 levels threefold over LPS induced levels.
In contrast, CS treatment alone or combined with TGFb reduced phosphor-
ylation significantly below LPS induced levels. Here, CS overrides the TGFb
effect (Fig. 2). Finally, LPS induced MMP‐13 mRNA levels were further
enhanced by TGFb while inhibition resulted with CS. These results are the
first direct linkage of interference of soluble CS with signal processes rele-
vant in chondrocytes. In addition, they conformwith in vivo findings that CS
treatment proved to be more efficient in acute forms of cartilage degradation
(Uebelhart et al., 1998). That CS interferes with TGFb signaling opens a
variety of accomplishments for the tasks of CS. TGFb is synthesized by
human articular chondrocytes and stored in latent form in considerable
amounts. Within inflammation, levels rise considerably, pointing toward a



FIGURE 2 LPS induced phosphorylation levels of stress kinase p38 and extracellular signal

related kinase (ERK1/2) are differentially regulated in human articular chondrocytes upon
treatment with TGFb, or CS, or both in combination. Cells were treated with LPS and the

phosphorylation state of the signal proteins determined by immunoblotting with phospho‐
specific antibodies and the resulting densitometric values representing 0% change. Parallel

incubations were performed with the additions indicated and the reduction in phosphorylation
levels specified as negative and an increase as positive percentage.
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crucial function (Glansbeek et al., 1997, 1998; Lafeber et al., 1997; Taka-
hashi et al., 2005; van Beuningen et al., 1998; van den Berg, 1999; van der
Kraan et al., 1997). Application of TGFb not only enhances inflammatory
response but also decreases degradation of cartilage. Although, in common,
TGFb is considered to generate an anabolic state in human articular chon-
drocytes, opposite effects are reported not infrequently. This dichotomy of
TGFb seems to depend on the particular environmental, metabolic, and
differentiation status of the chondrocyte receiving the TGFb signal (Gri-
maud et al., 2002; Selvamurugan et al., 2004; van der Kraan et al., 2002).
From our experiments, it seems that CS has the effectiveness to participate
in the decision making of the chondrocyte, how to execute a TGFb signal.
Such effectiveness will also confer to subsequent MMP expression control.
TGFb is known to exert a number of effects on MMPs (Grimaud et al.,
2002), most appealing in view of the dichotomic behavior, it was reported
to downregulate MMP‐1, ‐8, and ‐13 in chondrocytes near to cartilage
lesions but to upregulate MMP‐13 more distant to that lesion (Shlopov
et al., 2000).

The canonical TGFb signaling via SMAD translocation to the cell nuclei
(Heldin et al., 1997), and subsequent regulation of transcription is modu-
lated by signal cascades (Mengshol et al., 2000), which are also target of
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soluble CS. The growth stimulation of human articular chondrocytes by
TGFb is partially influenced by activation of ERK, the extracellular signal
related kinase (Yonekura et al., 1999). ERK, on the other side can influence
the expression of TGFb receptor type I and II (Zhao and Buick, 1995), at
least in certain cell types, and retard the translocation of SMAD complexes
to the nucleus (Kretzschmar et al., 1997). Furthermore, for MMP‐13 induc-
tion by TGFb, a certain level of p38 activation is a necessary prerequisite.
This is evident from experiments where inhibitors of p38 abolish MMP‐13
induction (Leivonen et al., 2002, 2005). In summary, the complexity of the
possible cellular effects promise a variety of stimulations for chondrocyte
metabolism that are well controlled by cross talk with signal events and thus
warrant biologically safe results. The precise knowledge of their meaning for
the clinical outcome will certainly aid a precise application of the varieties of
CS for specific types and stages of OA.
V. Concluding Statement ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The chemical versatility of the CS molecule suggests a variety of options
to interfere with metabolic and regulatory processes on the cellular level.
Pivotal in these is certainly the influence on chondrocyte physiology,
although interactions with cells composing the synovial tissue are not to be
neglected. The concentration ranges that can be achieved with oral substitu-
tion of CS compounds suggest that high‐ and low‐affinity interactions with
the soluble CS can be influenced sufficiently to produce a cartilage mainte-
nance effect. Tissue culture studies show that the sulfation pattern is of
significance for the cellular processes invoked by CS. Clinical studies indi-
cate that the sulfation pattern of CS in synovial fluid is specific for acute
trauma associated OA and slow progressive OA as occurring with age. This
suggests that future studies ought to include a differentiated evaluation of
the effects of high C4S and C6S compounds in aged populations with slow
progressive OA and such with acute OA resulting from trauma.

On the cellular level, we are beginning to nominate candidate mechan-
isms mediated by CS. Very plausibly, there are on one hand interactions of
transmembrane proteins like integrins with ECM components, among them
CSPGs. Thus, extracellular changes are connected to the cell membrane and
transmitted into the chondrocyte. Any CSPG mediated contact may be
influenced by elevation of soluble CS, with subsequent alteration of the
transduced signal quantity. This type of interaction is in charge of regulating
the adaptive cartilage construction in response to mechanical forces or
change in the extracellular environment, a condition frequently found with
increasing body weight within ageing and change of gait or after trauma. On
the other hand, more direct interactions with extracellular receptors and
ligands seem to generate cell‐signaling events. Chondroitin sulfate interferes
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with TGFb signaling, which opens a variety of accomplishments for the
tasks of CS substitution.

In any case, regulation of stress kinase, p38, or ERK is up to now already
found relevant. The influence on signal events can lead subsequently to
MMP activity changes, which are crucial for cartilage maintenance. The
regulatory capacity of CS can be projected from the initial hypothesis that is
based on the manipulation of equilibria of binding events where one partner
is CS, integral in ECM, and the soluble CS intercepting binding partners of
the integral ECM component. So far this hypothesis was substantiated by
documented influences on intracellular signal events. Although a number of
hitherto unknown single events are likely, the chondrocyte, after interpreta-
tion of the cross talk, decides which metabolic action to take. The resulting
evened out range of effect constitutes an advantage, as an on/off effect, as
produced by acute intervention inhibitors in trial, could be of disadvantage
when topic changes in mechanical stress necessitates cartilage degradation
next to synthesis. The other consequence, a prolonged application to accu-
mulate benefit, is acceptable as only rare‐to‐none side effects are reported
with oral intake of CS.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Chondroitin sulfate (CS) is a glycosaminoglycan (GAG), which is natu-
rally found in the extracellular matrix (ECM) of articular cartilage. It is
composed of a long unbranched polysaccharide chain with a repeating
disaccaride structure of N‐acetylgalactosamine and glucuronic acid. CS is
one of the symptomatic slow‐acting drugs for OA (SYSADOA) used in
Europe, and it has been shown to be effective for pain and functional
symptoms. In addition, clinical trials have suggested a possible activity of
CS as a structure‐modifying drug for osteoarthritis (OA). The therapeutic
effects of CS may be related to its in vitro action. In a model of human
articular chondrocytes cultivated in clusters, CS (100–1000 mg/ml)
increased the production of proteoglycans (PGs), with no detectable
effects on collagen type 2 synthesis. In the presence of interleukin‐1b
(IL‐1b), CS counteracted the effects of the cytokine on PG, collagen type 2,
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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and prostaglandin E2 (PGE2) synthesis, suggesting that CS can reduce col-
lagenolytic activity and increase matrix component production. In human
articular OA chondrocytes cultivated in alginate bed, in the presence or
absence of IL‐1b for 10 days with and without pressurization cycles, CS
(10–100 mg/ml) counteracts the negative effect of IL‐1b on the concentra-
tion of PG measured in the culture medium. These metabolic evaluation
results were confirmed by themorphologic findings obtained by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). The
obtained results have also shown that chondrocytes that have undergone a
cycle of physiological pressurization are more responsive than cells that have
not been subjected to this stimulus. Furthermore, CS inhibits the synthesis of
stromelysin (MMP‐3) induced by IL‐1b by human osteoarthritic chondro-
cytes, and in articular chondrocytes isolated from rabbits, it decreased nitric
oxide (NO)‐induced apoptosis. Additional in vitro experiments have shown
that CS inhibits leukocyte elastase, one of the mediators of cartilageneous
degradation. CS reduces nuclear translocation of transcription factor nuclear
factor kappa B (NF‐kB) in rabbit chondrocytes stimulated with IL‐1b. This
evidence could partly explain the mechanism of action through which CS
exerts its chondroprotective and anti‐inflammatory effects.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Current treatment of OA includes physical, pharmacological, and surgi-
cal approaches (Jordan et al., 2003). In the past, pharmacological treatment
of OA was largely confined to analgesic or nonsteroidal anti‐inflammatory
drugs (NSAIDs). These drugs are able to control pain symptoms, but their
use is limited by the negative side effects on the gastrointestinal apparatus
(Davies and Wallace, 1997) or on the articular cartilagineous metabolism
(Huskisson et al., 1995; Rashad et al., 1989). Considerable interest has been
shown in drugs able to prevent or delay/stabilize the pathological changes,
which occur in OA joints, thereby limiting disease progression (Brandt,
1995). These drugs have been classified as disease‐modifying OA drugs
(DMOADs) (Lequesne et al., 1994) or as structure‐modifying drugs for
OA (Group for the Respect of Ethics and Excellence in Science, GREES
Osteoarthritis Section, 1996).

CS is a GAG, which is naturally found in the ECM of articular cartilage,
and it is composed of a long unbranched polysaccharide chain with a
repeating disaccaride structure of N‐acetylgalactosamine and glucuronic
acid.

CS is one of the SYSADOAs (Lequesne et al., 1994) used in Europe, and
it has been shown to be effective for pain and functional symptoms (Leeb
et al., 2000; Morreale et al., 1996). Clinical trials suggest a possible activity
of CS as a structure‐modifying drug for OA (Michel et al., 2005; Uebelhart
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et al., 2004). The therapeutic effects of CS may be related to its in vitro
action.
III. In Vitro Models for the Study of Structure‐Modifying
Drugs for OA _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Articular cartilage is a highly specialized tissue that contains only
one type of cell, that is, chondrocytes. Chondrocytes synthesize an ECM of
PG, collagen, and other noncollagen proteins, which constitute a dense tissue
that is able to support in vivo the effects of themechanical load (Poole, 1993).
Chondrocytes also have a rich enzymatic set (metalloproteases, cathepsins,
and serine proteases) that is able to degrade the ECM components.

The metabolic activity of these cells is regulated by several mediators,
such as cytokines, hormones, and growth factors, produced locally by the
chondrocytes themselves and also by neighboring tissues (Poole, 1993).
Chondrocyte functions are influenced by ECM composition and by the
composition of the extracellular environment (O2 tension, ionic concentra-
tion, pH, and so on) (Guilak et al., 1997; Rajpurohit et al., 1996; Urban
et al., 1993). The metabolic activity of chondrocytes is further influenced by
mechanical factors, depending on the articular load (Guilak et al., 1997).

Preclinical studies (in vitro and in vivo on animal models) are the
starting point in research for drugs with potential structural activity in
OA. These studies naturally have unquestionable scientific value, but they
also bring with them a series of limits of which it is necessary to be aware of
before extrapolating the obtained results in human pathology.

In vitro studies on chondrocytes or cartilage cultures are simplified
biological systems that allow us to evaluate the effects and/or the mechanism
of action of a drug with possible structural activity in OA. For in vitro
experimentation, cartilage of human or animal origin, mono‐ or tridimen-
sional chondrocytes, or cocultures of cartilage and synovia can be used. Each
culture system presents advantages and disadvantages, and each is particu-
larly suitable for exploring one particular aspect of chondrocyte metabolism
(Guilak et al., 1997; Vignon et al., 1990). The studies using cartilage
explants and three‐dimensional cultures most closely replicate the in vivo
situation with chondrocytes surrounded by a specialized pericellular matrix.
On the other hand, if the study aims to investigate matrix deposition or the
regulatory pathways of chondrocyte metabolism, an isolated cell culture
system is recommended to avoid the presence of a preexisting matrix.

Using in vitro models, it is possible to evaluate the possible effects of a
drug on cartilagineous anabolism through the study of chondrocytic prolif-
eration and PG synthesis, collagen type 2, and of hyaluronic acid, always
making certain that the products are biochemically normal (Henrotin and
Reginster, 1999; Vignon et al., 1990) (Table I). The anticatabolic activity of
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a substance can be expressed through the inhibition of the release or by the
activity of chondrocytic metalloproteases (MMPs) (stromelysin, collage-
nases, gelatinases, and aggrecanases) of the activity of IL‐1b or TNF‐a or
from other products of inflammation such as E2 prostaglandin (PGE2), free
radicals of oxygen, and nitric oxide (NO) (Henrotin and Reginster, 1999;
Vignon et al., 1990) (Table I).

The chondroprotective action of a drug depends upon its capacity to
shift the equilibrium between phenomena of degradation and that of repair,
in favor of the last. From this premise, it is therefore logical that for each
substance it is necessary to evaluate, in vitro, both the effects on the anabolic
processes and the catabolic processes of the cartilagineous metabolism.
Therefore, the importance of an isolated result does not allow for the
immediate definition of a drug as a chondroprotective: a product can, for
example, stimulate PG synthesis, but at the same time it can also induce a
release of enzymes with lytic action, with a final balance that is not always in
favor of reconstructive phenomena.

The in vitro models, which are the starting point for the evaluation of
the effect and the mechanism of action of a drug with structural activity, also
present an intuitive series of limits (Henrotin and Reginster, 1999; Vignon
et al., 1990). In vitro models only reproduce a small part of the physiopa-
thology of chondrocytes and cartilage, as these cells and the ECM are
removed from their natural environment and therefore are subtracted from
a series of information and local and general interferences. The information
and interferences are also mutable from one moment to the next and are
TABLE I In Vitro Evaluation Effects of a Structure‐Modifying

Drug for OA

Anabolic effects
Chondrocytes proliferation without cellular dedifferentiation

Proteoglycans synthesis

Collagen type 2 synthesis

Hyaluronic acid synthesis
Influence on local growth factors (TGF‐b, EGF, FGF, PDGF)

Catabolic effects
Inhibition of the release or of the activity of chondrocitic metalloproteases
Inhibition of cytokines as IL‐1b, TNFa, and so on

Inhibition of PGE2

Inhibition of the release or of the activity of free radicals of oxygen
Inhibition of the release or of the activity of NO

Inhibition of lysosomal enzymes

Antiapoptotic activity
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therefore difficult to reproduce in vitro. In fact, in in vivo conditions, there
are influences of an imprecise number of hormonal substances and of local
mediators, only partially understood, which can act on the level of the
normal or pathological chondrocyte, modifying its functional aspects.
Another limitation of in vitro experimentation is the lack of effects linked
to movement and joint load that are very important for the modality of
afflux and outflow of anabolic and catabolic material in the cartilagineous
matrix and which therefore also fully condition the bioavailability of possi-
ble drugs. It has also been demonstrated that mechanical factors condition
the metabolism and the morphology of chondrocytes (Fioravanti et al.,
2003; Guilak et al., 1997; Parkkinen et al., 1993; Sah et al., 1992; Smith
et al., 2000; Urban, 1994). The biosynthetic response of chondrocytes to
mechanical stimuli in vitro varies with the magnitude, frequency, and dura-
tion of loading (Fioravanti et al., 2003; Parkkinen et al., 1993; Sah et al.,
1992; Urban, 1994). The results of in vitro studies are then clearly influenced
by some characteristics relative to the ‘‘material’’ utilized for preparing the
culture, such as the origin (animal or human) of the cartilage and the age of
the patient or the animal from which it was taken and, above all, the
conditions (normal or pathological) of the tissue (Henrotin and Reginster,
1999). The diffusion of a drug is clearly superior in osteoarthritic cartilage
compared to normal cartilage, and the chondrocytes of patients with OA are
able to respond to more stimuli and with a greater intensity compared to less
activated normal chondrocytes (Lafeber et al., 1992). Another factor, which
can affect the results of in vitro tests, is the concentration of the drug used in
the culture medium. Theoretically, when a cartilagineous culture is used, it is
best to consider concentrations of the drug near to those, which will be
reached in vivo in synovial liquid; these concentrations should be further
modified when cultures of isolated chondrocytes are used.

All of the considerations mentioned previously can explain the varia-
bility of the results obtained by different authors, and we must reflect
upon the necessity of using more than one experimental model and on the
opportunity to evaluate different parameters for the same type of drug
before it can be defined with certainty as structure modifying for OA.
In vitro tests always necessitate later confirmation in vivo, and we should
not forget that a substance, which may be inactive in vitro, could demon-
strate a structure‐modifying action in vivo, for example, by acting on a level
of some synthesized factors outside of joint cartilage.
IV. In Vitro Effects of CS ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

During the past 30 years, many authors have tested the effects of CS in
diverse experimental conditions. Primarily, the interaction between human
leukocyte elastase and CS has been studied (Baici and Bradamante, 1984).
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Human leukocyte elastase, a serine proteinase from the azurophil granules of
polymorphonuclear leukocytes, has been associated with different disorders,
and it is also thought to participate in the pathophysiology of OA (Barrett,
1978) by degrading the twomajor constituents of ECM, collagen and PG. The
interaction between elastase and CS occurs by the formation of electrostatic
bonds between the negatively charged sulfate groups in the glycosaminogly-
cans (GAGs) and positively charged groups on the enzyme. The interaction
does not influence the active center of the enzyme but causes an indirect loss of
its catalytic efficiency. The modulation of the extracellular activity of a potent
mediator of cartilage breakdown, such as human leukocyte elastase by CS,
may at least partly explain the chondroprotective action of this drug.

It was later confirmed (De Gennaro et al., 1990) that treatment with
CS significantly reduced the concentration of granulocyte elastase in the
synovial liquid of patients with gonarthritis in the exudative phase.

Previous studies (Adeyemi et al., 1986) had already demonstrated that
the reduction in the concentration of elastases in synovial liquid after treat-
ment with some NSAIDs was correlated with the reduction in the number of
granulocytes in synovial liquid. In the case of treatment with CS, it is
important to note how the levels of elastases are reduced, independently of
possible variations in the number of granulocytes.

Besides CS, Bassleer et al. (1992) tested two other chondroprotective
agents, glucosamine sulfate and GAG–peptide complex, on differentiated
human articular chondrocytes cultured in clusters. Chondrocyte produc-
tions of PG, collagen type 2, PGE2 were established by specific radioimmu-
noassays applied to the culture medium and in chondrocyte clusters. CS and
glucosamine sulfate induced a stimulatory effect limited to PG production.
None of these three substances affected basal PGE2 production by human
chondrocytes. Furthermore, collagenolytic activity was assayed in culture
medium, showing the inhibition of this activity by CS.

IL‐1b is widely accepted to be one of proinflammatory cytokines that
plays a pivotal role in the pathophysiology of OA (Dinarello, 1988). It
induces a cascade of catabolic events in chondrocytes, including the upre-
gulation in genes of matrix MMPs, inducible nitric oxide synthase (iNOS),
cyclooxygenase‐2 (COX‐2), and microsomal prostaglandin E synthase‐1
(mPGEs1) and the release of NO and PGE2. IL‐1b also retards the anabolic
activities of chondrocytes, leading to a decline in PG and collagen synthesis
(Martel Pelletier, 2004).

For this reason, the next step by the Bassleer group (Bassleer et al., 1998)
was to test the effects of CS, in the presence or absence of IL‐1b, on the
metabolism of human articular chondrocytes cultivated in clusters in vitro.

Bassleer et al. (1986) have described a system of three‐dimensional
cultures of chondrocytes that allows enzimatically isolated human chondro-
cytes to aggregate and form a cluster. In the cluster, chondrocytes are
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morphologically and biosynthetically differentiated and two phases can be
noted—when the cluster is formed with a large production of matrix com-
ponents and when matrix surrounds the cells with a decrease in matrix
component production.

In their long‐term cluster culture model, Bassleer et al. (1998) confirmed
that IL‐1b induces a decrease in cartilage matrix element production, as
collagen type 2 and PGs and an increase in PGE2 synthesis. These effects of
IL‐1b are stronger at the beginning of the culture, which is probably why the
access and fixation of IL‐1b to its receptors is facilitated when the cells are
surrounded by a flaky matrix, and when the cluster is constructed the IL‐1b
effects are weaker.

In the same study, Bassleer et al. demonstrated that CS counteracts the
IL‐1b induced effect, this effect has a stronger effect on PG production than
on collagen type 2 production, and it is more potent at the beginning of
culture. PG accumulation is slow in clusters, probably due to the effect of CS
on PG synthesis processes and/or the integration of CS in aggrecan.

PGE2, another catabolic mediator in the pathogenesis of OA, is formed
from a series of enzymatic reactions called the arachidonic acid cascade,
which mediates synoviocyte proliferation and is responsible for inflammato-
ry and pain responses (Martel Pelletier, 2004).

Regarding PGE2 production, Bassleer et al. (1998) noted that CS (at 500
or 1000mg/ml) decreases total PGE2 production and thatCS (100–1000mg/ml)
inhibits the stimulating IL‐1b effect on PGE2 production during the first
16 days of culture.

A direct effect of chondroitin polysulfate on the production of aggrecans
(Verbruggen et al., 1999; Wang et al., 2002) has been demonstrated by
an increase of total 35S incorporation rates. The same polysulfated polysac-
charide increased the synthesis of high‐molecular weight hyaluronan by
chondrocyte derived fibroblast‐like cells.

A new ultrastructural approach was carried out by Nerucci et al. (2000),
investigating the in vitro effects of CS on human articular chondrocytes culti-
vated in the presence or in the absence of IL‐1b during 10 days of culture with
and without pressurization cycles. In this study, alginate was used as the
support in the culturing of human chondrocytes, as it is considered to be a
valid alternative to other culture techniques since it enables the chondrocyte
to retain its 3D‐structure and to maintain its characteristic cell shape,
while preventing cell dedifferentiation. The effect of CS (10–100 mg/ml) with
and without IL‐1b was assessed in the culture medium of cells exposed to
pressurization cycles in the form of sinusoidal waves (minimum pressure
1 MPa, maximum pressure 5 MPa) and at a frequency of 0.25 Hz for 3 h
using the immunoenzymatic method for quantitative measurement of human
PG (Figs. 1 and 2). On the 4th and 10th days of culture, the cells were used
for morphological analysis by TEM (Fig. 3) and SEM (Fig. 4). They showed



FIGURE 1 Total amount of PG measured in culture medium (ng/mg DNA) during 10 days

of culture (pooled data) in basal conditions, in the presence of IL‐1b, and in the presence

of IL‐1b and CS (10 and 100 mg/ml). Data are expressed as mean values � SD. b vs. a; c vs. b;

d vs. b: p < 0.05; *p < 0.05.

FIGURE 2 Total amount of PG measured in culture medium (ng/mg DNA) during 10 days

of culture (pooled data) in basal conditions, in the presence of IL‐1b, and in the presence of IL‐1b
andCS (10 and 100 mg/ml)with andwithout pressurization conditions. –pr¼ cyclic pressurization
minimumpressure 1MPa andmaximumpressure 5MPa at 0.25Hz frequency.Data are expressed

as mean values � SD. e vs. a:*p < 0.01; g vs. c: **p < 0.005; h vs. d: ***p < 0.003.
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FIGURE 3 Sections of OA chondrocytes cultured in vitro for 4 days. (A) Basal conditions:

the cell shows a euchromatic nucleus (N) and a cytoplasm abundant in endoplasmic rough

reticulum (RER). The plasma membrane (PM) has a large number of processes in a matrix rich
in collagen fibers and PG granules (arrows). Lipid droplets (LD); �13,000. (B) Presence of IL‐
1b: the cell presents a very vacuolate cytoplasm (arrows). The matrix appears to be very poor.

In Vitro Effect of CS 457
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that the addition of IL‐1b determines a reduction in the concentration of PG
in the culture medium (Fig. 1); this could be the result of the fact that
cytokine induces an inhibition of PG synthesis by the chondrocytes, as
shown in the morphological analysis. The morphological aspects show
signs of cellular suffering with the presence of vacuoles (Figs. 3B and 4B)
and the lack of cellular organelles typically responsible for the synthesis of
the matrix glycoproteins (the endoplasmic reticulum, the Golgi apparatus,
and mitochondria). When the cells were cultivated in the presence of IL‐1b
þ CS, there was a restoration of PG concentration in the culture medium
(Fig. 1). This fact confirms the protective role played by this substance,
which counteracts the IL‐1b induced effects and which might be used by
the chondrocyte as a substratum for the synthesis of PG. The pressure values
applied in this study were within the physiological range of human joints, as
a pressure level of 5 MPa is most often encountered in the knee joint during
normal gait (Hodge et al., 1986; Parkkinen et al., 1993). Chondrocytes
undergoing physiological pressurization presented a greater metabolic activ-
ity, which was expressed in the increase of PG levels in the culture medium at
basal conditions (Fig. 2). This fact was also confirmed in morphological
an alysis by TEM ( Fig. 3D ) an d SEM ( Fig. 4D –F). The incr ease in PG in the
culture medium, which was also observed in basal conditions, could be
determined by a stimulation activity induced by pressurization. The ‘‘stimu-
lating’’ effect of the pressure did not, however, manage to counterbalance the
negative effects determined by the addition of IL‐1b ,which, in fact, induce a
serious metabolic and morphological imbalance. The addition of CS created
protection from the effects of IL‐1b under the pressurization conditions
used. The simultaneous use of pressurization with the presence of CS deter-
mined a highly significant increase in PG concentration, as though a syner-
gism of action exists between the drug and the mechanical factor regarding
IL‐1b. The biochemical data was also supported by morphological analysis
(Nerucci et al., 2000).

Lippiello et al. (2003) tested the hypothesis that chondrocytes are more
responsive to chondroprotective agents, glucosamine sulfate and CS, under
in vitro conditions simulating in vivo joint stress. Synthetic and anticatabolic
activities of bovine articular cartilage were assessed, and the response of
cartilage to simulated conditions of in vivo stress varies, depending on the
type of stress and age of the animal. Cartilage from older animals was more
Nucleus (N), plasma membrane (PM); �6000. (C) Presence of IL‐1b þCS100: the cell clearly

recovers its good state of health. The nucleus (N) presents a nucleolus (NU). The cytoplasm

contains rough and smooth endoplasmic reticuli (arrows); Golgi complex (GC) and lipid
droplets (LD); �14,000. (D) Basal condition and pressurization: the abundant presence of

collagen fibers and PG granules (arrows) in the ECM is evident. Nucleus (N), lipid droplets

(LD), and plasma membrane (PM); �10,000.



FIGURE 4 Scanning electron micrographs of chondrocytes cultured in vitro for 4 days.

(A) Basal conditions: the cell exhibits a spherical shape and granules of secretion are evident on

its surface (arrows). The network of collagenic fibrils (CFs) is also visible; �3800. (B) Presence
of IL‐1b: the cellular damage is clear. The chondrocyte is devoid of granules and of matrix and

the surface of the cells appears collapsed; �4500. (C) Presence of IL‐1b þCS100: the cell

morphology has been partially restored. Newly formed elements of the extracellular matrix

(ECM) have been secreted into the extracellular space; �5000. (D–F) Chondrocytes subjected
to pressurization. (D) Basal conditions: the cell shows a good state of health; granules of

secretion (arrows) and collagenic fibrils (CFs) are evident; �4500. (E) Presence of IL‐1b: the
cell is devoid of PG granules and of collagen fibers, but it does not appear collapsed; �4500.
(F) Presence of IL‐1b þCS100: the cell shows a spherical shape and a rich extracellular matrix

(ECM); �3300.
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responsive to stress and to glucosamine sulfate and CS. Pronase‐induced
matrix depletion and mechanical stress increased PG synthesis activity.
Exposure to glucosamine sulfate and CS significantly enhanced this stress
response from 85% to 91% and from 40% to 100%, respectively. Heat
stress and stromelysin digestion decreased synthetic activity, which was
reversed or normalized upon exposure to glucosamine sulfate and CS.
Cartilage from young joints was somewhat refractory to the level of stress
imposed and to treatment with glucosamine sulfate and CS. The differences
observed may be a function of matrix mechanical properties between tissues
and/or cell sensitivity to external factors. By enhancing the protective meta-
bolic response of chondrocytes to stress, glucosamine sulfate and CS may
improve their ability to repair and regenerate. These observations suggest
that these compounds function as biological response modifiers (BRMs),
agents that boost natural protective responses of tissues under adverse
environmental conditions.

Chondrocytes in OA cartilage demonstrated morphologic changes that
are characteristic features of apoptosis. This mechanism of cell death plays
an important role in the pathogenesis of OA (Martel Pelletier, 2004).

The possibility that CS could have a protective role in apoptosis has
been investigated (Reveliere et al., 1999). It was tested whether CS could
reduce NO‐induced apoptosis in vitro in articular rabbit chondrocytes,
suggesting its protective effect by limiting cartilage degradation. Chondro-
cytes have been characterized as a major intra‐articular cell source of NO,
and NO appears to be one of the most potent inducers of chondrocyte
apoptosis (Reveliere et al., 1999). In Reveliere’s study, NO donors induced
apoptosis of normal articular rabbit chondrocytes, and preincubation with
CS (100 mg/ml) decreased the action of NO. It has been shown that CS is able
to increase PG amounts in the matrix surrounding the cells, and the accu-
mulation of matrix components around the cells may protect them against
injury from IL‐1b or NO.

A decrease in the number of apoptotic chondrocytes under CS sheds
light on a new mechanism of the biological effect of this molecule that might
exhibit disease‐ or structure‐modifying properties.

Besides possessing the earlier mentioned anabolic effects, CS acts at
different levels on the mediators of cartilage destruction such as MMPs.

Stromelysin‐1 (metalloprotease‐3, MMP‐3) is a cartilage proteolytic
enzyme, which induces cartilage destruction. The production of MMP‐3
induced by IL‐1b in chondrocyte cultures from patients with primary OA
was inhibited by the addition of CS at different concentrations (Monfort
et al., 2005).

It has been hypothesized (Vergés et al., 2004) that the clinical effect of
CS could partially be due to a reduction in the activation of the NF‐kB
transcription factor in cultures of chondrocytes from rabbit knees stimulated
by IL‐1b.
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NF‐kB is an ubiquitous protein that specifically binds to DNA consensus
sequences, activating its transcription. NF‐kB exists in the cytoplasm in an
inactive form (Fig. 5). When an extracellular stimulus induces the phosphor-
ylation of an inhibitory subunit (a member of IkB family) and its subsequent
degradation, the active complex becomes capable of migrating to the nucle-
us, where it recognizes the consensus sequences in DNA. NF‐kB binding sites
are present in the promoter regions of many genes (metalloproteases, iNOS,
COX‐2) involved in the pathophysiology of joint inflammation and tissue
destruction (Tak and Firestein, 2001).

As already mentioned, the IL‐1b cytokine plays a key role in the cata-
bolic program of chondrocytes. Signal transduction starts with the interac-
tion of IL‐1b with its receptor (IL‐1R), inducing the activation of different
signaling pathways, among them that of mitogen‐activated protein kinases
(MAPKs), which increase the intracellular concentration of oxygen free
radicals and the activation of transcription factor NF‐kB followed by its
nuclear translocation.

CS reduces nuclear translocation of transcription factor NF‐kB in rabbit
chondrocytes stimulated with IL‐1b (Vergés et al., 2004). This evidence
FIGURE 5 Schematic representation of the pathway of NF‐kB activation.
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could partly explain the mechanism of action through which CS exerts its
chondroprotective and anti‐inflammatory effects.
V. Conclusions ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

A number of in vitro studies have been performed to determine the mode
of action of CS. It has been demonstrated that CS possesses both anabolic
effects on cartilage metabolism and anticatabolic properties (Table II).

In various models of cartilage culture or of isolated chondrocytes, CS
has demonstrated the capacity to stimulate the synthesis of PG, aggreca-
nases, and hyaluronic acid at a high‐molecular weight. In cultures of human
osteoarthritic chondrocytes, CS inhibits collagenolytic activity and the syn-
thesis of stromelysin (MMP‐3), and it counteracts the negative effects of IL‐
1b on PG, collagen type 2, and PGE2 synthesis. CS is also able to prevent the
apoptosis of chondrocytes induced in vitro by NO. Additional in vitro
experiments have demonstrated that CS interacts with elastase of human
leukocytes and that it determines a partial inhibition of activity (elastase is a
potent mediator of cartilage degradation). The effects of CS on various
mediators of inflammation and the degradation of cartilage can probably
be explained on the basis of its capacity to reduce the nuclear translocation
of transcription factor NF‐kB induced by IL‐1b.

In summary, although the mechanisms of action of CS on cartilage
metabolism are not yet completely known, the data obtained from in vitro
studies on cartilage or chondrocyte cultures certainly support the clinical
findings describing CS as a symptom and structure‐modifying drug in the
treatment of OA.
TABLE II In Vitro Effects of CS

Anabolic effects
Stimulation of proteoglycan synthesis (Bassleer et al., 1992)
Stimulation of aggrecans synthesis and of high‐molecular weight hyaluronan

(Verbruggen et al., 1999; Wang et al., 2002)

Anticatabolic and antiphlogistic effects
Inhibition of collagenolytic activity (Bassleer et al., 1992)
Inhibition of the synthesis of stromelysin (Monfort et al., 2005)
Inhibition of the effects of IL‐1b on PG, collagen type 2, and PGE2 synthesis

(Bassleer et al., 1998; Nerucci et al., 2000)
Reduction of apoptosis of chondrocytes induced by NO (Hodge et al., 1986)
Inhibition of leukocytic elastase activity (Baici and Bradamante, 1984)
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with Arthropathies
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Orthopedic problems in dogs that are degenerative or inflammatory
arthropathies like osteoarthritis (OA) or also named degenerative joint
disease (DJD) in middle‐aged and geriatric patients are a main reason for
consulting a veterinary practice or clinic. DJD is marked by a slow progres-
sive degenerative process of synovial joints. The process is characterized by
painful destruction of cartilage followed by bony reconstruction. The dis-
ease is often started by trauma or some predisposing stress through abnor-
malities of the limb axis, articular incongruity, synovial membrane
inflammation, metabolic or idiopathic alterations leading to cartilage de-
struction. Often rupturing of tendons, such as the cruciate ligament, leads to
the secondary form of DJD. Afflicted patients show lameness, immobility of
different degree, and sometimes crepitation. In canine patients this often
Advances in Pharmacology, Volume 53 1054-3589/06 $35.00
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resul ts in gaining weight, what again causes a higher exposure of the afflicte d
joi nts.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

In dogs, secondar y form s of DJD deriv ed from congenital or acquir ed
deform ation of join ts are more often seen than in man, where old ‐ age
arthrosis is the most frequently diagnosed form. Underlying processes are
inflammation, instability of the joint, or trauma (Klee and Ungemach, 1998;
Smith et al., 1995), which can be found in dogs of all ages but is most
comm only seen in you ng dogs of 4 years or les s (Pri eur et al ., 1994).
Dys plastic joints are often seen in case of osteoc hondro sis or other dev elop-
ment al skeletal pro blems in dog s (Fox and Walker, 1993 ). The body weight
of an adult dog as well as the weight curve of a puppy influenc es the
pro gression of the OA, leadi ng to a higher inci dence in large breed dogs
( Dobene cker et al., 1998 ). But not only large and giant breed dogs that are
known to be sensi tive to nutritio nal and enviro nmental influ ences on their
skel etal develo pment are ofte n affecte d but also a number of mediu m a nd
small breed dogs. Some breeds have a higher suscep tibility to devel opmental
skel etal dise ases than others.

It can be hyp othesize d, that especially the belonging to a more chondro-
dystrophic breed increases the risk to develop skeletal problems throughout
life ( Dobenecker et al., 2005 ; La flamme, 2000).

Treatment of OA in dogs is based on surgery, weight reduction, exercise
control, and administration of anti‐inflammatory and analgesic agents
(steroids, NSAIDs). The longing of owners and veterinarians for substances
with disease‐modifying, positive effects for a noninvasive treatment are
great. These substances should be harmless, with lesser or no adverse side
effects also in long‐term use and easy to be administered by the owner.
Chondroprotective substances or better named slow‐acting drugs for OA
(SADOA) are reported to have symptomatic effects and may protect carti-
lage from degeneration through stimulation of cartilage matrix formation
and reducing the cartilage degradation. Therefore, they may maintain or
even repair cartilage to stop progression of disease.

Forms of application are oral, intravenous, intra‐articular, or intra-
muscular. The major advantage of oral administration is the easy way of
application especially for long‐term use in dogs. Often orally used chon-
droprotectives are named nutraceuticals, a neologism from nutrition and
pharmaceuticals.

After oral administration of radioactive marked CS, 70% of the radio-
activity was shown to be absorbed in dogs. A high concentration of the
radioactivity was found in the synovial fluid and glycosaminoglycan‐rich
tissue like articular cartilage (Palmieri et al., 1990).
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CS together with muss el ex tract is a co mmonly used sub stance in
prevention an d manage ment of DJD. The se substan ces may act synerg isti-
cally to redu ce inflam mation an d degener ative symptoms in DJD patients .
CS is a long ‐cha in polym er of disaccharid es found predo minantly in carti-
lage. S ources of CS are cart ilage tissue from shark, bov ine, and whal e.
In vitro studi es revea led increasin g prosta glandin leve ls and decreasi ng
activity of collagen olytic enzymes after adding CS.

Most of the in vivo studies were carried out in man, only few in hor ses
and dog s. In the majori ty of cases, CS was employed in combinati on with
other cho ndroprote ctive substa nces in these published trials ( Ta b l e I ).
Moore (1996) fou nd no effects in a case study with three dogs. In a large
retrospective study of 2000 canine patients Anderson et al. (1999) had the
same negative results. These dogs received CS, glycosaminoglycans, manga-
nese, and ascorbic acid for different periods but at least for several weeks.
On the other hand, significant amelioration of the symptoms of arthropa-
thies was detectable after CS administration for 60 days in 110 dogs in a field
study (Segal and Bousquet, 1999) and after a combined treatment with CS
and Chitosan (Gerlach et al., 2000; 30 dogs). None of these studies were
placebo controlled or blinded. Therefore, the information about the effect of
chondroprotective nutraceuticals, including CS in canine patients, derives
often from anecdotal reports of owners and veterinarians or from studies in
other species (Anderson et al., 1999).

To verify the effects of the chondroprotective substance in ordinary canine
patients with chronic DJD, a field study was conducted. In a placebo‐
controlled (group PL), double‐blind study the effect of CS in comparison
to another chondroprotective substance [New Zealand green‐lipped mussel
extract (group: ME)] was tested in dogs with joint diseases (Dobenecker
et al., 2002). The perceptions of the attending veterinarians and owners
were evaluated.
III. Results and Conclusions ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

All attending dogs were patients of 12 veterinary clinics. In total 70 dogs
of 21 different breeds, ages (CS 8.1 � 4.3; ME 7.8 � 3.8; PL 8.2 � 3.9 year)
and sexes (CS 10 males/11 females; ME 13 males/5 females; PL 13 males/
6 females) were available for the study. Most of the dogs belonged to larger
breeds; therefore the mean body weight was 34 � 10 kg. In all groups, the
relative deviation between actual and normal weight, defined as body weight
at the age of 12 months, showed a tendency to overweight (CS 115 � 11%;
ME 135 � 25%; PL 113 � 16%). No proband was younger than 1 year to
ensure the termination of the main skeletal development; the mean age was
8 years. All of the attending dogs had a DJD of the shoulder, elbow, hip joint,
and/or stifle. One major precondition was that no other medication was



TABLE I Studies with Oral Administered CS in Dogs and Horses

Author Species
Number of
probands Substances

Period of
administration Study design Result

Moore, 1996 Dog 3 CS, Gluc, Mn, As 1–2 months Case report �
Segal and Bousquet, 1999 Dog 110 CS 2 months Field study þ
Anderson et al ., 1999 Dog >2000 CS, Gluc, Mn, As Several weeks Retrospective field study �
Gerlach et al., 2000  Dog 30 CS, Chitosan 1 month Field study þ
Dobenecker et al ., 2002 Dog 58 CS, ME 3 months Double‐blind placebo controlled

field study

�

Videla and Guerrero, 1998 Horse 15 CS 1 month Placebo controlled trial þ
Hanson et al., 1997 Horse 25 CS, Gluc 2 months Field study Partly þ

CS, Chondroitin sulfate; Gluc, glucosamine; Mn, manganese; As, ascorbic acid; þ, significant improvement; �, no significant improvement.
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necessary during the 12‐week duration of supplementation as well as
2 weeks prior to the first examination. Especially the administration of
steroidal or nonsteroidal antiphlogistics as well as other chondroprotective
or homeopathic substances were reasons to exclude possible participants
from the study. Seventy‐one percent of the dogs had two joints affected with
the highest prevalence for DJD in the hip joint. They were randomly allotted
to the three test groups CS, ME, and PL.

The first group received a granulate with 5.6% CS, the second with
2.6% ME and 3% microcrystalline cellulose, and the third a granulate
without active substances but 5.6% of the cellulose. All three products
contained 55.5% malted and bruised wheat, 30% oatflakes, 5% herbarum,
2% honey, 1% soybean oil, 0.5% chicken meat extract, and 0.4% AerosilW

(inert fluxing material). All dogs received the same dosage of the granulate
for 12 weeks together with the main repast of the day. With this the dogs of
the CS group received 22 mg CS (Kraeber, Basel, Switzerland)/kg body
weight per day.

At the beginning of the feeding trial a questionnaire had to be completed
from both dog owners and treating veterinarian. For the owner a ranking of
the symptoms with the criteria lameness, playing, recumbency, loading
tolerance, gait, being blithe, and pain had to be made as well as statements
about the duration of the disease and its progression. To access the degree of
the arthropathy correctly, the owner should also specify the symptoms after
respite and exposure, limitation of activity due to the arthropathy and total
time of daily walks. The attending veterinarians had to answer questions
about examination methods, hitherto treatment, characterization of kind,
and degree of the arthropathy as well as the appraisal of pain, crepitation,
and ability to compensate. After 12 weeks of feeding the test substances, the
owner and veterinarians were asked to answer another questionnaire of
same design. The examination of the patient in the clinic of the attending
veterinarian should include X‐rays and detailed diagnostics of the DJD.

Fifty‐eight dogs (83%) finished the study, with 21 in the CS group, 18 in
the ME, and 19 in the PL group. Twelve dogs had to be excluded from the
analysis due to required appliance of painkiller or other medication as well
as other reasons like refusal to ingest the supplement.

CS as well as ME administration did not lead to substantial ameliora-
tion of the recorded symptoms or even total recovery. The evaluation of the
questionnaires of the dog owners showed that they perceived the symptoms
‘‘lameness’’ and ‘‘pain’’ as the two, which most clearly changed to the better.
In a range of 7 (1: much improved, 4: unchanged, 7: much worse) the mean
values for both symptoms were not significantly different, whereas margin-
ally lower values were obtained in the placebo group (Figs. 1 and 2). A high
analogy was found between the perception of dog owners and attend-
ing veterinarians. The latter also found a slight improvement in all three
treatment groups, including the PL.



FIGURE 1 Distribution of the scaled answers concerning the symptom ‘‘lameness’’ (1:

much improved and 4: unchanged to 7: much worse) in the chondroitin sulfate (CS), the mussel

extract (ME) and the placebo group (PL). There were no significant differences between
groups.

FIGURE 2 Distribution of the scaled answers concerning the symptom ‘‘pain’’ (1: much

improved and 4: unchanged to 7: much worse) in the chondroitin sulfate (CS), the mussel

extract (ME), and the placebo group (PL). There were no significant differences between
groups.
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The dog owners as well as the attending veterinarians, who generally
had a high concordance in their statements, perceived only a slight improve-
ment in all three groups including the placebo group. There were no signifi-
cant differences between the effects in the CS and the other two groups. It
has to be taken account of the large number of dogs with very good or good
response (scaling 1, 2) in the placebo group. Reasons for these remarkable
improvements of the symptoms in the group without use of effective sub-
stances may have been a coincidence of spontaneous transient improvement
and the onset of treatment or rather an optimistic perception of the effects.
This phenomenon is known as placebo effect. Another known effect to be
considered in the field of veterinary medicine is the care effect (Löscher and
Richter, 1999), for example, after more controlled training and exposure in
periods of treatment. It clearly demonstrates how important it is to conduct
a study designed with placebo control. The good agreement between the
scoring of owners and veterinarians points to the relevance of carrying out
a double blind study. Results from studies, which are not placebo controlled
and double blinded, are therefore probably less significant. Referring to
this, the results of Segal and Bousquet (1999) as well as Gerlach et al.
(2000) concerning the effects of CS in dogs should be judged with caution.
Besides, CS has been combined with glucosamin and chitosan (produced
from crustaceans) in the latter study, probably influencing the effect of CS.
Another point to be considered is the highly different material in a field
study. The patients in our study (Dobenecker et al., 2002) were selected
under special conditions; the percentage of patients with inflammation in
their affected degenerative joints, the formulation and dosage of the CS, or
the feeding of the patients (interactions with medication) might have been
different compared to other studies. In cases of acute arthropathies with
inflammation and cellular conversions effects of CS may exist. A limitation
of the significance of the own study might be the restricted duration of the
study. The used time span of 12 weeks is possibly too short to show effects
on a tissue with such a slow metabolism like articular‐cartilage.

Results from studies in other species cannot be adopted for dogs under
all circumstances. For example, quantitative differences in the pathophysi-
ology of the articular‐cartilage as well as species‐specific differences in
absorption, availability and metabolism of CS might exist. Results from
studies, which are not placebo controlled or double blinded, should be
judged considering the placebo and care effect.
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Structure‐Modifying Agent
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The disease‐ or structure‐modifying effects of chondroitin sulfate (CS)
have been the focus of only a small number of studies performed in vitro or
in vivo in animal models of osteoarthritis (OA) or joint degradation in the
last decades. Some randomized controlled trials (RCTs) conducted on
humans have integrated this feature as a primary or secondary evaluation
outcome. The results of the survey conducted allowed the identification of a
total of six RCTs performed in both knee OA and finger‐joint OA. Only two
groups, one in Belgium and one in Switzerland, have conducted these human
studies. Based upon the results of these trials, it may be concluded that the
daily oral administration of 800–1200 mg of chondroitin 4‐ and 6‐sulfate
appears to be able to limit or even stop the radiological progression of
both femoro‐tibial knee OA and interphalangeal finger OA in a time frame
of a minimum of 1 year to up to 3 years of continuous or intermittent
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administration of the compound. The fundamental basis of this structure‐
modifying effect must certainly be originating from the in vitro demon-
strated capacity of CS to inhibit some of the key enzymes and cytokines
involved in both the development and the progression of OA disease. This
point should clearly be further investigated in vivo as well as possible other
modes of action of CS on the joint structures as articular cartilage might
not be the only target element involved in OA. Nevertheless, the results
available so far of published RCTs do already provide a strong support for a
disease‐modifying effect of CS.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The first attempts at improving structure and function of the connective
tissues of synovial joints, thereby alleviating the symptoms of degenerative
joint disorders, were based on the vague assumptions that an exogenous
administration of precursors of extracellular matrix (ECM) components
would help articular cartilage cells to replace the lost environment. This
presumption prompted physicians to use substances such as glucosamine
and sulfated glycosaminoglycans (GAGs), that is, CS aimed at improving
cartilage repair in degenerative joint disease. Likewise, the first intra‐articular
administration of chondroitin polysulfate (CPS) was based on the presum-
ption that this heparinoid type of drugwould replace hyaluronan as a lubricant
and reduces fibrinogen levels in inflamed joints and that this would bring
some therapeutical advantage (Eylau, 1959, 1960). Unexpectedly, some
patients reported symptomatic relief after having undergone this therapeutic
procedure, and some changes in the biochemical composition of synovial fluid
could also be assessed (Momburg et al., 1976).

Together with a profound search in those mechanisms, whereby tissues
are modified and/or destroyed during the course of inflammatory or degen-
erative joint diseases, researchers began to think about biological agents
capable of restoring damaged connective tissues in a more methodical
manner. As articular cartilage is one of the principal target tissue affected
as a consequence of rheumatic disorders, many investigations focused on the
metabolic characteristics of the single cell homing in this tissue: the chon-
drocyte. Substances that were demonstrated to protect articular cartilage
during the course of destructive joint disorders were therefore termed ‘‘chon-
droprotective agents.’’ When this occurred in vivo in joints affected by OA,
these agents were designed as ‘‘disease modifying osteoarthritis drugs’’
(DMOAD) (Altman et al., 2000).

As the auto/paracrine growth factor and cytokine cascades behind
development, homeostasis, and destruction of the ECM of articular cartilage
were not known previously, the first investigations on biological agents
capable of modifying the structure of connective tissues in a positive way
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concentrated mainly on the capability of these agents in improving the
synthesis or impairing the degradation of ECM compounds, especially
aggrecan and collagen. According to this definition, a number of substances
could also be classified as connective tissue structure modifying agents
(CTSMA). Among these, sulfated GAGs (chondroitin 4‐ and 6‐sulfate and
glucosamine), chemically modified tetracyclines, such as doxycycline and
minocycline, and avocado/soybean unsaponifiables have been repeatedly
cited.
A. Sulfated Polysaccharides and Chondroprotection
The so‐called ‘‘chondromucoproteins’’ were among the first substances
identified that were found to be able to improve the accumulation of ECM
compounds (Kosher et al., 1973; Nevo and Dorfman, 1972b; Nevo et al.,
1972a); they represent a mixture of proteoglycan (PG)‐degradation products
containing CS. It was then hypothesized that CS containing ECM‐break-
down products somehow exerted a positive feedback on articular cartilage
chondrocytes. The possibility of positively interfering with the in vitro
connective tissue cell repair process using sulfated polysaccharides was
first described in the mid 1970s (Schwartz and Dorfman, 1975; Verbruggen
and Veys, 1977). A couple of years later, polysulfated CS was shown to
improve the in vivo synthesis of hyaluronan in synovial joints of human
subjects (Verbruggen and Veys, 1979). The same compound, as well as its
naturally occurring analogue CS, was demonstrated to improve chondrocyte
repair function in vivo in different experimental models of OA (Brennan
et al., 1987; Carreno et al., 1986; Kalbhen, 1983; Uebelhart et al., 1998a).

In addition, oral CS was also identified as a symptomatic slow‐acting
drug for OA (SYSADOA) as it was demonstrated in a couple of randomized,
double‐blind, placebo (PBO) controlled therapeutic trials (RCTs) that it was
effective, with delayed onset of action, in alleviating the painful symptoms of
OA (knee, finger, hip) and in improving the mobility of the OA joints as well
as the overall mobility of the patient (see the corresponding chapter in this
volume). For many years, CS was mostly documented as a SYSADOA but in
some RCTs, with symptomatic efficacy as primary outcome, did also inte-
grate the radiological progression as a secondary outcome. The quantitative
radiological data provided by these studies supported further investigations
regarding the structure‐modifying effect of CS.

Therefore, RCTs provided results supporting that these CTSMA had
DMOAD properties, as they were shown to retard the progression of human
erosive OA in interphalangeal finger joints (Verbruggen and Veys, 1998a;
Verbruggen et al., 2002) and in knee joint as well (Uebelhart et al., 1998b,
2004).

The objective of the present survey was to make a critical synthesis
of the published literature available on RCTs regarding the structure‐ or



478 Uebelhart et al.
disease‐modifying effect of orally administered CS in patients suffering from
OA. Based upon the literature available and taking into consideration that
the in vitro studies and the in vivo animal trials were already mentioned
earlier, only data originating from RCTs focusing on human OA disease and
specifically addressing finger and knee OA are reported here; indeed, there
are no data originating from structure‐modifying RCTs available so far
regarding other joints, for example, hip or spine.
III. Methods __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Search Strategy
A computer‐aided search was conducted (Dickersin et al., 1994), inte-
grating all publications between 1966 and 2005, and reported inMEDLINE
(Ovid, PubMed, Gateway; 1966 to June 2005) and the Cochrane Database
of Systematic Reviews (2005); the aim was to identify all studies that cover
the topic of chondroprotective effects of CS in knee and/or finger OA.
Additionally, we checked the citation lists to complete our selection.

The following generic search terms (according to the thesaurus of each
individual database) were used: chondroitin, chondroitin sulfate or sulfate,
finger OA, joint disease, knee OA, musculoskeletal diseases, OA, rando-
mized or randomised, rheumatic diseases, and any combination of these
search terms. Some restrictions were made regarding the language of the
original publications; only papers in English, French, German, or Dutch
language were included into the review process.
B. Inclusion Criteria and Data Collection
To be included in the review, all studies had to have examined the effects
of CS on OA in vivo in human subjects. In addition, only randomized
controlled trials (RCTs) were included in this review. Studies using at least
one of the following types of outcome were included: joint space narrowing,
minimum‐ andmean‐joint space width, Kellgren‐ and Lawrence‐radiological
score, X‐rays. Disagreement regarding inclusion of some of the studies was
resolved by consensus between the coauthors. RCTs evaluating CS in combi-
nation with glucosamine or nonsteroidal anti‐inflammatory drugs were
excluded from the review process.
C. Data Abstraction
Two of the coauthors defined as reviewers (RK, EdB) independently
assessed the predefined outcomes of the studies according to a standardized
form. Variability presented for the outcome ‘‘chondroprotective effects of
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CS’’ was reported. If necessary, means and measures of dispersion were
approximated from the available data, tables, and figures directly from the
published papers. A p value of 0.05 was used as the criterion for statistically
significant results.
IV. Results ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Study Characteristics
The literature search yielded a total of six reports, which met the basic
eligibility criteria of being an RCT conducted in vivo with human subjects.
All human studies included had in common that their primary or secondary
outcome assessed the effect of oral CS as a drug able to modify the OA‐
disease activity and/or improve the structure of the OA joint (chrondropro-
tection). A total of three RCTs included knee OA patients, whereas three
RCTs included patients with finger joints OA.
B. Disease‐Modifying Effects of CS on RCTs in Knee OA
A total or three RCTs were available including 462 knee OA patients.
Of the three studies that evaluated the chondroprotective aspects of CS in
human knee joint (as primary or secondary outcome), all of them were
originating from Switzerland. One study was a one‐center study (Michel
et al., 2005) whereas the two other studies (Uebelhart et al., 1998b, 2004)
were multicentric and included patients from various countries (France,
Italy, Belgium) as well.

Two CS treatment modalities were used, which differed in their admin-
istration sequence; one study (Uebelhart et al., 2004) reported an intermit-
tent treatment schedule of 2 � 3 months daily oral CS 800 mg treatment
during 1 year; the two other studies used a treatment schedule of oral CS
800 mg daily given conti nuously for a total of 12 (Ueb elhart et al. , 1998b )
vs. 24 (Michel et al., 2005) consecutive months.

At this point, it is important to say that disease‐modifying effect of oral
CS was the primary outcome of only one single RCT of 24‐month duration
(Michel et al., 2005); regarding the two other 12‐month duration studies
mentioned, the chondroprotective effect of oral CS was only part of the
secondary outcomes as these studies were primarily designed to test the
symptomatic efficacy of the drug.

Uebelhar t et al. (199 8b and 2004 ) described that the rad iological pro -
gression after 12 months showed significant decreased joint space width in
the PBO group (p < 0.01), meaning a narrowing of the joint space, whereas
there was no change in the CS treated group. These results were provided in
those two studies in which the radiological outcome was not the primary
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target of the study; in addition, the number of knee OA patients whose
X‐rays could be fully analyzed was relatively small, and the design of the
studies was not identical in that the administration of CS was continuous
(800 mg daily) in the first study (U ebelhart et al. , 1998b) and in the second
(Uebelhart et al., 2004), the administration of CS was intermittent (800 mg/
day for two periods of 3 months each). The total duration was the same in
both studies (12 months). Nevertheless, these initial exciting results
provided the justification for the most recent clinical trial, which is the
very first RCT with intention‐to‐treat analysis to be performed with struc-
ture‐modifying effect as a primary outcome (Michel et al., 2005). Indeed,
long‐term treatment with continuous oral CS (800 mg daily) over 2 years did
stop the radiographic progression of knee OA (Michel et al., 2005). Those
patients who received a PBO (n ¼ 150) experienced a significant decrease
in their mean‐joint width (p ¼ 0.04) and their minimum joint space width
(p ¼ 0.05), whereas in sharp contrast, there was no joint space narrowing in
the CS‐treated group (n ¼ 150). Therefore, the authors proposed that the
clinical relevance of these positive results should be evaluated in further
studies (Michel et al., 2005). A new international multicentric study aimed
at confirming the chondroprotective effect of oral CS was already launched
including significantly more patients and more careful selection of the
patients upon entry on strict radiological criteria. The results are awaited
in 2006. In addition, a large longitudinal multicenter trial is also ongoing
in the USA under the supervision of the NIH in which some OA patients
do receive CS alone or CS þ glucosamine sulfate. The first results
are available (Clegg et al., 2006). As the measurement of the progression
of knee OA is based upon the radiological assessment of joint space
narrowing in each of these RCTs, it appears important to discuss this
major issue.
C. How to Measure the Structure or Disease‐Modifying
Activity of a Drug?
Based upon the European Agency for the Evaluation of Medicinal
Products (EMEA) guidelines to test antiosteoarthritic drugs (CPMP, 1998),
the best way to assess the chondroprotective activity of a drug would be to
use the invasive arthroscopic procedure (Listrat et al., 1997), but for obvious
ethical reasons, this diagnostic method is generally not well accepted and
adopted for clinical trials. The EMEA guidelines did also approve the use of
a noninvasive indirect method based upon the analysis of the actual joint
space measured on high quality X‐rays of the knee joint. A couple of groups
have been working on various procedures to develop this quantitative ra-
diological method because the qualitative evaluation of the progression of
knee OA using the Kellgren and Lawrence scoring system (Kellgren and
Lawrence, 1957) has been demonstrated not to be sensitive enough to
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evaluate the chan ges occurr ing in the OA joint and there fore migh t not be
applicabl e in clinical tria ls. Consid ering the differe nt methods of quantitat ive
analysis of the X‐ rays propo sed so far, Buckland ‐ Wright an d team devel oped
an analysis of the joint space width using high ‐resol ution plai n film and
double contra st macro radiograph ic inves tigatio n ( Buckland ‐ Wright, 1994;
Buckland ‐ Wright et al ., 1995 ), whereas Vignon an d cowor kers devel oped a
system based on the digitaliz ation of high ‐ quality X ‐ rays of the knee join t
followed by an autom atic or sem iautomat ic measurem ent of the joint sp ace
width (Fig. 1) with the assista nce of a specifi c comput er analysis so ftware
(Piper no et al. , 1998; Vignon et al., 1999 ). In addit ion, ba sed on the ava il-
ability of high ‐ quali ty X ‐ rays, initi ally of the hip, lat er of the knee, Lequesne
developed a meth od of analysis using a dire ct assessm ent of the join t width,
called chon drometry, us ing a calip er ( Lequesne , 1995 ). Thi s metho d, which
is certa inly less sop histicated than the other two, neverth eless provide d
excellen t results to asses s the joint space loss in vari ous types of OA, for
instance in the rapid destru ctive type.

Consider ing the three RCTs taken into consi deration in this survey, the
quantitat ive a ssessmen t of joint space loss was perfor med by the origin al
method of Vignon et al. (1999). More precisely, the measurement of the
femoro‐tibial joint space width was performed on standard weight‐bearing
antero‐posterior X‐rays of the knee joint in extension upon entry and after
12 months in the study of Uebelhar t et al. (1998 b), wher eas standar d antero ‐
posterior X‐rays of the knees were performed in weight‐bearing monopodal
position upon entry and after 12 months of follow‐up in the CS intermittent
administration study of Uebelhart et al. (2004). The only study with disease‐
modifying effect as primary outcome used standing, posteroanterior, weight‐
bearing X‐rays of both left and right knees flexed to %20� with patients
FIGURE 1 (A) Schematic view of the measurement of the femoro‐tibial joint space.
(B) After digitalization of the knee X‐ray, definition of the zone of interest for automatic

or semiautomatic measurement of the femoro‐tibial joint space.
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positioned with the toes up, directly under the edge of the cassette and
the knees bent to lie against the cassette. The X‐ray beam was directed
5� downward at a site midway between the popliteal spaces. A foot
map was drawn for each patient in order to reproduce the position when
radiographed after 24 months at the end of the study.

From these details, it can be shown that both the positioning of the
patients for the radiographic procedure did change and improve from the
initial to the latest studies and most importantly that the X‐rays procedure
itself evoluted from a classical antero‐posterior view to a posteroanterior
view with the X‐ray beam � parallel to the tibial plateau with a semiflexed
position. In order to increase the precision of the measurement of the joint
space, one could further add the exact positioning of the knee joint (X‐ray
beam angulation) with fluoroscopy, a procedure initially developed by
Vignon and now applied in some recent clinical trials, for instance in testing
the effects of doxycycline on progression of OA (Brandt et al., 2005). The
evolution of these radiological procedures allowed to reach a greater degree
of precision in the measurement of the femoro‐tibial joint space narrowing
in the longitudinal follow‐up of OA disease and also to increase the repro-
ducibility of the method, as it has been recently demonstrated that
some important pitfalls can interfere with the accuracy of the measurement
(Mazzuca et al., 2004).
D. Disease‐Modifying Effects of CS in Finger Joint OA
A total of two RCTs regarding finger OA patients as the target popula-
tion could be identified including a total of 284 patients. The two studies
referred in this survey were performed at the Department of Rheumatology,
University of Ghent in Belgium.

The first study referred in two papers was published in 1998
(Verbruggen and Veys, 1998a; Verbruggen et al., 1998b) and was based on
the use of a numerical scoring system for the anatomical evolution of finger
joint OA developed by Verbruggen and Veys (1996). A total of 119 patients
suffering from finger OA were included in this RCT with the primary
outcome being structure‐ and disease‐modifying effect of oral CS4 and ‐6
given as 3 � 400 mg/day over a period of 3 years. Standard posteroanterior
X‐rays of the interphalangeal (IP) joints were carried out upon entry and at
yearly intervals up to completion of the study after 3 years. It was shown
that the progression of OA in the IP finger joints in an individual patient can
be determined by the evolution of this joint in various previously described
anatomical phases: not affected (N), classical OA (S), loss of joint space (J),
erosive OA (E), remodeled joint (R). The structure‐modifying effect of oral
CS was assessed for by the number of patients developing OA in previously
normal IP joints (N > S) or progressing through the described anatomical
phases of the disease (S> J; S> E, J> E, S> R, J> R; E> R). The results of
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this study showed that in the CS treated group of patients, there was a
significant decrease in the number of patients with new erosive OA finger
joints. The authors underlined this finding as being extremely relevant as it is
known that finger OA becomes a clinical problem when pain and loss of
function happen, which is when S joints progress to J and E joints. Indeed,
during and after the E phase of anatomical progression, the finger joints
will remodel and present with the nodular deformities characteristic of
Heberden’s and Bouchard’s nodes.

Verbruggen et al. (2002) conducted two additional studies to assess the
progression of finger OA and its modulation by two different DMOADs.
Indeed, patients were included in two separate RCTs, but the results are
reported and published in one single paper (Verbruggen et al., 2002). A total
of 45 patients received CPS (ArteparonÒ, Luitpold Werk, Munich,
Germany), 50 mg intramuscularly twice weekly for 8 weeks every 4 months
for a total duration of 3 years. A total of 34 patients received oral CS
(CondrosulfÒ, IBSA, Lugano, Switzerland), 3 � 400 mg daily for a total
duration of 3 years. Both the study with CPS and CS had a PBO group (total
number of patients in the PBO group: n ¼ 85). Standard posteroanterior
X‐rays of the IP finger joints were obtained at initiation of the trials and at
yearly intervals up to completion of the studies after 3 years. Upon entry,
almost 80% of the distal IP and 50% of the proximal IP joints were affected
by OA. In a total of 40% of the patients, the classical picture of OA of the IP
joints was complicated by manifest erosive OA changes. The two systems
used to assess the progression of the anatomical lesions (Anatomical Lesion
and Anatomical Phase Progression Score System) showed definite progres-
sion within 3 years, especially in the IP joints. When compared with the PBO
controls, neither CPS nor CS was able to prevent the occurrence of OA in
previously normal joints. However, when the classical OA associated ana-
tomical lesions were considered, OA was less progressive in both CPS
and CS groups. In addition, fewer patients treated with either CPS or CS
developed erosive OA of the finger joints.

The authors conclude that the systems used to score the radiological
progression of finger OA allowed to evaluate the structure‐modifying effects
of both DMOADs (CPS and CS), but they do also consider both studies as
being pilot trials, which means that additional studies need to be performed
in the future.
V. Discussion ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Both in vitro and in vivo experiments made in various research centers
regarding the effects on the metabolism of intercellular matrix molecules
(collagens, PGs, aggrecan, hyaluronan) have shown that most (poly)-
sulfated polysaccharides do influence connective tissue cells (chondrocytes,
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syno viocytes , fibro blasts) in a similar way (Fran cis et al. , 1993 ; Verbrugg en
an d Veys, 1977, 1992; Verbrugg en et al. , 1999 ). With the im provem ent of
our insights in the auto/paracrine growth factor and cytokine pathways that
control the homeostasis of healthy connective tissues, it became possible to
study the mechanism of action of these CTSMAs. Investigations with sul-
fated polysaccharides showed that these agents operate in biological systems
through a down modulation of important catabolic auto/paracrine cytokine
pathways, such as IL‐1, thereby improving the accumulation of ECM com-
pounds in the cell‐associated matrix of these cells. Experiments conducted
with bovine chondrocytes obtained from macroscopically intact metacarpo-
phalangeal joints showed that physiological concentrations of CPS were able
to significantly reduce the downstream IL‐1 effects and reduce collagenase,
proteoglycanase, MMP‐1, and MMP‐3 activities (Sadowski and Steinmeyer,
2002).

Furthermore, CPS inhibited the IL‐1‐induced mRNA expression of tPA
(Sadowski and Steinmeyer, 2002). Likewise, xylosan polysulfate and CPS
restored the accumulation of aggrecan, hyaluronan, and type II collagen in
the cell‐associated matrix in IL‐1b‐treated human chondrocytes cultured in
agarose. This effect probably resulted in part from the downregulation of the
MMPs (Wang et al., 2002). In cultured equine chondrocytes as well, CPS
significantly reduced IL‐1b‐enhanced expression of iNOS that was paral-
leled by an increased release of NO. CPS downsized nitrite concentrations in
the supernatants of these IL‐1b‐stimulated cultures (Tung et al., 2002).
Finally, a novel polysulfated polysaccharide cyclodextrin polysulfate
showed cartilage structure‐modifying effects in vitro as it improved the
synthesis of aggrecan and the accumulation of cell‐associated matrix macro-
molecules by human articular cartilage cells in alginate. Here, it was shown
for the first time that this effect resulted in part from the direct repression of
IL‐1 as cyclodextrin polysulfate‐treated cells expressed significantly lower
amounts of intracellular IL‐1a and ‐b levels (Verdonk et al., 2005). The same
b‐cyclodextrin‐treated chondrocytes released significantly less IL‐6 in the
supernatant culture media, an effect being known to result from auto/
paracrine IL‐1 stimulation. It is important to remind at this point that the
concentrations of the culture supernatant polysaccharide of most of the
reported in vitro experiments are in the same order of magnitude than
plasma or cartilage tissue polysaccharide levels obtained in humans after
per oral administration (Muller et al., 1983; Volpi, 2002, 2003).

These basic science considerations might explain why natural com-
pounds registered as drugs, such as chondroitin 4‐ and 6‐sulfate, might
have, in addition to their symptomatic efficacy, some chondroprotective
effects in OA disease as they are able to modulate key cytokines and enzymes
directly involved in the development and the progression of the OA disease.
Indeed, OA disease is a chronic joint disease characterized by flares and
periods of increased inflammatory activity; these periods are responsible for
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an increased degradation of matrix components and therefore the progression
of the anatomical lesions.

As the results of our survey conducted to a small number of RCTs,
which could be evaluated (total: n ¼ 6), the present results should still be
taken with some caution, and it seems important to wait for additional data
regarding the structure‐modifying effects of oral CS. In their meta‐analysis
of the structural and symptomatic efficacy of glucosamine and chondroitin
in knee OA, Richy et al. (2003) reported positive results for glucosamine but
no results for CS as of the time of this publication; there was no RCT
available for CS with joint space narrowing as primary outcome.

In addition, an important question remains open, which is to know if
drugs are always a suitable answer to disease modification in OA. As illu-
strated in a recent editorial of Dieppe (2005), there are still many unan-
swered questions regarding structural modification in OA, such as what is
the clinical relevance of stopping the development of the OA process and if
it really increases the quality of life of the patients, in addition to the difficult
question of the price to pay to reach this goal.
VI. Conclusions _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The results of this survey allowed the identification of a total of six
RCTs in which some structure‐modifying aspects have been evaluated as
primary or secondary outcome. These studies focused on both knee OA and
finger OA, but no data are available so far for other OA localizations such as
hip and spine. On an evidence‐based perspective, there are clearly not
enough RCTs and data available so far to conclude that CS belongs to the
category of the disease‐modifying drugs for OA, but the available data
in knee OA and finger OA provide a strong support to this hypothesis.
Additional data from high‐quality RCTs are awaited soon, which should
allow an answer to this still open question.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Interphalangeal (IP) finger joint osteoarthritis (OA) becomes symptom-
atic during inflammatory episodes associated with the onset of ‘‘erosive’’ or
‘‘inflammatory’’ OA. The pathogenic mechanisms, which initiate the de-
structive phases in the IP finger joints of these patients, are not known
although catabolic cytokine pathways (e.g., TNF, IL‐1, RANKL) most plau-
sibly are involved. Polysulfated polysaccharides have been shown to inter-
fere with these cytokines and their down‐stream events. This observation
may reveal how chondroitin sulfates (CSs) hold up the onset of the destruc-
tive phases of erosive OA of the finger joints, and this probably explains
the symptom‐modifying properties of these drugs. When interfering with the
onset of ‘‘inflammatory’’ or ‘‘erosive’’ OA, chondroitin sulfates obviously
prevent the formation of nodosities in the finger joints of the patients. These
properties allow classifying these agents among the ‘‘disease modifying
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osteoarthritis drugs’’ (DMOAD) with ‘‘symptom‐modifying osteoarthritis
drug’’ (SMOAD) effects.
II. Introduction: The Pathology of Erosive Osteoarthritis _______________________________________________________________________________
A. Osteoarthritis of the Finger Joints: The Clinics
Osteoarthritis becomes more generalized and progressive in women from
their early 50s (Kellgren et al., 1963; Moskowitz, 1972). Distal and proximal
interphalangeal joints (DIP and PIP joints), and the first carpometa-
carpal (MCP) joints become more frequently involved (Kellgren et al., 1963;
Moskowitz, 1972). A 5‐year observation period of patients with OA of the
finger joints revealed that this group consisted almost exclusively of women
who became symptomatic early in the fifth decade of life, and rapidly devel-
oped symmetrical involvement of the finger joints. Obviously, a considerable
number of DIP and PIP joints became involved soon after the patients experi-
enced their first inflammatory episodes or painful ‘‘nodules,’’ and the patients
continued to suffer symptoms for several years (Verbruggen and Veys, 1996).
Incidence rates were consistent with previous reports (Ehrlich, 1972, 1975;
Stecher, 1955). The roentgenograms of the affected joints showed a rather
aggressive evolution in half of the patients, and the appearance was that of an
inflammatory disease. These patients experienced more inflammatory symp-
toms and occasionally needed NSAID or analgesic treatment. TheMCP joints
were less frequently affected, and the frequency of involvement of the different
MCP joints pointed to mechanical factors as the main initiators of OA. These
observations confirm that in women in the fifth decade of life, factors other
than mechanical ones play a role in the pathogenesis of OA of IP finger joints.
Hormonal changes are known to affect the clinical outcome of OA in ex-
perimental animals (Rosner et al., 1982; Silberberg and Silberberg, 1963;
Silberberg et al., 1958). Themechanisms throughwhich changes in sex steroid
levels increase the incidence or severity of OA are not understood. Rather than
through direct effects on the cartilage cell, female hormones may influence the
pathology ofOAby acting on inflammatory cells, thereby increasing the risk of
inflammatory processes in synovial joints. Osteoarthritic PIP and DIP joints
can become severely inflamed in the perimenopausal period (Cecil and Archer,
1926; Crain, 1961; Ehrlich, 1972, 1975; Peter et al., 1966; Stecher, 1955;
Stecher and Hauser, 1948) and in women, rheumatoid arthritis (RA) also
shows a peak incidence around the menopause (Goemaere et al., 1990).
B. The Pathology of Erosive Osteoarthritis: The
Roentgen Picture
Conventional roentgenograms remain the best available method to
follow OA patients in daily practice. Single bilateral posteroanterior hand
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radiographs are considered sensitive enough to assess finger joint OA
(Altman et al., 1990; Kallman et al., 1989). The anatomical evolution of
OA of the DIP and PIP joints in women of menopausal age has been
documented and was shown to progress through predictable phases. During
a 5 years’ observation period, a substantial number of patients had been
found to show erosive changes in the DIP and PIP joints. These changes were
characterized by complete loss of the joint space preceding or coinciding
with the appearance of subchondral cysts eroding the entire subchondral
plate. These erosive episodes subsided spontaneously and were followed by
processes of repair, as appeared from the follow‐up. The MCP joints did not
show this erosive evolution. This observation has allowed scoring systems
to be designed to quantify the anatomical progression of finger joint OA
(Verbruggen and Veys, 1996).

The anatomical phases in the evolution of OA of the finger joints are the
following (Fig. 1):

1. Normal (‘‘N’’) joints: no signs of OA.
2. Stationary (‘‘S’’) phase: classical appearance of OA. Small ossification

centers and osteophytes are present at the joint margins. Narrowing of the
joint space can occur (Fig. 1A).

3. Loss of joint space (‘‘J’’ phase): after remaining for a variable time in
the stationary phase, some joints (almost exclusively PIP or DIP) become
destroyed. The joint space completely disappears within a relatively short
period of time (Fig. 1B).

4. Erosive (‘‘E’’) phase: concurrently with or shortly after the disappear-
ance of the articular cartilage (J phase), the subchondral plate becomes
eroded. The appearance is that of a pseudo‐enlargement of an irregular
joint space (Fig. 1B–D). Roentgenograms obtained at yearly intervals
showed that changes in phases from ‘‘S’’ over ‘‘J’’ to ‘‘E’’ could occur within
1 year. This destructive episode (‘‘J’’ and ‘‘E’’ phases) is always followed by
repair or remodeling.

5. Remodeling (‘‘R’’) phase: new irregular sclerotic subchondral plates
are formed, and in between these a new joint space becomes visible. Huge
osteophytes are formed during this phase (Fig. 1C and D).

Contrary to what is seen in most chronically progressive rheumatic
disorders, the inflammatory episodes spontaneously subsided, and most of
the joints in the ‘‘J’’ or ‘‘E’’ phases remodeled during the observation period
(R phase). ‘‘R’’ joints no longer showed any evolution. On the roentgen
picture, the erosive lesions are identical to those described earlier in so‐called
‘‘erosive osteoarthritis’’ of the finger joints (Cecil and Archer, 1926; Crain,
1961; Stecher and Hauser, 1948). The R joint is the final stage of the disease
and clinically appears as a Heberden (DIP) or Bouchard (PIP) node.

Scores were attributed to the distinct consecutive anatomical phases
recognized in the course of the disease, and this scoring system allowed the



FIGURE 1 Anatomical phases in the progression of OA of the finger joints. ‘‘N’’:

nonaffected joints; ‘‘S’’: stationary OA phase: classical appearance of nonerosive OA; ‘‘J’’: loss
of joint space phase; ‘‘E’’: erosive phase; ‘‘R’’: remodeling phase. The progression through these

phases in four different IP joints is shown. Roentgenograms were taken with 1‐year intervals.
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anatomical changes in OA joints to be scored. The anatomical phase pro-
gression (APP) score was obtained by comparing the anatomical scores at
entry with those at the end of a study period. The APP score enabled
clinicians to define the rate of OA progression in joints.
C. Inflammatory Cytokines in the Pathology of
Erosive OA
The roentgen picture of an IP joint in the erosive phase of OA with the
prominent erosion of the subchondral plate is suggestive for an uncontrolled
aggressive osteoclastic activity, which is known to occur as a consequence of
a unidirectional TNF/IL‐1/RANKLigand cascade.

A similar unidirectional TNF/IL‐1 cascade is operational in RA and in the
spondylarthropathy (SPA)‐associated forms of destructive arthritis. TNF‐a ,
derived froman inflamed synovialmembrane, has been shown to trigger an IL‐
1‐induced destruction of the extracellular environment of articular cartilage
(Brennan et al., 1989). Neutralizing TNF‐a , in these disorders has led to a
complete halting of the destructive processes and eventually resulted in obvi-
ous repair in the affected joints (Lipsky et al., 2000). Interference with TNF‐a
or IL‐1 pathways could thus be of use when chondroprotective therapy in
patients with erosive OA of the IP joints is considered.
D. Connective Tissue Structure‐Modifying Agents
and DMOADs
The first intra‐articular administration of chondroitin polysulfate (CPS)
in humans was based on the presumption that this heparinoid type of drug
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would replace hyaluronan as a lubricant and reduces fibrinogen levels in
inflamed joints and that this would bring on a therapeutical advantage
(Eylau, 1959, 1969). Unexpectedly, some patients reported symptomatic
relief after having undergone this procedure, and even some changes in
synovial fluid chemistry were reported (Momburg et al., 1976). Therefore,
the first attempts at improving structure and function of the connective
tissues of synovial joints, thereby alleviating the symptoms of degenerative
joint disorders, were based on vague assumptions that an abundant admin-
istration of precursors of extracellular matrix (ECM) components would
help articular cartilage cells to replace the lost environment.

Together with a profound search on mechanisms whereby joint tissues
are destroyed in the course of inflammatory or degenerative joint diseases,
searchers more methodically sought for biological agents capable of restor-
ing damaged connective tissues. As articular cartilage is one of the principal
target tissues affected in the course of rheumatic joint disorders, many
investigations focused on the metabolic characteristics of the single cell
homing in this tissue—the chondrocyte. Substances that protected articular
cartilage during the course of destructive joint disorders were termed chon-
droprotective agents. When this occurred in vivo in joints with OA these
agents were termed DMOAD (Altman et al., 2000).

As the auto/paracrine growth factor and cytokine cascades behind
development, homeostasis, and destruction of the ECM of articular cartilage
were not known previously, the first investigations on biological agents
capable of modifying the structure of connective tissues in a positive way
mainly concentrated on the capability of these agents of improving synthe-
sis, or impairing the degradation of ECM compounds, that is, aggrecan and
collagen. According to this definition, a number of substances could be
classified as connective tissue structure‐modifying agents (CTSMA).
Among these, sulfated glycosaminoglycans, such as chondroitin sulfate
and chondroitin polysulfate, have been repeatedly cited.
III. Chondroitin Sulfates and the Management of Erosive
Osteoarthritis of the Finger Joints ____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Chondroprotective or DMOAD Effects of
Chondroitin Sulfates
Data on chondroprotection in handOA are scarce. The DMOAD effects
of chondroitin sulfates on erosive OA of the IP finger joints have been
appraised in two randomized, double blind, placebo‐controlled studies
(Verbruggen et al., 1998, 2002). Especially systems, allowing the anatomical
changes in OA joints to be scored, enabled clinicians to define the rate of OA
progression in joints. These scoring systems were based on the consecutive
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and predictable anatomical phases recognized in the course of the disease
(Verbruggen and Veys, 1996).

Two chondroitin sulfates with possible DMOAD effects—naturally
occurring chondroitin sulfate of bovine origin (CS) and a chemically poly-
sulfated chondroitin sulfate (CPS) were used in two series of patients with
OA of the finger joints (Verbruggen et al., 1998, 2002). The patients were
included in two separate randomized, double‐blind, placebo‐controlled
trials. Posteroanterior roentgenograms of the metacarpophalangeal and IP
finger joints were obtained at the start of this prospective study and at yearly
intervals. Almost 80% of the distal IP and 50% of the proximal IP were
affected at study entry. In approximately 40% of the patients, the classic
picture of OA of the IP joints was complicated by manifest erosive OA
changes. One hundred and sixty‐five patients were followed during 3 years.

The following variables were used to compare the study populations at
entry (the CPS‐ and CS‐treated patients and both placebo groups):

1. The numbers of IP joints affected in each patient
2. The numbers of patients presenting at least one IP joint in a destruc-

tive (J, E) or remodeling (R) phase
3. The anatomical phase scores of the 16 IP joints.

As the evaluation of these three variables on the roentgenograms at
entry allowed to conclude that both placebo groups were not different, the
85 patients of the two studies that had received placebo were combined in
one group—the ‘‘placebo’’ group. Forty‐six of the patients received CPS and
34 received CS.

At entry, the placebo and the CS group were not different when the
previously mentioned variables were considered. The CPS‐treated patients,
however, were less affected at start than the patients of the placebo group
(Verbruggen et al., 2002).

When the therapeutic results obtained were analyzed, the APP scores of
the IP joints over 3 years appeared to be significantly lower in the CPS‐
treated patients, whereas CS treatment showed a tendency to retard disease
progression (Fig. 2). The individual patient’s risk of developing erosive OA
was assessed. This risk of developing the erosive type of OAwas determined
by assessing the number of patients presenting exclusively nonerosive OA
joints (N or S phases) at study entry, of which at least one IP joint progressed
to a destructive phase (‘‘J’’ to ‘‘E’’) over a 3‐year period. Seven of these
‘‘nonerosive’’ patients out of 46 from the placebo group, progressed through
destructive phases (‘‘J’’ to ‘‘E’’) and became ‘‘erosive’’ in one or more IP
joints. Only 1 patient out of 35, and 2 patients from the 34 with exclusively
‘‘stationary’’ OA joints in CPS and CS groups, respectively, developed the
destructive phases. Although an interesting observation, these differences
were not significant (Verbruggen et al., 2002) (Table I).



FIGURE 2 Anatomical phase progression scores over 3 years of follow‐up of the

interphalangeal (DIP and PIP) joints of each patient. Notched Box‐and‐Whisker plots
represent median values, upper and lower quartiles. Differences (p‐values) in progression

scores between the placebo group (Tot‐Pl) and the CPS‐ and CS‐treated groups are given.

TABLE I Number of ‘‘Nonerosive’’ OA Patients Developing ‘‘Erosive’’

Interphalangeal Joint OA

Number
Nonerosive OA
at start

Erosive OA
during follow‐up Difference

Tot‐Pl 85 46 7

CPS 46 35 1 w2 ¼ 2.164 p > 0.050
CS 34 24 2 w2 ¼ 0.194 p > 0.050

w2 test; p‐values are given.
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Additionally, the individual patient’s risk to worsen their ‘‘erosive OA’’
was evaluated by looking at the number of subjects whose joints showed
further progression through the destructive phases during follow‐up (Fig. 3).

Progression to the erosive (E) phase in patients whose joints previously
showed stationary OA or loss of the joint space (S or J phases) was signifi-
cantly haltened. 29.4% of the placebo‐treated subjects developed frank
‘‘erosive’’ OA in previously stationary OA joints (S/J!E). In CS‐ and CPS‐
treated groups, development of ‘‘erosive’’ OA occurred in 8.8% out of 34,
and in 8.7% out of 46 patients, respectively. An ‘‘S’’ to ‘‘E’’ or a ‘‘J’’ to ‘‘E’’
phase type of evolution occurred in 20.0% and 22.4% of the 85 placebo‐
treated patients, respectively. One (2.9%) and two (5.9%) of the CS‐treated



FIGURE 3 Proportions of patients in the placebo group and in the CPS‐ and CS‐treated
groups presenting a change in anatomical phase in an interphalangeal joint during the 3 years

of follow‐up. Differences (p‐values) in the proportions of patients in the respective groups

(placebo vs. CPS or CS) presenting a particular change are given. N: nonaffected; S: stationary

nonerosive OA; J: OA joint with disappeared joint space; E: erosive OA joint; R: remodeled
OA joint.
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patients progressed through these phases. Four out of 46 (8.7%), and none of
the 46 (0.0%)CPS‐treated patients showed this ‘‘S’’ to ‘‘E’’ or a ‘‘J’’ to ‘‘E’’ phase
type of evolution. Once in one of the destructive phases, proportions of
patients whose IP joints showed remodeling were not affected by either treat-
ment (Verbruggen et al., 1998, 2002). These differences were statistically
significant.When comparedwith the placebo controls, none of the chondroitin
sulfates prevented OA from occurring in previously normal finger joints.
B. ‘‘SMOAD’’ or ‘‘SYSADOA’’ Effects of
Chondroitin Sulfates
The results of two randomized, double‐blind, placebo‐controlled studies
on clinical responses of patients with erosive hand OA on CS therapy have
been reported (Goemaere et al., 1997; Malaise et al., 1996). The outcomes
of these studies remarkably agreed. Malaise et al. (1996) followed a cohort
of 37 patients of which 20 were kept on CS and 17 were on placebo for 3
years. Although the patients experienced marked placebo effects, significant
intragroup differences were noticed for global spontaneous pain in the CS
group from the 12th month on. Intergroup differences became significant in
favor of CS after 6 months of treatment. Grip strength measurements
improved significantly after 6 months in the CS‐treated patients. Intergroup
differences became significant for this item in favor of CS after 12 months.
Other parameters (e.g., DIP) circumference did not change. Goemaere et al.



TABLE II Global Efficacy and Toxicity of Chondroitin Sulfate in the

Treatment of Osteoarthritis of the Interpahalangeal Finger Joints

Global efficacy Global toxicity

Patient Doctor Patient Doctor

0–4 months NA NA NA NA

4–8 months p ¼ 0.223 p ¼ 0.094 p ¼ 0.524 p ¼ 0.381

8–12 months p ¼ 0.064 p ¼ 0.052 p ¼ 0.317 p ¼ 0.273

Intragroup changes in global efficacy and global toxicity reported by patients and doctors;
endpoint analysis; w2 test; p‐values are given; NA: not applicable.
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(1997) reported the outcomes in a 101 patients cohort that was followed
during 1 year). Forty‐nine of them received 1200 mg of CS daily and 52 were
kept on placebo. A borderline significant change of the global impression
of efficacy by patient and physician, which were chosen as the primary
outcome measures, was recorded after an 8–12 months treatment period
(Table II). Other variables (e.g., VA pain scale, use of analgesics/NSAIDs,
pain on pressure, grip strength, and an in‐house functional index) did not
change significantly during follow‐up. Both studies thus disclosed a weak
and late onset effect, and this type of effect seemed to have been confirmed in
two open label trials in which a smaller number of patients were included
(Leeb et al., 1996; Rovetta et al., 2004).
IV. Discussion ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

A 3‐year follow‐up of the 165 patients with finger joint OA enabled to
investigate the DMOAD effects of two chondroitin sulfates. Chondroitin
sulfate and chondroitin polysulfate have an identical polysaccharide back-
bone. Their degree of sulfating is different. Both these sulfated polysacchar-
ides have profound and similar effects on the synthesis and turnover of
the structural ECM compounds of human connective tissues (e.g., articular
cartilage and synovial membrane) (Francis et al., 1993; Schwartz and
Dorfman, 1975; Uebelhart et al., 1998b; Verbruggen and Veys, 1977,
1979, 1982; Wiebkin and Muir, 1973) and may thus affect connective tissue
repair. These polysaccharide (poly)sulfates have a ‘‘tropism’’ for connective
tissues, such as cartilage (Conte et al., 1995; Dupuy et al., 1976; Gallacchi
and Muller, 1982; Panse et al., 1976; Ronca and Conte, 1993), and at least
chondroitin polysulfate was shown to have ‘‘structure modifying’’ properties
in vivo (Howell et al., 1986; Verbruggen and Veys, 1979). This study did not
allow concluding that chondroitin sulfate or chondroitin polysulfate treat-
ment prevented patients with OA of the finger joints to develop OA in
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previously unaffected joints. New OA joints were seen in the same propor-
tions of the patients in control and treated groups. The high proportions of
joints involved at study entry, and the fact that changes in the anatomy of
finger joints that become osteoarthritic during follow‐up are often subtle,
may render this variable less efficient to assess the effects of drugs on the
progression of hand OA. However, the morbidity of the disease was signifi-
cantly reduced in both treated populations. Evolution through the destruc-
tive anatomical phases, characteristic of ‘‘erosive’’ or ‘‘inflammatory’’ OA of
the finger joints, was significantly reduced in the CPS treatment group. CS‐
treated subjects showed a tendency to progress at a slower rate. Similar
results were suggested in an open label study on patients with erosive OA of
the finger joints where 12 patients were treated with 800 mg/day of orally
administered chondroitin sulfate plus naproxen, and 12 others received
naproxen only. Radiological hand examinations were performed at baseline
and again after 12 and 24 months. The anatomical progression of the disease
after 24 months seemed somewhat reduced in patients treated with chon-
droitin sulfate (Rovetta et al., 2002). The reduction of the proportion of
subjects developing frank ‘‘erosive’’ OA in previously stationary OA joints in
CS‐ and CPS‐treated groups is of clinical interest.

It is admitted that fewer IP joints of the CPS‐treated patients, when
enrolled in the study, were affected. In addition, these IP joints scored lower
in the anatomical phase score system. Lower numbers of patients of this
group had their IP joints in destructive phases. It is speculative to argue that
these patients belonged to a less aggressive population not at risk to develop
‘‘erosive’’ OA. By no means, however, proportionally less erosive finger
joints at the time of inclusion indicate a lower risk for the CPS‐treated
patients to develop erosive OA in previously nonerosive OA joints. Other-
wise, development of ‘‘erosive’’ OA during follow‐up might have been
expected to occur more frequently in a population with higher proportions
of ‘‘nonerosive’’ OA patients. Possibly, retardation of OA progression is
related to the effects of these drugs on catabolic activity and/or repair
function of connective tissue cells (e.g., articular cartilage chondrocytes
and synovial lining cells) (Francis et al., 1993; Mcfarlane et al., 1991;
Schwartz and Dorfman, 1975; Verbruggen and Veys, 1977, 1979, 1982;
Wiebkin andMuir, 1973). These anticatabolic and anti‐inflammatory effects
may also have been responsible for the modest clinical improvement these
patients experienced during follow‐up.

The roentgen picture of an IP joint in the erosive phase of OA with the
prominent erosion of the subchondral plate is suggestive for an uncontrolled
aggressive osteoclastic activity, which is known to occur as a consequence of
a unidirectional TNF/IL‐1/RANKLigand cascade (Wei et al., 2005; Zhang
et al., 2001). A similar unidirectional TNF/IL‐1 cascade is operational in RA
and in the SPA‐associated forms of destructive arthritis. TNF‐a , derived from
an inflamed synovial membrane, has been shown to trigger an IL‐1‐induced
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destruction of the extracellular environment of articular cartilage (Brennan
et al., 1989). Neutralizing TNF‐a , in these disorders has led to a complete
halting of the destructive processes and eventually resulted in obvious repair
in the affected joints (Lipsky et al., 2000). Interference with TNF‐a or IL‐1
pathways could thus be of use when chondroprotective therapy in patients
with erosive OA of the IP joints is considered.

The possibility of interfering with connective tissue cell repair processes
in vitro by sulfated polysaccharides was first described in the mid‐1970s
(Schwartz and Dorfman, 1975; Verbruggen and Veys, 1977). Later, poly-
sulfated chondroitin sulfate was shown to improve the synthesis of hyalur-
onan in synovial joints in vivo in human subjects (Verbruggen and Veys,
1979). The same drug, as well as its naturally occurring analog chondroitin
sulfate, improved chondrocyte repair function in vivo in different experi-
mental models of OA (Brennan et al., 1987; Carreno et al., 1986; Kalbhen,
1983; Uebelhart et al., 1998b). Randomized, double‐blind, placebo‐
controlled therapeutic trials allowed to conclude that these CTSMA had
DMOAD properties as they were shown to retard the progression of erosive
OA in IP finger joints (Verbruggen et al., 1998, 2002) and of OA of the knee
in human beings (Uebelhart et al., 1998a, 2004).

In vitro and in vivo experiments in various research centers concern-
ing the effects on the metabolism of intercellular matrix molecules (pro-
teoglycans, aggrecans, hyaluran) have shown that most (poly)sulfated
polysaccharides influence connective tissue cells (cartilage cells, synovial
cells, fibroblasts) in a similar way (Francis et al., 1993; Verbruggen and
Veys, 1977, 1992, 1999). When our insights in the auto/paracrine growth
factor and cytokine pathways that control the homeostasis of healthy con-
nective tissues had improved, it became possible to study the mechanism of
action of these CTSMA. Investigations with sulfated polysaccharides
showed that these agents operate in biological systems through a down-
modulation of important catabolic auto/paracrine cytokine pathways, such
as IL‐1, thereby improving the accumulation of ECM compounds in the cell‐
associated matrix of these cells. Experiments with bovine cartilage cells
obtained from macroscopically intact metacarpophalangeal joints showed
physiological concentrations of chondroitin polysulfate to significantly re-
duce downstream IL‐1 effects such as collagenase, proteoglycanase, and
MMP‐1 and MMP‐3 activities (Sadowski and Steinmeyer, 2002). Likewise,
xylosan polysulfate and chondroitin polysulfate restored the accumulation
of aggrecan, hyaluronan and type II collagen in the cell‐associated matrix in
IL‐1b‐treated human chondrocytes cultured in agarose. This effect probably
resulted in part from the downregulation of MMPs (Wang et al., 2002).
Also, in cultured equine chondrocytes chondroitin polysulfate significantly
reduced IL‐1b‐enhanced expression of iNOS that was paralleled by an
increased release of NO. Chondroitin polysulfate downsized nitrite concen-
trations in the supernatants of these IL‐1b‐stimulated cultures (Tung et al.,
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2002). Finally, a novel polysulfated polysaccharide cyclodextrin polysulfate
showed cartilage structure‐modifying effects in vitro as it improved the
synthesis of aggrecan and the accumulation of cell‐associated matrix macro-
molecules by human articular cartilage cells in alginate. Here, it was shown
for the first time that this effect resulted in part from the direct repression of
IL‐1 as cyclodextrin polysulfate‐treated cells expressed significantly lower
amounts of intracellular IL‐1a and ‐b levels (Verdonk et al., 2005).

In summary, finger joint OA becomes symptomatic during inflammatory
episodes associated with the onset of ‘‘erosive’’ or ‘‘inflammatory’’ OA. The
pathogenic mechanisms, which initiate the destructive phases in the IP finger
joints of these patients, are not known although catabolic cytokine path-
ways (e.g., TNF, IL‐1, RANKL) most plausibly are involved. Polysulfated
polysaccharides have been shown to interfere with these cytokines and their
down‐stream events. This observation may reveal how chondroitin sulfates
hold up the onset of the destructive phases of erosive OA of the finger joints,
and this probably explains the symptom‐modifying properties of these
drugs. When interfering with the onset of ‘‘inflammatory’’ or ‘‘erosive’’
OA, chondroitin sulfates obviously prevent the formation of nodosities in
the finger joints of the patients. These properties allow classifying these
agents among the DMOAD (Howell et al., 1995; Lequesne et al., 1994)
with SMOAD effects.
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I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The aim of this chapter is to evaluate the symptomatic/structural
efficacy and the tolerance of the chondroitin sulfate (CS) in the treatment
of knee and hip osteoarthritis (OA) through a meta‐analysis of randomized
clinical trials. A search for any randomized, double‐blind, placebo (PBO)‐
controlled, prospective trial whose aim was to assess the symptomatic and/
or structural activity of oral CS in the treatment of knee or hip OA was
performed through data sources and then through a manual search of the
reference section of all articles retrieved by the primary search. This search
was limited to articles published in extenso in peer‐reviewed journals be-
tween 1980 and 2005, in English or French languages, presenting sufficient
data and lasting more than 4 weeks. We found a modest effect of the CS on
the relief of pain and on the improvement of the joint function (pooled effect
sizes 0.60 � 0.34 and 0.57 � 0.31, respectively). The risk of being a
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responder was 1.83 � 0.34, and the mean number of patients needed to
treat was about 9.2 � 5.4. We could also put in evidence a delay in CS’s
action and a carry‐over effect of this drug after the end of the treatment.
A small structural efficacy was demonstrated, but further studies are needed
to confirm these results. The tolerance to the CS was excellent. Chondroitin
sulfate could be a useful tool in the treatment of OA but still subsist
the question of which OA‐patients could take the best advantage of it.
Moreover, further investigation on CS’s structural efficacy and long‐term
tolerance are needed.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Osteoarthritis is the most common form of arthritis, affecting the knee
in 30% and the hip in 4–10% of people aged 65 and over (Nevitt et al.,
1995; Van Sasse et al., 1989). Even if roughly 50% of them only have signs
and symptoms, the number of adults clinically affected by this disease is
considerable especially in the elderly and is increasing with the increasing
average age in the populations.

Current treatments for OA include pharmacological modalities (pain
relief with analgesics, nonsteroidal anti‐inflammatory drugs, steroid injec-
tions) and nonpharmacological modalities (including exercises, patient
education, diet when required, and total joint replacement). The recommenda-
tions from the European League Against Rheumatism (Jordan et al., 2003)
and the guidelines of the American College of Rheumatology (American
College of Rheumatology Subcommittee on Osteoarthritis Guidelines, 2000)
include these treatment options. The EULAR recommendations also included
the so‐called ‘‘symptomatic slow acting drugs for treating osteoarthritis’’
(SYSADOA) in the 10 final bullets for the management of the disease.

The need to define new classes of drugs for treating OAwas an emerging
concept in France, in the early 1990s, to try to correctly classify old drugs
that were in the market but whose assessment was poor (Group for
Management of Osteoarthritis, 1990). Each year, in Giens, near Toulon,
on the Côte d’Azur, a meeting was held including representatives of the
pharmaceutical industry, of the faculty, and of the registration authorities.
In 1992, one of the topics addressed at this annual meeting was the classifi-
cation of the so‐called ‘‘antiarthritic drugs.’’ The concept of SYSADOAwas
proposed (Avouac and Dropsy, 1993) and officially presented as an editorial
in the French Journal of Rheumatology by Michel Lequesne (Lequesne,
1994). Then it was adopted at the international level during the 5th Joint
World Health Organization and International League of Association for
Rheumatology Task Force Meeting, held in Geneva from June 29–July
2, 1993 (Lequesne et al., 1994). These SYSADOA are defined on several
pragmatic observations: they have a 1‐month delay of action after onset, a
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1–2‐month carry‐over activity after discontinuation, they are well tolerated
(particularly at the gastrointestinal level) with few and minor adverse events
opposite to nonsteroidal anti‐inflammatory drugs. This therapeutic class
includes five compounds: chondroitin and glucosamine sulfates, diacerein,
avocado–soybean extracts, and hyaluronic acid. The latter is locally deliv-
ered by intra‐articular route. All these drugs have randomized controlled
trials vs. PBO. Fifteen years after the emerging concept of SYSADOA and
after three meta‐analyses (Leeb et al., 2000; MacAlindon et al., 2000; Richy
et al., 2003), time is coming to attempt and overview on one of these drugs,
the CS.

Chondroitin sulfates are glycosaminoglycans (GAGs) naturally present
in the matrix of mammalians’ cartilages. They are a major component of the
aggrecan that is responsible for most of the properties of joint cartilage.
Chondroitin sulfates are prescribed as SYSADOA but also are highly
suspected to have disease‐modifying capacities.
III. Methods __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Our main objective was to have a general view of the different clinical
trials dealing with CS in the treatment of OA of knee and hip. We focused
more precisely on the efficacy and tolerance aspects.
A. Selection of Papers
We searched for any randomized, double‐blind, PBO‐controlled, pro-
spective trial whose aim was to assess the symptomatic and/or structural
activity of oral CS in the treatment of knee or hip OA. To do so, we went
through several data sources (Medline/PubMed, Cochrane Controlled Trial
Register), and then we conducted a manual search of the reference section of
each of the articles retrieved by the primary search. Osteoarthritis and
chondroitin sulfate were entered as medical subject headings and as text-
words.We limited the search to articles published in extenso in peer‐reviewed
journals between 1980 and 2005, in English or French languages. To increase
the homogeneity of the analysis, all studies lasting less than 4 weeks or not
presenting sufficient data were excluded.

Any of the publications selected for the meta‐analysis had to contain
data on the efficacy variables proposed by EULAR, FDA, or EMEA guide-
lines (Committee for Proprietary Medicinal Products, 1998; Food and
Drug Adm inistr ation, 1999 ; Lequesne et al., 1994; WHO , 1995):

Variables demonstrating a symptomatic efficacy: Algo‐functional
Lequesne index (LI) (Lequesne, 1997), Western Ontario and MacMaster
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Universities (Bellamy et al., 1988) (WOMAC), investigator’s or patient’s
global assessment, evaluation of pain on a visual analog scale (VAS)
(Huskisson, 1982), walking time, nonsteroidal anti‐inflammatory drug
(NSAID), or analgesic consumption.

Variable(s) demonstrating a structural efficacy: Evolution of the mean
joint space width (MJSW), joint surface area (JSA), and minimum joint
space narrowing (MJSN) (Vignon et al., 2003).

The tolerance was assessed by comparing the adverse events observed in
patients treated by CS and in patients treated by PBO.

The studied populations appeared to be highly homogeneous, certainly
because of the very similar inclusion criteria. Thus, when possible, the
outcomes were pooled in order to emerge general remarks on CS actions.
B. Quality Assessment
The different studies selected were scored for quality by two reviewers
using an instrument that have been developed and tested (Chalmers et al.,
1981; MacAlindon et al., 2000; Rochon et al., 1994). Any differences were
resolved by consensus.

The scale scores the different publications regarding their compliance to
14 points (control appearance, allocation concealment, patient blinding,
observer blinding to treatment, observer blinding to results, prior estimation
of the number of patients to involve, compliance testing, inclusion of pre-
treatment variables in analysis, presentation of statistical end points, statis-
tical evaluation of type II error, presentation of confidence limits, quality of
statistical analysis, withdrawals, side effects discussion).
C. Data Extraction
We took interest in the effect size reported on the main criteria by the
study: pain, assessed on VAS and algo‐functional LI. This effect size is the
difference between the treatment and the PBO arms at the end of the trial,
divided by the pooled SD (Cohen, 1988). The effect size is a unitless value
centered at zero:

At zero, the efficacy of the treatment is considered as equal to the PBO’s
one.

A negative effect size suggests that the treatment is less efficient than
PBO.

A positive effect size suggests that the treatment is more efficient than
PBO.

Cohen’s scale (Cohen, 1988) states that 0.8 reflects a clinically large
effect, 0.5 a moderate effect, and 0.2 a small effect.
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Finally, we determined the percentage of the population that could be
defined as responder on the basis of investigators’ global assessment: patients
judged improved or very good and good results were considered as responders.

Then, we could calculate the number of patients to treat to improve one
patient [number needed to treat (NNT)]. A value>1 for the NNTmeans the
treatment is more beneficial than control whereas a value <1 for the NNT
means the treatment is less beneficial than control.
IV. Results ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Twenty‐six randomized controlled clinical trials were identified by the
search strategy. Of these primary hits, we selected 7 studies that fulfilled all
the criteria. They were listed for the study design, number of patient includ-
ed, inclusion criteria, CS dosage, study duration, outcome measures chosen,
results of the intention‐to‐treat (ITT) analysis. The reasons for not selecting
the other publications are presented in Table I.
TABLE I Reasons for Not Including Studies in the Meta‐Analysis

RCTs reviewed for
inclusion criteria

Number of
studies

References26

Insufficient data �7 Anonymous, 2000; Conrozier,
1998; Kerzberg et al., 1987;
Mathieu, 2002; Morreale

et al., 1996; Pavelka et al., 1999;
Rovetta, 1991

Other language than French

or English

(Russian, Hebrew)

�5 Aleekseeva et al., 1999, 2003;
Debi et al., 2000; Nasonova

et al., 2001; Tsvetkova et al., 1992
No peer review �1 L’Hirondel, 1992

Neither knee or hip OA

treatment (temporo‐
mandibular,
spine, finger)

�3 Nguyen et al., 2001; Verbruggen
et al., 1998, 2002;

Administration paths not

per os (cream)

�1 Cohen et al., 2003

CS used in combination
(manganese ascorbate,

glucosamine)

�2 Das and Hammad, 2000; Leffler
et al., 1999

RCTs matching inclusion
criteria

7 Bourgeois et al., 1998; Bucsi and Poor,
1998; Mazières et al., 2001, 1992;
Michel et al., 2005; Uebelhart
et al., 1998, 2004
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A total number of 909 patients (468 treated with CS and 441 treated
with PBO) were enrolled in the meta‐analyses. The number of patients
entering the study was relatively balanced between PBO and CS branches
[except one study (Bourgeois et al., 1998) designed with three arms]. The
rates of drop out may be considered as low, with a mean around 11.5%
(range from 1.6% to 27.0%).

Demographic baselines were well matched in each study and no statisti-
cal differences between the groups were observed for age (mean: 62.7 years),
sex, body mass index (mean: 27.8 kg/m2), and radiological score (mean
Kellgren‐Lawrence: 1.81) at inclusion. The dosages of CS used varied from
one study to another, with a minimum daily dose from 800 mg to 2 g, in 1–3
takes.

The selected studies were mainly dedicated to CS efficacy choosing
several primary criteria: pain release (VAS), algo‐functional indexes (LI
andWOMAC), decrease of anti‐inflammatory drug, or analgesics consump-
tion and structural modifying activity (mean joint space width) (Table II).
A. Symptomatic Efficacy on Pain
Data for the VAS pain were available and valuable in six publications
(Bourgeois et al., 1998; Bucsi and Poor, 1998; Mazières et al., 1992, 2001;
Uebelhart et al., 1998, 2004). The studies showed a difference between the
decrease of pain obtained in patients treated with CS and the decrease
obtained in patients treated with PBO. This difference reaches the statistical
significance at the latest 3 months and at the earliest 14 days after the
beginning of the treatments, except for the study by Mazières (Mazières
et al., 2001) in which a significant difference was only obtained in the
completer population.

A total of 609 patients were followed for pain evaluation. As presented
in the Fig. 1, CS was found to have a small to large effect in relief of the pain
(polled effect size ¼ 0.60; 95% CI: 0.26–0.94). The mean decrease of pain
after 3 months of treatment was 22.2 mm on the VAS scale with CS while it
was 10.5 mm with PBO (Fig. 2). After 6 months of treatment, the difference
is even higher with a mean decrease of 40 mm with CS vs. 15 mm with PBO.
After a latency period, the CS became more and more efficient as the
treatment lasted, compared to the PBO.

The pain evaluation is biased as in most of the studies, the use of
concomitant antalgic or anti‐inflammatory therapeutics (acetaminophen,
NSAID) as rescue drug, was allowed for ethic reasons. Even if the intake of
these drugs is generally stopped 48 h (for NSAIDs) or 12–24 h (for acetamin-
ophen) before the assessment visits, such practices could level down the
difference between the two groups of treatment and penalize the study.

Thus, when studying the pain evolution, it is really important to follow
in parallel the consumption of analgesics or NSAID taken by the patient.



TABLE II Data from the 7 Selected Studies

Author
(year)

Study
design

Number of
patients

Inclusion
criteria

CS
dosage

Study
duration Variables Results ITT

Quality
score

Mazières

et al. (1992)

R, DB, C vs.

Pl, multic.

120 >45, idiopathic KOA or

HOA (ACR), Kellgren I‐III,
daily pain > 3 years,

VAS � 40 mm, LI � 4

2 g/d (2 � 1g)

p.o.

3 months

treatment þ
2 months

follow‐up

1: NSAIDs

consumption

# S since M1

to M5

Yes? 9

2: Pain (VAS) # S since M3

to M5

LI # S since M4

overall patient

and investigator

judgement

# S since M3 (M4

for investigator)

and to M5

Bourgeois

et al. (1998)

R, DB, C vs.

Pl, multic.

127 >45, KOA (ACR),

Kellgren I‐III,
conservation of

articular joint

space, stable daily

administration

of NSAIDs for at

least 1 month

1,2 g/d (A) or

3 � 400 mg/d

(B) p.o.

3 months 1: LI # S since D14 (A),

D42 (B)

Yes 6

2: Pain (VAS) # S since D14 (A),

D42 (B)

NSAIDs

consumption

NS

S in favor of CS

Overall patient

and investigator

judgement

Busci and

Poor (1998)

R, DB, C vs.

Pl, multic.

85 Idiopathic or secondary

clinically symptomatic

KOA for >6 months,

Kellgren I‐III

800 mg/d p.o. 6 months Spontaneous joint

pain (VAS)

# S since M3 ? 7

Paracetamol

consumption

Trend in favour

of CS NS

Walking time # S since M6

LI # S since M1

Global efficacy and

tolerability

judgement by

patient and

investigator

S in favor of CS

Uebelhart

(1998)

R, DB, C vs.

Pl, monoc.

46 35–78, clinically

symptomatic

KOA, at least 25%

remaining joint space

800 mg/d

(2 � 400)

p.o.

12 months 1: Pain (VAS) # S since M3 ? 7

overall mobility

capacity

" S since M6

2: MJSW # S with Pl/stable with CS

JSA Same trend (NS)

MJSN No change

biochemical

markers

# S for OC, KS,

D‐pyr and pyr

(continues)



TABLE II (continued)

Author
(year)

Study
design

Number of
patients

Inclusion
criteria

CS
dosage

Study
duration Variables Results ITT

Quality
score

Mazières

(2001)

R, DB, C vs.

Pl, multic.

130 >50, clinically and

radiographically

confirmed KOA (ACR),

4 � LI � 11, VAS

activity �30 mm,

regular consumption

of NSAIDs for 3

months, Kellgren I‐III

1 g/d p.o. 3 months

treatment þ
3 months

follow‐up

1: LI Trend in favor

of CS NS

Yes 13

2: Pain

quality of life

Trend in favor

of CS NS

Trend in favor

of CS NS

Patient and

investigator

judgement

Trend in favor

of CS NS

Acet. and NSAID

consumption

Trend in favor

of CS NS

Uebelhart

et al. (2004)
R, DB, C vs.

Pl, multic.

110 >40, clinically

symptomatic

idiopathic KOA

(ACR), Kellgren I‐III

800 mg/d p.o. 12 months:

3 months

treatment þ
3 months

follow‐up þ
3 months

treatment þ
3 months

follow‐up

1: LI # S since M9 Yes 11

2: Pain (VAS) # S since M9

Walking time # S since M6

Global patient and

investigator

judgement

Always in

favor of CS

Michel

et al. (2005)
R, DB, C vs.

Pl, monoc.

300 40–85, clinically

symptomatic

KOA (ACR),

Kellgren I‐III

800 mg/d p.o. 24 months 1: Joint space loss

2: Pain and function

(WOMAC)

# S with Pl/

stable with

CS

Yes 11

NS difference

R, randomized; DB, double‐blind; C, controlled; CS, chondroitin sulphate; Pl, placebo; 1, main criteria; 2, secondary criteria; S, statistically significant difference;

NS, nonstatistically significant difference; ITT, intention to treat; PP, per protocol; LI, Lequesne index; MJSW, mean joint space width; JSA, joint surface area;

MJSN, minimum joint space narrowing; VAS, visual analogue scale; OC, serum osteocalcin; KS, serum antigenic keratan sulphate; pyr, total urinary pyridinoline;
D‐pyr, total urinary deoxy‐pyridinoline.



FIGURE 1 Effect sizes of symptomatic outcomes: Pain and Lequesne index (R: right knee;

L:left knee).

FIGURE 2 Pooled data on pain (assessed by VAS) reported after months of treatment,

expressed in percent from baseline (A: Bucsi and Poor,. 1998; B: Mazieres et al., 1992;
C: Uebelhart et al., 2004; D: Uebelhart et al., 1998; E: Bourgeois et al., 1998; F: Mazieres et al.,
2001).
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Four studies (Bourgeois et al., 1998; Bucsi and Poor, 1998; Mazières et al.,
1992; 2001) reported information on this aspect with a general trend in favor
of CS; a significant difference betweenCS and PBOgroupswas obtained after
1 month of treatment in two studies (Mazières et al., 1992; Uebelhart et al.,
2004), and the rescue drug consumption in PBO group appeared to be double
than in the CS group after 12 months of treatment (Uebelhart et al., 2004).
B. Symptomatic Efficacy on Function
Data for algo‐functional LI were available and valuable in five publica-
tions (Bourgeois et al., 1998; Bucsi and Poor, 1998; Mazières et al., 1992,
2001; Uebelhart et al., 2004) and in one publication (Michel et al., 2005) for
WOMAC.

Regarding LI, a statistically significant difference was found between
outcomes of patients treated with CS and treated with PBO at the latest after
9 months of daily treatment, except for the study byMazières et al. (2001) in
which significance is reached only in completer population.

When pooling the results of the five studies (Bourgeois et al., 1998; Bucsi
and Poor, 1998; Mazières et al., 1992, 2001; Uebelhart et al., 2004) (total of
563 patients: 295 under CS and 268 under PBO), the effect size is found to
be about 0.57 (95%CI: 0.26–0.88) what corresponds to a moderate efficacy.
The mean decrease of the LI after 3 months of daily treatment was 3.4 with
CS (32.2% from baseline) and only 1.4 with PBO (13.9% from baseline)
(Fig. 3). This difference remained constant during the following months and
so until 12 months of treatment.
FIGURE 3 Pooled data on LI reported after months of treatment, expressed in percent from

baseline (A: Bucsi and Poor(R), 1998; B: Mazieres et al., 1992; C: Uebelhart et al., 2004;
D: Bucsi and Poor(L), 1998; E: Bourgeois et al., 1998; F: Mazieres et al., 2001).
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C. Delay of Onset
All selected studies show evidence of a delay in the action of the drug.
The outcomes reported during the first months of treatment are generally
similar between treated group and PBO group. This latency period can
be remarked on pain relief as well as on LI improvement and lasts about
1 month.
D. Carry‐Over Effect
In three studies (Mazières et al., 1992, 2001; Uebelhart et al., 2004),
follow‐up period allowed to show a continuous activity of the CS along the
time, even after the end of the administration schedule of the drug; these
results suggest a persistent action of the CS that could be seen both in pain
and function outcomes.

The follow‐up period is unfortunately too short to assess the real dura-
tion of the persistent action, but data permit to show that it lasts at least
3 months after 3 months of treatment (Mazières et al., 2001; Uebelhart
et al., 2004).
E. Assessment by the Patient/Physician
In all studies (Bourgeois et al., 1998; Mazières et al., 2001; Uebelhart
et al., 1998, 2004), mentioning the overall assessment of the treatment
efficacy by the patient or the physician, a common trend in favor of CS
was reported. A statistically significant difference was reached after 42, 90,
or 180 days of treatment (depending on the study) but was reached only with
the completer population in one trial (Mazières et al., 2001).

As shown in the Table III, the mean relative risk of being responder to
the treatment for a patient is 1.83 � 0.34 and the mean number of patient
needed to treat is about 9.2 � 5.4.
F. Structure‐Modifying Efficacy
The structure‐modifying efficacy of the CS was part of the evaluation
criteria in three studies (Michel et al., 2005; Uebelhart et al., 1998, 2004)
and was the main criteria in one (Michel et al., 2005).

According to the study by Michel et al. (2005), the patients who
received PBO once a day during 2 years, experienced significant reduction
in mean joint space width (�0.14 � 0.61 mm, p ¼ 0.001) and minimum
joint space width (�0.07 � 0.56 mm, p ¼ 0.05) while patients who received
CS remained unchanged. The corresponding effect size is about 0.25. These
results reinforced the trend already suggested by the two previous studies by
Uebelhart et al. (1998 and 2004), performed during 1 year in a small number
of patients (n ¼ 46).



TABLE III Relative Risk of Being a Responder for Patients Treated with CS

and NNT

Study Risk of being a responder NNT

Bourgeois et al. (1998) 1200 mg 2.03 6.65

Bourgeois et al. (1998) 3 � 400 mg 2.09 5.6
Bucsi and Poor (1998) 2.23 6.8

Mazières et al. (2001) 1.35 18.1

Uebelhart et al. (2004) 1.82 5.3
Combined 1.83 � 0.34 9.2 � 5.4
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Neverthe less, no differe nce was report ed regard ing the WOM AC score
in M ichel et al .’s (2005 ) study, raising the question of the inte rest of a
radiog raphic imp rovement withou t an y clinical relief.
G. Tolerance
All the studi es conclu ded on a goo d to excellen t tolerabi lity of the CS.
Neithe r the nature nor the frequen cy of the adverse events was report ed to be
signifi cantly different to the PBO arm. In some cases, CS was even better
tole rated than PBO ( Uebelhar t et al., 2004 ).

Neverthe less, it has to be notic ed that sever al studies put in evide nce
inte stinal disord ers (abd ominal pain, nausea, epiga stralgia, constip ation,
diarr hea, pyrosis). The preval ence of these side effects occurr ed to be signifi-
cantl y higher in the CS group in the study by Mazi è res et al . (200 1), but this
signifi cant differen ce was not co nfirmed in the six oth er studi es.

Other side effect s were occasio nally report ed in pa tients under CS
trea tment but were not co nsidered as drug ‐ rel ated: respirat ory disor der,
head ache, vertigo, allergic episod e, eyelid edema, cutane ous manifes tations
(pruri tus, pruriginou s erupti on), ank le edema , cardiac prob lem, urinar y
trac t infection, and falling hair.

Clinical labora tory evalu ation did not detec t an y changes in the blood,
renal , or liver biologic al paramete rs.
V. Discussion ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

According to the results a nalyzed, we can conclude to a t rue but modest
effect of the CS on the relief of pain and on the improvement of the joint function
in patients treated. Good evidence is now available that this s ymptomatic slow
acting dr ug is a valua ble therapeutic tool for OA ( Jordan et al., 2003).

Nevertheless, this evaluation must be biased as only few methodologically
correct papers are available. Only few papers are dealing with CS activity,
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among which rare studies report proof of an obvious efficacy. If the symptom-
atic effect of this drug is discussed for about 30 years, we observe a growing
interest in the utility that may have a daily long‐term treatment in the slow
down of the worsening of the disease. The study by Michel et al. ( 2005 ) is the
first one using a structural end point as main criteria, even if structural change
is a secondary criteria in several other studies.

Regardi ng struc tural asp ects, further studi es with high number of sub-
jects and lasting at least 2 years are needed to find any evidence of a
consistent safe of joint space wid th. In this respe ct, the National Center for
Comple mentary an d Alter native Med icine (NCCA M) along with the Na-
tional Institute of Art hritis and Mu sculoskel etal and Skin Diseases (NIAM S)
launched in 2000 a large scale study inclu ding about 1600 pati ents with
knee OA (GAIT: Glucosam ine Chon droitin Arthri tis Inte rvention Trial).
This study is PBO ‐ control led, parallel, doubl e‐blind, fiv e ‐arm clinical trial
(glucosam ine sulfate alone, CS alone, combinati on of glucosamine and CS,
celecoxi b and PBO ), and the mai n criter ia is the narrowing of join t space
(http://nc cam.ni h.gov/new s/1997200 0/121100/ qa.ht m#1). The resul ts of
this study must be published in Novem ber 2005. S ince this time, the symp-
tomatic efficacy of the GAIT study was published (Clegg et al ., 2006) .

The CS pro vides a rel atively slow variati on in the sympt oms, with a
delay of action of about 1 month, howev er, the thera peutic effects lasted
longer even after the suspens ion of treatmen t, that is, 3 months of carry ‐ ov er
effect after 3 mon ths of treatm ent, what could be just ified as a sequent ial
therapeu tic schedul e of 3 months of treatmen t cycles spaced with 3 months
without treatm ent as assessed in one trial (Uebe lhart et al ., 2004 ).

The toleran ce of CS can be consi dered as ex cellent, whi ch provides a
great advantag e with regard to NSAID, especially on the gastr ointestin al
tract.

The still open que stion concer ning CS, as the other SYSADOA , is to
which OA patients these drugs are useful? It seems logical to assum e that the
best patients sh ould be those with mild to moder ate sympto matic dise ase, to
decrease NSA ID inta ke an d their side effects, and patients with mild to
moderate structura l damage s to prese rve the cart ilage loss; but today, there
is no data in the literature to ascer tain such conclu sions.
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Treatment of Knee Osteoarthritis

with Oral Chondroitin Sulfate
I. Chapter Overview _______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Knee osteoarthritis (OA) is a frequent chronic musculoskeletal condi-
tion, encountered mostly in elderly people. The therapeutic approaches of
knee OA is based on both nonpharmacological and pharmacological thera-
pies. Regarding the pharmacological therapies, there is now a large panel
of evidence to support the use of symptomatic slow‐acting drugs for
OA (SYSADOA), which is a generic term used for those medications for OA
acting on the symptoms of the disease with delayed onset, reducing pain and
improving both the joint function and the overall mobility of the patients,
and having, in addition, a remanent effect when the administration is
stopped. Among them, orally administered chondroitin sulfate (CS) is of
special interest in the indication of knee OA, a condition in which a couple
of randomized controlled trials (RCTs) have been performed in the last
20 years. Our survey could identify a total of 11 RCTs including 1443
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knee OA patients, where oral CS was administered daily vs. placebo (PBO)
from a couple of months to up to 2 years continuously or intermittently.
Based upon the methodological quality of the studies incorporated in the
survey, it can be concluded so far that the oral administration of CS in knee
OAdoes significantly reduce pain and improve the joint function andmobility,
as well as the overall mobility of the patients with a level of tolerability
and safety, which can be qualified as excellent. As a consequence, most of
the patients can significantly reduce their intake of analgesics and NSAIDs,
drugs known to predispose to some major side effects. Therefore, the authors
would suggest the systematic introduction of oral CS, based on its demon-
strated efficacy and excellent tolerability, as a ground therapy for knee
OA. Our own recommendation fits well with the most recent EULAR guide-
lines for the treatment of knee OA and the conclusions of three published
meta‐analyses.
II. Introduction _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Osteoarthritis is the most common form of arthritis in Western popu-
lations, and its prevalence increases with age. Due to an overall trend of
aging in our population, this disease condition is already known to be a
major contributor to the increase in health costs, and it represents a serious
social and economical burden for the coming generations (Cooper, 1998).
OA of the knee, also known as gonarthrosis, is the form of OA targeting the
knee joint, which is the principal large joint to be affected. The increased
incidence with the advance of age is well known, and patients affected will
present with pain, decreased mobility, and various degrees of disability,
consequently also with a significantly decreased quality of life. The costs
attributable to knee OA are huge, especially taking into account surgical
procedures, such as osteotomy, but especially total or partial knee replace-
ment. The gender repartition is in favor of women as compared to men with
a ratio of about 2:1; therefore, significantly more women are being affected
by knee OA (Cooper, 1998). Nevertheless, in many cases the original diag-
nosis of knee OA is based upon X‐rays, and it is worth noting that in about
30% of the aged population over 65, the diagnosis is positive even if some
patients do not report symptoms of pain and/or restriction of mobility
(Cooper et al., 2000). The cause of knee OA is generally unknown, but in
many cases it is considered to be of multifactorial origin. Clear evidence of a
link between an identified causative factor and the development of knee OA
are known in some well‐identified general conditions, such as aging, gender,
overweight, and some local factors such as trauma, occupation, and align-
ment (Cooper et al., 2000). In minority of the cases, the cause can be genetic,
for instance, in some families affected by mutations in type II collagen or
procollagen (Spector et al., 1996). Patients affected by knee OA complain of
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pain and functional disability, and these two symptoms represent most of
the reasons why patients with this condition will refer to their physician.
Of course, when the symptoms become more important and consequently
the patient can barely move, this does also mean an increased risk of further
morbidity and even mortality, especially considering an elderly population.
In addition, the decreased quality of life is also a very important negative
consequence to be taken into account as the reduction of mobility will also
impair social and personal contacts (Murray and Lopez, 1997).

This is why knee OA should absolutely be taken as a very serious
chronic health condition generally affecting elderly people and definitively
not as a normal physiological condition affecting the knee joints of the aging
population. A direct consequence of this recognition is that both basic and
clinical sciences have focused on this disease condition since many years in
order to better understand its etiology and mode of progression and try to
develop strategies to prevent the disease and/or limit its progression.
A. Therapeutic Options for Knee Osteoarthritis: Drugs,
No Drugs, or Both?
For many years, physicians did only treat the actual symptoms of knee
OA using both nonpharmacological and pharmacological treatments. Among
the nonpharmacological options, the list includes education (Mazzuca et al.,
1997), exercise (Messier et al., 2000), insoles, orthotic devices, weight loss,
spa, laser, and many other ones. The most relevant therapeutic options were
reviewed in the Eular Recommendations 2003 for the management of knee
OA (Jordan et al., 2003). For information, the same type of guidelines were
published for the management of hip OA (Zhang et al., 2005). Taking into
account these guidelines, most of the nonpharmacological treatments did
have a level of evidence of 1B (meaning that the evidence came from at least
one RCT) with various effect sizes and a strength of recommendation of
category B (meaning a category 2 evidence or extrapolated recommendation
from category 1 evidence).On the other hand, pharmacological treatments are
intended to alleviate the symptoms of pain, facilitate the mobilization of the
affected joint(s), and therefore ameliorate the overall mobility of the patient.
Most of the substances used in this category do directly reduce pain and/or
control the inflammatory process that occurs at some stages of knee OA. For
instance, among the large choice of substances or procedures that are currently
used for the treatment of knee OA, some are applied locally at the level of the
affected joint, such as topical capsaicin or nonsteroidal anti‐inflammatory
drugs (NSAIDs), some can be injected into the joint cavity such as steroids or
hyaluronan (HA) and HA derivatives. Additionally, joint lavage can also be
used in some cases. The other pattern of administration of symptomatic‐active
substances is of course the oral way that is convenient, well known regarding
pharmacocinetics and also very well accepted by both OA patients and their
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physicians. The generic list of orally taken drugs involved in the treatment of
knee OA is relatively short and includes antalgics, NSAIDs, opioid analgesics,
psychotropic drugs, sex hormones, and SYSADOA.
B. Symptomatic Slow‐Acting Drugs for OA
This latest category is of special interest in the context of the present
chapter as it includes CS. It should be mentioned at this point that SYSA-
DOA can both be administered orally (most frequently) or intra‐articularly
(less frequently) with substances such as HA and HA derivatives.

A general characteristic of the SYSADOA is their delayed mode of
action (this is why they are called ‘‘slow‐acting drugs’’) on the painful
symptoms of knee OA. Indeed, most of these drugs will begin to be active
and modulate pain between 2 and 3 weeks after the beginning of their
intake, whereas analgesics or NSAIDs are rapidly acting agents on knee
OA symptoms. Another important feature of SYSADOA is their remanent
activity. In fact, after an overall period of daily intake of about 3 months for
the oral formulations or 3–5 weekly intra‐articular injections of HA or HA
derivatives, the administration of the drug can be stopped, and most of the
patients will continue to benefit from the treatment for a period extending
from 3 to 6 months for the oral formulations and 6–12 months for the
intra‐articular formulations.

In sharp contrast with these effects, the patients taking analgesics or
NSAIDs will rapidly escape and present pain again once the treatment is
stopped.

These two aspects, delayed mode of action and remanence of the thera-
peutic effect once the treatment is stopped, are the typical features and
characteristics of the SYSADOA and are not shared by any other class of
therapeutic agents used for the treatment of knee OA.

In addition, regarding the safety of these compounds, it can be said that
their tolerability profile (oral formulations) is generally good to excellent with
a few gastrointestinal side effects reported at the initiation of the therapy,
which stop after a couple of days. No serious life‐threatening side effects
have ever been reported with this class of drugs, some introduced to the
market in 1960s,whichmeans that the data available frompharmacovigilance
cover a period of more than 40 years.

One important comment must be made at this stage as some of the
SYSADOA are sold as prescription free and over‐the‐counter (OTC) sub-
stances in all drugstores in the USA since many years, whereas they are
registered and were sold as prescription drugs in Europe from the very
beginning. The point is that the European SYSADOA oral preparations
have to be fully registered as drugs by the European and/or national regu-
latory agencies, which means that they have to fulfill severe criteria of
quality and safety and that they have been fully analyzed regarding their
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pharmacotoxicologic characteristics and industrial processing. These re-
quirements are not applied to the SYSADOA sold as OTCs in the American
market, which means that their actual content in active substance and as
well as its quality are not prerequisite to being sold to the American patients.
Some analyses have been performed, for instance for CS, and it was not a big
surprise to find major differences in terms of quality or quantity in different
brands sold as OTCs, most of them not even having the effective concentra-
tion of CS in each pill as mentioned in the accompanying documentation.
A direct consequence of this major difference between the European and
the American SYSADOA market is that the studies performed on the other
side of the Atlantic provide results, which can be considered as nonreliable
in assessing the efficacy and tolerability of these substances. This might
also explain why some of these drugs are just mentioned but not recom-
mended by the American College of Rheumatology (ACR) subcommittee on
OA (ACR, 2000). A real effort in terms of quality controls and regulations
should certainly be undertaken by the American agencies responsible for the
drug market, such as the FDA, in order to ensure that the American patients
receive the proper treatment for their knee OA and that what they take has
reasonable chances to positively affect their health condition.

Coming back to the EULAR recommendations 2003 for the manage-
ment of knee OA (Jordan et al., 2003), these substances and procedures have
also been evidence‐based checked and the results included in the report of
the Task Force of the Standing Committee for International Clinical Studies
Including Therapeutic Trials (ESCISIT). The levels of evidence and the
strength of recommendation of these various therapies are summarized in
Table I.

In order to perform this survey of the available studies to assess the
clinical efficacy and tolerability of oral CS, we used a specific methodologi-
cal approach, which is explained in detail underneath. The problem with
SYSADOA drugs is that a large number of the original trials were open and
nonrandomized; only few trials were RCTs, which does mean that they
reached a level of evidence that can be considered as good. In addition,
due to the small number of RCTs, only a few meta‐analyses were published
so far, and their conclusions are clearly restricted to the limited material they
had access to. This is the reason why we chose to review the evidence on the
basis of the published literature, which was critically analyzed.
III. Methods __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Search Strategy
A computer‐aided search of MEDLINE was conducted (Dickersin et al.,
1994) from 1966 up to 2005 (Ovid, PubMed, Gateway; 1966 to June 2005)
and the Cochrane Database of Systematic Reviews (June 2005), to identify



TABLE I EULAR‐Recommendations 2003 (Knee Osteoarthritis)

Type Intervention Evidence Recommendation

Noninvasive Acetaminophen 1B A

Paracetamol

Drugs Conventional 1A A

NSAIDs
Coxibs 1B A

Chondroitine sulfate 1A A

Glucosamine sulfate 1A A

Topical NSAIDs 1A A
Topical capsaicin 1A A

Noninvasive, non drugs Patient education 1A A

Active physiotherapy 1B A

Invasive, intra‐articular Steroids 1B A

1A, Level of evidence—Best mark: Highest level of the evidence. A, Strength of recommenda-

tion—Best mark: Highest level of strength of recommendation.
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all studies that cover the use of oral CS in knee OA. Additionally, we checked
the citation lists to complete our selection.

The following generic search terms (according to the thesaurus of
each individual database) were used: Chondroitin, chondroitin sulfate or
sulfate, joint disease, knee, musculoskeletal diseases, OA, randomized
or randomised, rheumatic diseases, and combinations of these search
terms. Restrictions were made regarding the language of the publications,
and only papers in English, French, German, or Dutch language were
included into this review process.
B. Inclusion Criteria and Data Collection
To be included in the review, all studies had to have examined the effects
of oral CS on OA. For the effect of CS in human beings, only randomized
controlled trials (RCTs) were included in this review. Studies using at least
one of the following types of outcome were included: Lequesne algofunc-
tional index (AFI), pain, walking time, and the Womac questionnaire. Dis-
agreement regarding inclusion of the studies was resolved by consensus
between authors. RCTs evaluating chondroitin in combination with glucos-
amine, NSAIDs, as well as RCTs evaluating other forms than oral CS were
excluded from the review process.
C. Assessment of Methodological Quality
Two reviewers (RK and EdB) independently assessed themethodological
quality of the studies according to the Delphi Criteria List (Verhagen et al.,
1998), a set of nine criteria for quality assessment: (1) use of randomization;
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(2) concealment of treatment allocation (i.e., concealing the group‐
assignment sequence until a potential‐study participant has been approached
and has provided informed consent); (3) equivalence (or similarity) of groups
at baseline regarding the most important prognostic indicators; (4) specifi-
cation of the eligibility criteria; (5) blinding of the outcome assessors;
(6) blinding of the care providers; (7) blinding of the patients; (8) reporting
of point estimates and measures of variability for the primary outcome
measures; and (9) use of an intention‐to‐treat analysis.

For each quality criterion, three rating categories were available: ‘‘yes,
met criteria’’; ‘‘no, did not meet criteria’’; and ‘‘don’t know.’’ The results of
the methodological quality of the reports are presented in Table I.

Percentage agreement and Cohen’s Kappa statistic were calculated with
GRAPHPAD? Software (Version 2002) and were interpreted in accordance
with Landis and Koch’s benchmarks for assessing the agreement between
raters: poor (<0), slight (0.0–0.20), fair (0.21–0.40), moderate (0.41–0.60),
substantial (0.61–0.80), and almost perfect (0.81–1.0) (Landis and Koch,
1977).
D. Data Abstraction
Two of the coauthors (RK, EdB) independently assessed the predefined
outcomes of each study according to a standardized form. Variability pre-
sented for the outcome effectiveness of CS to alleviating symptoms of pain
and functions was reported. If necessary, means and measures of dispersion
were approximated from figures in the papers. A p value of 0.05 was used as
the criterion for statistically significant results.
IV. Results ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
A. Study Design and Characteristics
The literature search yielded 11 reports that met the basic eligibility
criteria of being an RCT that examined the effects of oral CS on knee OA.

A total of 1443 patients were included in these 11 studies. Four studies
were originating from France: Mazieres et al. (2001), Bourgeois et al.
(1998), Conrozier (1998), and L’Hirondel (1992); four from Switzerland:
Michel et al. (2005), Uebelhart et al. (1998), Uebelhart et al. (2004), and
Uebelhar t et al. (unp ublished) ; one from Belgi um: Malaise et al. (1999); one
from Hungary: Bucsi and Poor (1998); and one from the Tschech Republic:
Pavelka et al. (1999).

Several varieties of CS modalities were used, which differed in dosage
and treatment time; the daily dosage differed from 500 to 1200 mg CS. Two
reports compared the effectiveness of different dosages of CS in knee OA
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( Bourg eois et al. , 1998; Pavelk a et al. , 1999). The effect ive treatm ent time
an d admin istration differe d from 2 � 3 months inte rmittent ( Conrozie r,
1998 ; Mala ise et al. , 1998; Uebelhar t et al. , 2004) to 3 months con tinuously
( Bourg eois et al. , 1998; Mazi eres et al. , 2001; Pavelk a et al. , 1999 ), 6
months continuo usly (Buc si an d Poor, 1998; L’Hironde l, 1992; Uebe lhart
et al. , unpubl ished ), 12 months continu ously ( Uebelhar t et al. , 1998 ), and
24 consec utive months ( Mic hel et al. , 2005 ).
B. Effect of Oral CS on the Lequesne’s
Algofunctional Index
A total of seven reports de scribed a decre ase of the Lequesne ’s AFI,
whi ch is an integrat ed score ( Lequesne et al. , 1987 ) combin ing pain a nd
funct ion as a result of the admi nistration of oral CS (Bour geois et al. , 1998;
Bucsi and Poor, 1998; Conrozier, 1998; L’Hirondel, 1992; Malaise et al.,
1998; Pavelka et al., 1999; Uebelhart et al., 2004). Significant differences
between CS and PBO groups regarding the reduction of the AFI score
appeared at different time points in the treatment schedule. One report
(L’Hirondel, 1992) described significant results between the CS and the
PBO group after 2 months, and all the time points thereafter toward 1 year.
Significant differences between the CS and the PBO group were found at
respectively 3 (p < 0.05) and 6 months (p < 0.01) after the beginning of the
CS treatment (Bucsi and Poor, 1998). Two reports by Uebelhart et al. (2004)
and Malaise et al. (1998) described significant differences between the CS
and the PBO group at 9 (both p < 0.05) and 12 months (both p < 0.01),
respectively, but in this case the administration of CS or PBO was sequential
and not daily continuous with two periods of treatment of 3 months each
(month 0–3 and 6–9) over 1 year. A significant effect after 1 year between the
CS and PBO group was described in one study (Conrozier, 1998) (p < 0.05).
Two studies compared different dosages of oral CS as compared to PBO
(Bourgeois et al., 1998; Pavelka et al., 1999). Three times CS 400mg/daywas
compared with 1200mg/day taken as a single daily dose. After 3 months, the
reduction of the AFI was significant in both CS groups (p < 0.0001). An
additional result of this study was that a single dose of CS 1200 mg/day did
not differ from a dosage of CS 3� 400 mg/day (Bourgeois et al., 1998). One
study described the results of CS 1200 and 800 mg/day. Both dosages were
more effective than a dosage of CS 200 mg/day or a PBO 3 months after the
beginning of the treatment (Pavelka et al., 1999).

In contrast with the previous positive studies, the authors also retained
the findings from two reports (Mazieres et al., 2001; Uebelhart et al.,
unpublished) with good methodological quality. These publications only
observed a trend toward the efficacy of CS in knee OA, however, no signifi-
cant differences between CS intervention and the PBO group could be
observed.
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C. Effect of Oral CS on the Huskisson’s Visual
Analog Scale for Pain
Seven reports described a significant decrease of the Huskisson’s visual
analog scale for pain (Huskisson, 1976) as a result of a treatment with
oral CS (Bourgeois et al., 1998; Bucsi and Poor, 1998; Conrozier, 1998;
L’Hirondel, 1992; Malaise et al., 1998; Pavelka et al., 1999; Uebelhart et al.,
1998). A significant difference was reported after 6 weeks (p ¼ 0.0009) on
the VAS pain scale in two groups of patients taking CS 3 � 400 mg/day and
1200 mg/day, respectively, as compared to the PBO group. This effect
remained after 3 months for both CS dosages (Bourgeois et al., 1998).
A dosage of CS 1200 mg/day taken at once was significantly more effective
than the PBO (p ¼ 0.0075) or CS 200 mg at day 14 (p ¼ 0.0001). CS
1200 mg/day was also more effective than the PBO (p ¼ 0.000), CS
200 mg (p ¼ 0.000), or CS 800 mg (p ¼ 0.0064) at day 42 after the
beginning of the study. One‐thousand‐two‐hundred mg CS/day was even
more effective than a PBO or 200 mg CS at day 90 (both p ¼ 0.0000)
(Pavelka et al., 1999). One report (L’Hirondel, 1992) described significant
results (p< 0.05) between the CS and the PBO group after 2 months, and all
the time points thereafter up to 1 year. Significant differences between the CS
and PBO group were found at 3 and 6 months, respectively (both p < 0.05),
after the beginning of the CS treatment (Bucsi and Poor, 1998). Two reports
(Malaise et al., 1998; Uebelhart et al., 2004) described significant differences
for theVASpain betweenbothCSand the PBOgroup at 9 and12months (both
p< 0 .05). BothConrozier (1998) andUebelhart et al. (1998) found significant
differences compared to the PBO group for VAS pain 12 months after the
beginning of the treatment.

On the contrary, in two recent studies with good methodological quality
(Mazieres et al., 2001; Uebelhart et al., unpublished), the VAS pain scale
showed greater, however, nonsignificant improvement as compared to PBO.
D. Effect of Oral CS on the Walking Time
Three research groups reported on the outcome walking time evaluated
as the minimum time in seconds necessary to perform a well‐defined walk on
a flat track course (Bucsi and Poor, 1998; Malaise et al., 1998; Uebelhart
et al., 2004). The mean walking time showed a significant improvement
after 3 and 6 months of intervention in the CS group in the study of Bucsi
and Poor (1998). The PBO group did not improve over this time period.
These results were mirrored in the study of Malaise et al. (1998). This
group reported a significant reduction in walking time from month 3 on-
ward (p < 0.05; �12.7%), which improved with time (�17.9% after
12 months). No variations in measured walking time were shown in the
PBO group. After 6 months of intervention, the improvement in the CS
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group was such that the groups differed significantly from each other
(p < 0.05). In contrast to the former two studies, Uebelhart et al. (2004)
showed an increase in walking time after 6 months of intervention only, but
in this case, CS or PBO were administered sequentially over 2 � 3‐month
periods. Three months of intervention did not result in a change. However,
after 12 months, this group found an 18% overall reduction in the walking
time of the CS group vs. only 0.5% reduction in the PBO group.
E. Effects of Oral CS on the WOMAC Score
Two reports estimated treatment effects on the WOMAC Score
(Bellamy et al., 1988), a health‐status instrument integrating pain, stiffness,
and physical function in knee and hip OA patients (Michel et al., 2005;
Uebelhart et al., unpublished). During the 2‐year study period reported by
Michel et al. (2005), the total WOMAC score did not show a significant
improvement, neither for study completers analysis (PP) nor for the
intention‐to‐treat analysis. There was neither statistically significant differ-
ence between the two study groups at baseline nor at the end of the study. In
this study, patients were not originally enrolled for the intensity of their
symptoms, and the study was designed to assess the structure‐modifying
effect of CS, which might well explain these results. Similar results were also
reported by Uebelhart et al. (unpublished). In the case of this study, knee OA
patients received a daily treatment of CS of avian origin, considered since
then as less effective as the classical shark or bovine CS classically used in all
the other studies reported here.
F. Safety and Tolerability of Oral CS
Oral CS is used as a drug for the treatment of OA since the early 1960s
in many European countries, and all data from pharmacovigilance do con-
firm that the drug is safe and does not represent any kind of health hazard for
the patients. Regarding its tolerability profile, some minor gastrointestinal
discomfort has been related at the initiation of therapy in a small number of
sensitive patients, mostly with the higher daily doses (800–1200 mg), but
these symptoms disappeared spontaneously after a couple of days or with a
reduction of the daily dosage for a short period of time. This excellent safety
and tolerability profile makes the drug especially well indicated by elderly
patients. These aspects were fully documented in each of the reported RCTs
and confirm the above comments.
G. Assessment of the Methodological Quality of the
Analyzed Studies
The reviewers agreed on 88 out of 99 methodological ratings (88.89%).
The remaining disagreements were resolved after discussion between
the two reviewers. The inter‐reviewer k‐statistic was 0.8, 95% confidence
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interval 0.66–0.89. The median criteria score on the Delphi list (range: 1–9)
is 6 (Table II). Both Michel et al. (2005) and Uebelhart et al. (2004) were
rated positively on 8 of 9 methodological criteria. Seven of 11 trials avoided
potential selection bias by using an appropriate method to random the
allocation sequence (Bourgeois et al., 1998; Bucsi and Poor, 1998; Malaise
et al., 1998; Mazieres et al., 2001; Pavelka et al., 1999; Uebelhart et al.,
2004, unpublished). All trials reported group similarity at baseline regarding
the most important prognostic factors, stated the eligibility criteria, and
blinded the patient to treatment (Bourgeois et al., 1998; Bucsi and Poor,
1998; Conrozier, 1998; L’Hirondel, 1992; Malaise et al., 1998; Mazieres
et al., 2001; Michel et al., 2005; Pavelka et al., 1999; Uebelhart et al., 1998,
2004, unpublished). The outcome assessors were blinded in 6 of 11 trials
(Malaise et al., 1998; Mazieres et al., 2001; Michel et al., 2005; Uebelhart
et al., 1998, 2004, unpublished). The care providers were blinded in 3 of 11
trials (Uebelhart et al., 1998, 2004, unpublished). One out of 11 trials stated
point estimates and measures of variability, that is, the 95% CI level for
primary outcomes (Michel et al., 2005). An intention‐to‐treat analysis was
performed in 7 out of 11 trials (Conrozier, 1998; Malaise et al., 1998;
Mazieres et al., 2001; Michel et al., 2005; Pavelka et al., 1999; Uebelhart
et al., 2004, unpublished).
V. Discussion ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

The authors did analyze the available literature (published and not
published) regarding the clinical efficacy and tolerability of oral CS assessed
in good quality RCTs. A large number of open, nonrandomized studies were
therefore not considered to fulfill the level of entry of the database used and
were excluded from this work. Finally, a total of 11 studies whose results are
reported here did meet the basic criteria of eligibility to enter this survey.
A. About Bias and Confounders in Knee OA Studies
Analyzing the results of these RCTs, it is necessary to consider the fact
that knee OA is a chronic disease that takes time to develop, and it is
considered that from pre‐OA, in which only minor metabolic events could
possibly be assessed but are generally not known from both the patient and
the physician, to clinical knee OA, in which the characteristic symptoms of
pain and limitation of mobility are manifest, the time frame can extend from
years to many decades. This feature makes the study of knee OA very
difficult and quite challenging. Only some patients do present with rapidly
progressing knee OA whose origin is generally unknown but which can be
associated with crystal arthropathies such as calcium pyrophosphate disease
also called chondrocalcinosis. In those cases, the progression of OA is rapid



TABLE II Characteristics of Eligible Clinical Trials of Chondroitin Sulfate Prescription

Source, year

No. of subjects
(N baseline; </,;
N endpoint) Type of study

Mode of
administration

Dose of
administration
(mg)

Methodological
score

Michel et al., 2005 300; 146/154; – RCT Daily tablet oral 800 8

Uebelhart et al., 2004 110; 21/89; – RCT 1 sachet/day 800 8

Mazieres et al., 2001 131; 33/97; – RCT Gelcap 500 6
Uebelhart et al., 1998 46; 22/24; 42 RCT 2 sachets/day 2 � 400 6

Malaise et al., 1998 120; 21/89; 110 RCT 1 sachet/day 800 6

Uebelhart et al.,
unpublished material

143; 41/102; – RCT 2 capsules/day 2 � 500 7

Bucsi and Poor, 1998 85; 34/51; 80 Two‐center RCT Not reported 800 4

Bourgeois et al., 1998 127; 31/97; 127 RCT Sachets of oral gel 1200 4

Pavelka, et al., 1999 140; 36/104; 137 RCT 1 sachet/day 1200/800/200 5

Conrozier, 1998 104; –/–; 68 RCT 1 sachet/day 800 5
L’Hirondel, 1992 129; 87/42; 125 RCT 3 sachets/day 3 � 400 4
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and the destr uction of the join t can happen as fast as in 1 year, but as stat ed,
this is not the ‘‘norma l’’ progres sion of knee OA, and therefore the real time
frame of the na tural pro gression of the disease must be accoun ted for rather
in terms of decades . In sh arp contrast with these feat ures, all the performe d
studies, even good quality RCTs did only last a coup le of months up to a
maximum of 2 years of follow ‐ up, which remains a sho rt time frame to study
such a chroni c dise ase and the actual impact of drugs or even nonpha rma-
cological procedur es. It must also be con sidered that the patients entering
these trials are at vari ous stage s of the progres sion of thei r dise ase, an d even
if the pain level at entry or a combin ed score such as the AFI or the WOM AC
are us ed as inclusio n criter ia, this does only pa rtially reflect the effect ive
stage of the dise ase for any indi vidual patien t. An additional rel evant prob -
lem originat es from the fact that most of the studi es do report results
regarding the evo lution of the sympto matology at the level of one knee
joint but do not consi der the contra lateral kne e joint, whi ch is very often
also having some grade of OA, or if normal , suffers from a majo r redi stri-
bution of the body weight affecting the low er extremi ties of patients hav ing
a unilateral knee OA. In order to take this point into account and to consider
that each patient has two knees that can only function when they are
coupled, some special analyses of the data can be made using GEEM
statistics (May and Johnson, 1996; Zeger and Liang, 1986); this type of
analysis was applied only in one of the studies included (Uebelhart et al.,
2004). In the nonpublished study reported in this survey (Uebelhart et al.),
the inclusion criteria based on pain and functional impairment level assessed
by the AFI, but the setting point upon entry was certainly not high enough to
ensure any significant changes with a 6‐month progression between both CS
and PBO treated groups.

In addition, this study could also illustrate the important finding that
the origin of CS, which is used clinically in the every day practice and in the
various clinical trials performed so far, might not have the same efficacy,
depending on its origin. It is a matter of fact that, until now, no synthetic
preparation of CS has ever been used and that all the CS is extracted and
purified from the aggrecan fraction of the glycosaminoglycans (GAGs). For
instance, fish CS is mostly extracted from the cartilaginous skeleton of the
shark, whereas porcine or bovine CS is extracted from the trachea of both
species (NB. bovine CS requires a special preparation procedure recognized
by the FDA to insure the material is BSE free) and avian CS from the chicken
sternum. The physicochemical and biochemical features of these various CS
are not exactly the same, for instance considering the ratio between their
actual content in D4 and D6 dissacharides. There are some preliminary
in vitro indications that this ratio could affect the capacity of CS to inhibit
some key enzymes, such as stromelysin (MMP3), which are involved in the
development and/or the progression of OA disease. This might also explain
in part why the only RCTusing an avian formulation of CS to treat knee OA
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patients (Uebelhart et al., unpublished) did not perform as well as compared
to all other RCTs that used shark or bovine CS in the same indication and for
an equivalent treatment duration (6 months).

As stated earlier, there are clearly a large number of possible bias and
confounders that might be encountered in clinical studies dealing with knee
OA patients, and therefore, even the results originating from the best RCTs
should be considered critically and applied with some caution.
B. CS is an Effective SYSADOA for the Treatment of
Knee OA
Nevertheless, the results of this survey, taking into account only the
RCTs (10 studies published in peer‐reviewed journals and one study
not published so far) having the highest methodological quality, can be
qualified in the overall as very positive for CS as an oral SYSADOA useful
for the treatment of knee OA and significantly alleviating the symptoms of
the patients.

The outcomes selected by the investigators of these studies are sound
and widely recognized by the international community (Altman et al., 1986)
and the European (CPMP, 1998) and national regulatory authorities as well.
C. Practical Clinical Considerations and
Recommendations
Regarding the effect of oral CS on both pain and function assessed by
AFI, WOMAC, Huskisson’s VAS, overall mobility, and walking time, it has
been demonstrated that the most effective dosage in knee OA was the
continuous intake of CS 800 mg/day taken orally over 1 year; the sequential
administration over twice a 3‐month period over 1 year did also provide
good clinical results due to the remanent action of the drug but should
certainly not be proposed to highly symptomatic patients. In order to
reach a better control of pain, it was demonstrated that CS 1200 mg/day
given for 2 weeks at initiation of therapy instead of CS 800 mg/day provided
even better results. The optimal length of therapy with oral CS is still
debated, and there is definitively no good answer to this point as the
maximum trial duration was 2 years as of now. Considering the chronicity
of knee OA and the excellent tolerability profile of CS, the clinical recom-
mendation would be certainly to administer the drug for a couple of years if
the symptoms, the overall mobility, and the quality of life of the patient are
clearly ameliorated under treatment. As stated in the most recent EULAR
recommendations for the management of knee OA (Jordan et al., 2003), oral
CS had a level of evidence classified 1Awith an effect size range of 1.23–1.50
and a strength of recommendation of level A, which is clearly a strong
support to our own clinical recommendations.
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D. Comparison of Our Survey with the Published
Meta‐Analyses
A total of three meta‐analyses have been published so far on oral CS
(Leeb et al., 2000; McAlindon et al., 2000; Richy et al., 2003). All did define
oral CS as a good and well indicated SYSADOA for the symptomatic
treatment of knee OA with a tolerability profile that makes this treatment
well indicated for OA patients.
VI. Conclusions _____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Based upon our own survey of 11 RCTs, the data available from three
published meta‐analyses and the latest EULAR recommendations for the
management of knee OA, it can be concluded that the long‐term adminis-
tration of oral CS is safe, well tolerated, and well indicated to control the
symptoms of pain and increase the overall mobility of patients suffering
from knee OA.
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Preface
Chondroitin sulfate, a complex glycosaminoglycan extracted and purified
from various tissues, is a ubiquitous component of all connective tis-
sue extracellular matrices, where it serves a number of functions mainly co-

valently attached to proteins in the form of proteoglycans. Furthermore,
chondroitin sulfate represents a highly heterogeneous family of polysacchar-
ides, in terms of degree of sulfatation, molecular mass, and relative amounts
of iduronic acid and glucuronate, depending on the tissue of origin.

During the past few years, a dramatic shift in the isolation, characteri-
zation, and investigation of the biological actions of this glycosaminoglycan
has become evident. Furthermore, it is now apparent that chondroitin
sulfate derived drugs may exhibit marked physiological activity, such as
anti-inflammatory, chondroprotective, and antirheumatic effects. The
source material, manufacturing processes, molecular structure, presence of
contaminants, chemical modifications during manufacturing, and many
other factors contribute to the overall biological and pharmacological ac-
tions of chondroitin sulfate. The chemical industry has begun to exploit
its isolation, purification, and modification. Furthermore, synthetic and bio-
technological routes have been developed to produce unnatural sugars and
to prepare a broad range of carbohydrate derivatives and biologically active
intermediates. This area of research is rapidly expanding and is expected to
have a major impact on future therapeutic regimens.

This special issue of Advances in Pharmacology is dedicated to chon-
droitin sulfate with emphasis on the recent developments in its struc-
ture, biological role and pharmacological activity. It consists of four
chapters written by outstanding scientists across the world carrying out re-
search at the cutting edge of their disciplines. The topics dealt with in this
book include: (1) structure of chondroitin sulfate and the most advanced
xxv



xxvi Preface
preparative and analytical techniques to determine its structure and pro-
perties, (2) biological role of chondroitin sulfate, (3) its pharmacological
activities, and (4) clinical efficacy and trials. I would like to thank all the
authors for generously contributing their time and expertise in the prepara-
tion of this publication. Acknowledgement is due to Elsevier Publishers for
their assistance in bringing this issue to publication. Finally, I would like to
express my gratitude to the contributors and consider myself to have been
abundantly rewarded by the opportunity to further my knowledge in the
field during the reading and editing process.

Professor Nicola Volpi
Associate Professor of Biochemistry

Department of Biologia Animale
University of Modena and Reggio Emilia

Italy
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growth, 363

isolation of damaged site by, 364

neuronal survival, 364–365

general aspects of, 360–362
CNTF. See Ciliary neurotrophic factor

Cohen’s scale, 510

Collagen fibers, 287
Collagen type IX, 304

Collagen type XIV, 304

Collagen type XV, 304

Collagen type XVII, 304
Collagen type XVIII, 304

Collapsin response mediator proteins

(CRMPs), 347

Colon adenocarcinoma, 289
Colorimetric carbazole-sulfuric acid assay,

26–27

Condrofer, 421–422

Connective tissue structure modifying
agents (CTSMA), 477, 495

Cortical plate neurons, 344

Costello syndrome, 288
CRMP. See Collapsin response mediator

proteins

CS, 3, 21, 50, 117–119, 234, 238, 241,

244, 324, 449, 491, 509, 518–519
as anticancer agent, 292

basic structure and isomeric form,

34–37

biological functions of chains
of, 289

biosynthesis, localization, and function,

37–38
chelation of metal ions by, 419–420
chondroprotective or DMOAD effects of,

495–498

constituents, 22
effect of structure on biological activities of,

271–274

extraction from tissues, 24

functions of, 281–282
general characteristics, 22–23

hip and knee osteoarthritis using,

treatment of

methods, 509–511
results, 511–518

integration and purification of, 25

linkage region, 38–40
NMR studies, 58–59

nonreducing terminal, 43

quantitation of, 207

recovery of CS from proteinase extracts, 24
ion-exchange chromatography, 26

precipitation with ethanol, 25–26

precipitation with quaternary

ammonium compounds, 26
repeating disaccharide region

from invertebrate organisms, 41–43

from vertebrate organisms, 40–41
role in interactions with growth factors/

cytokines and cell signaling, 291–292

roles of, 253

‘‘SMOAD’’ or ‘‘SYSADOA’’ effects of,
498–499

sources and structure of commercial

forms of, 23

sources of, 535–536
structural features, 23, 170

and occurrence of, 377–378

sulfation of, 128–129

theoretical studies, 55–57
types of, 170

in vitro effects, 462

in vivo application of, 346
in vivo effects, 453–455, 458, 460–462

C4S, 50

antioxidant activity of, 417–419
in vitro studies, 420–421
antioxidant mechanism, 425

intraperitoneal treatment with, 422–423

for IRBC adherence in placenta,

382–383, 387
C6S, 50, 73

antioxidant mechanism, 425

in vitro studies for antioxidant activity of,
420–421
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CS, antioxidant activity of

antioxidant mechanism, 424–425

chelation of metal ions by, 419–420
pharmacological strategies, 425, 428

treatment with, 422–424

in vitro studies for
C4S, 420–421
C6S, 420–421

in vivo studies for

animal studies, 421–423, 427

human studies, 423–424, 427
CS, biosynthesis of

formation of linkage region, 121–125

genetic defects affecting, 133–134
post-translational modifications,

126–127

precursor discoveries on, 119–121

CS, chains of, 221, 272–273, 292, 419
experimental structures of, 52–55

interactions of heparin-binding growth

factors with, 261–271

polyanionic property, 8–9
structural differences, 4

structure of disaccharide units in, 254–255,

256–257
structure variation in, 255–260

CS, effect on cellular metabolism

biological and pharmacological changes,

437–438
effects on chondrocytes, 438–442

functions in nerve tissue, 435–437

potential to interfere with cellular

reactions, 433–435
CS, fractionation methods for

with acetone, 28

by anion-exchange chromatography, 28

ethanol fractionation, 27–28
gel-permeation chromatography,

28–29

CS, immunological activities of, 403–404
clinical experience of, 405–406

metabolic fate of oral dose of, 406, 408

role in arthritis treatment, 408–412

CS, in brain
compositions of individual PGs

isolated with monoclonal

antibodies, 343

developmental changes and structural
analysis of, 340–342

developmental changes of chains

of, 342
CS, in dogs
results of treatment, 469, 470,

471, 473

treatment, 469
CS, structure modifying effects

fundamental basis, 476

methods
data abstraction, 478–479
inclusion criteria and data collection,

478

search strategy, 478

results
disease-modifying effects of CS in finger

joint OA, 482–485

disease-modifying effects of CS on RCTs
in knee OA, 479–480

measurement of the structure or

disease-modifying activity

of drug, 479–482
study characteristics, 479

sulfated polysaccharides and

chondroprotection, 477–478

CS, synthesis of, 298
CS, variants

epitope structure of, 260–261
disaccharide composition of, used
in growth factor binding

studies, 259
CS-A. See C4S
CS-ABC lyases, 176–177, 180
CS-AC lyases, 172

CS-56 antibodies, 260–261

CS-B, 34–35. See also Dermatan sulfate

CS-C. See C6S
C4S chains, 376

distribution of sulfated disaccharide

residues in, 389–390

for IRBC adherence to placental CSPG,
388–389

CS-D, 265

CS-degrading enzymes, 191–192
chondroitinases, purification and

characterization, 193–194

chondroitin lyase structures
chondroitin ABC I (endo) lyase,
200–202

chondroitin AC lyase, 196–199

chondroitin B lyase, 199–200

microbial CS-degrading enzymes,
192–193

CS disaccharides, 206

C4S dodecasaccharides, 388
CS/DS, 141–142
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analysis, enzyme applied, 144

biosynthesis of, 125

chain initiation and polymerization,
127–128

chromogenic quantitative methods

cationic dyes, application, 146

hexosamines, 145–146
uronic acid, 145

digested molecules

gel permeation chromatography, 151

high performance liquid
chromatography, 149–150

enzymatic digestion of, 177

intact molecules
gel permeation chromatography, 149

ion exchange chromatography,

149–150

oligosaccharide structure
analytical applications, 202–204

properties of, 143–144

quantitative analysis of, 159

structural analysis of, 178
sulfation heterogeneity of, 129

CS/DS, electromagnetic methods for

capillary electrophoresis, 155–158
cellulose acetate electrophoresis,

151–154

gel electrophoresis, 154–155

CS/DS, oligosaccharide structure
analytical applications
disaccharide analysis, 206–207

oligosaccharide mapping, 205–206

oligosaccharide structure analysis,
204–205

synthesis applications

chemoenzymatic synthesis,

207–208
oligosaccharide preparation, 207

therapeutic applications, oligosaccharide

preparation, 208–209
CS/DS, solid phase assays, 158–159

ELISA and ELISA-like techniques, 159

immunoblotting, 159

immunohistochemistry, 158
CS/DS chains, 258, 260, 271

CS-E

interactions, 291–292

specific molecular interactions of,
262–263, 264

CS-GAG(s), 265–266

chains of, 260
CS-H, 266, 269. See also CS
C4S-IRBC antiadhesion antibodies, in

pregnant women, 390–392

CS lyases, 167–170
applications of
CS oligosaccharides of biological

interest, 178–180

for production of oligosaccharide
libraries, 177

structural analysis, 178

as therapeutic use, 180–181
CSPG-degradation products
benefits from
affecting cell signaling, 369

competing with CSPG, 369
effect on immune components, 366

effect on neuronal tissue, 366

CSPG-degrading enzymes, 365–366

CSPG-derived disaccharides, 366, 369
CSPG(s), 3–4, 219, 271, 281, 297–298,

309–310, 435

analysis, in crude samples, 16

analysis of core proteins

removal of CS chains from core

proteins, 14

removal of O- and N-linked
oligosaccharide chains, 14

SDS-PAGE and Western blotting, 15

balancing of

by degradation of CSPG, 368
by overcoming inhibitory intracellular

signaling associated with

CSPGs, 367

by preventing CSPG formation, 367
determination of amount of

CS, 17–18

expressed in CNS, 325

extraction
brain CSPG with PBS solution, 5–6

cartilage CSPGs with 4 M guanidine

HCl, 6–7
preparation of tissues, 4–5

protocol, 6–7

of nervous system, 306–307

overexpression of, 287–288
in peripheral system, 357–358

pharmacological implications of

balancing CSPG, 367–368

benefiting from CSPG-degradation
products, 369

preparation for functional analyses, 18

preparation of CS chains, 17
solubilization of, 8
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CSPG(s) (continued )
structures of, 59–61

in tumor stroma, 300–304
types of, 282–283

in wound healing, 359–360.

See also CNS repair

CSPGs, in CNS, 323, 349, 357–358
binding patterns of, 347

in brain development, 328–329

in mature brain, 329–330

in the neurogenetic stage, 327–328
physiological functions of
analysis of CS chains and PG function

in vivo, 346
cell culture studies, 345–346

secreted and cell surface, 341

structures and expression patterns of

CSPGs in the brain, 338, 339, 340
in developing brain, 344

developmental changes and

structural analysis of CS in brain,

340–342
developmental changes of CS chains

attached to particular core proteins,

342, 343
in perineuronal nets, 344–345

structures and molecular species of,

324–327

CSPG(s), in CNS repair, 362
effect of CSPG on immune response,

363–364

inhibitory effect of CSPG on axonal

growth, 363
isolation of damaged site by, 364

neuronal survival, 364–365

CSPG(s), isolation and purification

of, 8
anion-exchange chromatography, 9–10

CsCl density gradient ultracentrifugation,

10–11
gel filtration column chromatography,

11–12

hydrophobic column chromatography, 12

immunoaffinity purification with
proteoglycan-specific antibodies, 13

CSPGs, role in atherosclerosis development

in atherosclerotic inflammatory process,

284–286
for lipoprotein oxidation and

accumulation, 283–284

as modulator of ASMCs properties,
286–287
as regulators of ECM organization and

biomechanical properties of aortic

wall, 287–288
CSPGs, role in cancer development

structural alterations of CSPGs effecting

biology of cancer cells, 290–291

types, differential expression, and
structural modification of CSPGs in

various cancer types, 288–290

CSPGs, species of

hyalectins

aggrecan, 223–225

others, 226

versican, 225–226
small leucine-rich proteoglycans

biglycan, 228–229

decorin, 227–228

C6ST1 cDNAs, 130
C-terminal domain, 177

C3 transferase, 368

CTSMA. See Connective tissue structure
modifying agents

Cyclodextrin polysulfate, 502

Cytokine PG, 282
DEAE-cellulose, 26

Decorin, 227–228, 283–284, 434

for CSPG synthesis suppression, 367
overexpression in cancer, 289
role in cancer cells, 291

role in tumor angiogenesis, 301–302, 308
Degenerative joint diseases (DJD), 79, 467

Degenerative lesions, 348

Dermatan sulfate (DS), 34, 50, 118, 242,

254–255, 258, 290
in brain, 342

effect of sources, on binding

property, 266

structure of disaccharide units in chains of,
256–257

Dermatan sulfate proteoglycans (DSPG),

77, 435
Dextran sulfate, 410

�-D-Glucuronic acid, 240

Diethylaminoethyl (DEAE) resin, 28

1,9-Dimethylmethylene blue, 146–148
Dipalmitoylphosphatidylethanolamine

(DPPE), 261

3,5-Dipentadecycloxybenzamidine

hydrochloride (TRX-20) liposomes,
292



Index 547
Disaccharide(s)

chemical structure of, 143

derivatization of, 178
Disease-modifying activity of a drug,

measurement of, 480–482

Disease-modifying effects, of CS on RCTs,

479–480
Disease-modifying osteoarthritis drugs

(DMOAD), 450, 476, 495

DMOAD. See Disease modifying

osteoarthritis drugs
Dogs, DJD in. See Dogs, OA in

Dogs, OA in, 468

effect of CS, 469

results, 469, 470, 471, 472, 473
DS. See Dermatan sulfate

DSD-1 epitope, 261

DS hexasaccharide, 73
DSPG. See Dermatan sulfate proteoglycans

DS polysaccharides, NMR studies of,

58–59

D4ST1, 132
Dysplastic joints, 468
Echinoderms, 245

ECM, 298. See also Versican
CSPGs enriched, 284–286

CSPGs for regulating organization of,

287–288
Elastic fibers, 287–288

Elastin binding protein (EBP), 288

Electromigration methods

capillary electrophoresis

conventional techniques, 155–157

hyphenated techniques, 157–158

cellulose acetate electrophoresis, 151–154

gel electrophoresis
agarose gel electrophoresis, 154–155

fluorophore-assisted carbohydrate

electrophoresis, 155
Electron-spin resonance, 421

Electrophoretic mobility (EM), 156

Electrospray mass spectrometry

(ESI), 178
ELISA method, 261

EM. See Electrophoretic mobility

Embryonic CS, 242

Endocan, 308
Endolaryngeal tumors, 290

Endo-N-acetyl-�-D-hexosaminidase, 144

Enzymatic breakdown of GAG, mechanism
for, 192
Epileptic lesions, 348

Epimerases, 238

ESI. See Electrospray mass spectrometry
Ethanol, 14

EULAR-recommendations 2003, 528

Eumetazoa, 238, 239

Evaluation of Medicinal Products (EMEA)
guidelines, 480

Extracellular matrix (ECM), 37, 51
Fasciculation, 437

Fast performance liquid chromatography

(FPLC), 28
FGF-1, 266

FGF-16, 262, 264

Filter binding assay, 262–263

Finger joint osteoarthritis (OA), 491
anatomical phases in evolution of, 493

clinics, 492

connective tissue structure, 494–495
inflammatory cytokines, 494

Roentgen picture, 492–494

FlavoAC, structure of, 194

Flavobacterium heparinum, 144–145,
172, 193

Fluorophore-assisted carbohydrate

electrophoresis (FACE), 151

Fornix fibers, 347
FPLC. See Fast performance liquid

chromatography

Free radicals, 418
GAG(s), 10–11, 21–22, 34, 188–190,

234, 376
antioxidant activity of, 421

fractionation, 27–29

fractions, 27, 159
for invasion of host cells and tissues,

376–377

for microbial adhesion, 376–377

quantitative saccharide compositional
analysis of, 205–206

structural features of, 235

structure of, 419
linkage region of, 236
synthesis, 301

enzymes mediating, 189–191

treatment with, 421
in tumor stroma, 299–300

GAG chains, 220–221

D-Galactosamine (GalN), 34
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Galactosaminoglycan proteoglycans

(GalAGPG), 74

sequential processes in biosynthetic
assembly of, 236–237

Galactosaminoglycans. See GalAGs

Galactose, sulfation of, 126–127

GalAG-depolymerizing lyases, 93
GalAGPG. See Galactosaminoglycan

proteoglycans

GalAG–protein interactions, 75–77

GalAGs, 50–51, 69, 234
biosynthetic enzymes of, 82

catabolism
cellular degradation, 88
DS and CS, 89–92

pathological, 89

cellular degradation of, 91

chemical structure of, 72
disaccharides, 36

distribution of, in living organisms, 239

evolution of, 238–240

in extracellular matrix, 75
function of, 37

hypothetic structure of, 236

structural characteristics of, 244–245
iduronic acid containing disaccharide

units in, 242–243

types of disaccharide units in, 237

GalAGs, biopolymers
in biology, 74–75

composition and chemical complexity, 71

proteoglycans (PGs), 73–74

structural features, 71–73
GalAGs, biosynthesis of, 81–84

chain modification, 84

chain polymerization, 84

chain termination, 87
chemical modification, 86–87

core protein synthesis, 85

linker tetrasaccharide, 85–86
polymer, 86

GalAGs, enzymatic degradation of

bacterial hyaluronidases, 97

chondroitinases from Arthrobacter
aurescens, 97

chondroitinases from Pedobacter
heparinus, 94–96

chondroitinases from Proteus vulgaris,
96–97

GalAG lyase-mediated degradation, 93–94

mechanism of GAG depolymerization,
92–93
GalAGs, in biomedicine

cartilage function and osteoarthritis, 79

cell signaling and cancer, 77
coagulation, 78

pathogen receptors, 80–81

GalNAc. See N-Acetylgalactosamine

GalNAc-4-sulfatase, 90
Gal transferase II, 85

Gel permeation chromatography, 151

Genes, mutations in, 133–134

Genes encoding chondroitinases, 175
Genetic defects, 133

Gestation period, 390

GlcA. See D-Glucuronic acid
GlcA(3-O-sulfate) units, structural variation

in, 255

GlcUA. See D-Glucuronic acid

GlcUA� 1-3GalNAc(4,6S) (unit E), 241
GlcUA(2S)� 1-3GalNAc(4,6S), 242

GlcUA(3S)� 1-3GalNAc(4,6S), 242

GlcUA(2S)� 1-3GalNAc(4S) (unit D),

241–242
GlcUA(2S)� 1-3GalNAc(6S) (unit D),

241–242

GlcUA(3S)� 1-3GalNAc(4S) (unit K), 242
GlcUA(3S)� 1-3GalNAc(6S) (unit K), 242

Glial scar, 331, 436

Glucoaminoglycans, 234

Glucosamine, 404–406
D-Glucuronic acid (GlcA), 34, 254

3-O-sulfation, 41–43

D-Glucuronic acid (GlcUA), 234

disaccharides containing extrasulfate
groups in, 241–242

D-Glucuronyl C-5 epimerase, 244

Glucuronyltransferases, 236–238

Glycosaminoglycans. See GAG
Glycoside hydrolases, 193

Glycosylphosphatidyl-inositol (GPI), 435

Glycosylphosphotidyl-inositol (GPI), 226
Glycosyltransferase reactions, 122

Glycosyltransferases, 122, 128, 236

Go6976, 348

Golgi-resident sulfotransferases, 118
Golgi sugar transferases, 301

Gonarthrosis, 524

G protein-coupled receptor kinase

interactor 1 (GIT1), 80
HB-EGF, 263, 266
Henrissat, 191
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Heparan sulfate (HS), 50, 142, 234, 238, 324

expression, 240

Heparan sulfate proteoglycans. See HSPG
Heparin, 234, 240

Heparinase, 208–209

Heparin-binding growth factors, 261

binding of CS chains to, 268–269
interactions of CS chains with, 261

specific molecular interactions of dermatan

sulfate with, 265–268

specific molecular interactions of
oversulfated CS variants with,

262–265

Heparin cofactor II, 78
Heparinoid, 494–495

Hepatocarcinoma, 300

Heritable disorders, 133

Hermes. See CD44
Hexosamines, 145, 234, 419

High performance liquid chromatography

(HPLC), 146, 149

Hip and knee osteoarthritis, treatment using
CS, 509, 519

methods
data extraction, 510–511
quality assessment, 510

selection of papers, 509–510

results, 511–512

assessment by the patient/physician, 517
carry-over effect, 517

delay of onset, 517

structure-modifying efficacy, 517–518

symptomatic efficacy on function, 516
symptomatic efficacy on pain, 512,

513–514, 515, 516

tolerance, 518

HMPG, 440
HNK-1 antibody, 15

HS chains, 376–377

for binding, 268–269
HSPG, 291, 365, 435

HSPG-derived disaccharides, 366

Human CS/DS2ST, 133

Human leukocyte elastase, 454
Human malaria parasites, 379

Human placental CSPG receptors, 386–387

Hurler disease, 288

Hyalectan, role in brain development, 328
Hyalectins, 222–226

Hyaluronan (HA), 366

in atherosclerotic lesions, 286–287
degradation of, 192
Hyaluronan synthases (HAS)

classes of, 190

Hyaluronate lyase, 62
Hyaluronic acid (HA), 244–245

chelation of metal ions by, 419–420

intraperitoneal treatment with, 422–423

treatment with, 422
Hyaluronidases, 92, 97, 144, 147, 192, 307

Hydrophilicity, 15
IdoA, 71, 234, 265

conformers of, 73

disaccharide units with different degree
and location of sulfation

in, 242–243

for growth factor binding, 266

role in neuritogenesis, 272
IdoUAa 1-3 GalNAc(4,6S) (unit iE), 242

IdoUA(2S)a 1-3 GalNAc(4,6S), 243

IdoUA(3S)a 1-3 GalNAc(4,6S), 243
IdoUA(2S)a 1-3 GalNAc(4S) (unit iD), 242

IdoUA(2S)a 1-3 GalNAc(6S) (unit iD), 242

IdoUA(3S)a 1-3 GalNAc(4S) (unit iK), 242

IdoUA(3S)a 1-3 GalNAc(6S) (unit iK), 242
Iduronic acid. See IdoA
L-Iduronic acid. See IdoA
a-Iduronidase, 90
IgE mediated allergic response, 409
IL-1, 501

IL-1�, 454–455, 458, 461

Immune response, effects of CSPG on,
363–364

Immunocytochemical expression patterns,

of CS and CSPGs, 344

Immunohistochemical analysis, 265
of placental tissue, 385–386

Infected red blood cells. See IRBC
Inflammatory cells, 284–286

Inflammatory lesions, 348
Inflammatory leukocytes, 284, 286

Integrins, 442

Intramolecular hydrogen bonds, 52
Intraperitoneal treatment

with C4S, 422–423

with HA, 422–423

In vitro antigen-specific Th1 immune
response, 409

In vitro cytoadherence assay,

384–385, 384

In vitro studies for antioxidant activity
of CS, 420–421
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In vivo studies for antioxidant activity of CS

animal studies, 421–423, 427

human studies, 423–424, 427
Ion-exchange chromatography, 148–149

IRBC, 376

adherence
abolition of, 380
cell-associated CSPGs for, 383–385

C4S mediating in, 382–383

CSPG receptor for, 385–386

minimum CS chain for, 388–389
P. falciparum adhesive protein for,

392–393

in placenta and pregnancy-associated
malaria, 380–382

structural requirement for, to, 386–387

structural requirement for, to human

placental CSPG receptor, 386–387
tissue matrix PGs for, 383–385

uniquely low-sulfated extracellular

CSPG for, 383–385

extensive accumulation of, 379
sequestration of, 379–380

IRBC-binding ability, 384–385
Keratan sulfate (KS), 50, 142, 419
Knee osteoarthritis (OA), 424, 523

EULAR-recommendations 2003, 528

treatment of

symptomatic slow-acting drugs for,

526–527

treatment results for

assessment of methodological
quality of the analyzed studies,

532–533

effect of oral CS on the Huskisson’s

visual analog scale for pain, 531
effect of oral CS on the Lequesne’s

Algofunctional index, 530

effect of oral CS on the walking time,
531–532

effect of oral CS on the WOMAC score,

532

safety and tolerability of oral CS, 532
Knee osteoarthritis (OA), treatment

methods for

assessment of methodological quality,

528–529
data abstraction, 529

inclusion criteria and data collection, 528

search strategy, 527–528

therapeutic options for, 525–526
Knee osteoarthritis (OA) studies

about bias and confounders in knee OA

studies, 533, 535–536
CS as an effective SYSADOA for treatment

of, 536

practical clinical considerations and

recommendations, 536
Larnyx, 290
Laryngeal squamous cell carcinoma, 290

Leukocyte elastase, 450

‘‘Linkage region,’’ 119

Lipopolysaccharide (LPS), 440
Lipoproteins, CSPGs role in oxidation and

accumulation, 283–284

Liposomes, polyethylene glycol

(PEG)-coated, 292
Long-term potentiation (LTP), 330

Low-density lipoproteins (LDL)

oxidation, 420
particles, 283–284

Low-sulfated CSPGs, 385–386, 390

Lumican synthesis, 302

Lysosomal disorders, 90
mAb 473HD, 261
mAbs, use of, 160

Malaria, 378–379

endemic areas, 390–392

pregnancy-associated, 380–382
Malignant tumors, 289. See also Cancer

Maroteaux-Lamy disease, 342

‘‘Mast-like’’ cells, 240

Matrix metalloproteinases (MMP), 418–419
Membrane-bound CSPGs, 5

Mesenchymal cells, 298

Mesial temporal lobe epilepsy, 348
Microbial adhesion, for GAG, 376–377

Microglia, of CNS, 362

phenotypes of activated, 362

Midkine (MK), 262, 283
cell migration activity of, 291–292

Migration, 328

Mitogen-activated protein kinases (MAPKs),

440, 461
Mitogenesis, 328

MO-225, 260–261

Molecular size, of CS, 428
Monoclonal antibodies, 260–261, 386

CS compositions of individual PGs isolated

with, in brain tissues, 343
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Monosulfated disaccharide units, 254

MT1-MMP, 309

MT3-MMP, 309
Mucopolysaccharidoses, 89

Mucopolysaccharidosis type II, 89

Multigravidae, 390–391

Multiple sclerosis glial scar tissues, 348
Murine splenocytes, 409–410

effect of CS on the cytokine production

of, 411
Nascent polypeptide, translocation of, 85

Neoangiogenesis, 308
Nervous system, CSPGs in, 306–307

Neural crest cells, 291

Neural PGs, 301

Neurite outgrowth, 272
in brain, 345

Neuritogenecity of DSD-1- PG/phosphacan,

272
Neuritogenesis, 271–272, 345

Neuritogenic activity, 261

Neurocan, 226, 271, 306, 330

purification of, 13
role in brain development, 328

Neuroepithelial cells, 327

Neurogenetic stage, CSPGs in, 327–328

Neuronal survival, 345–346
CSPGs in, 364–365

Neurotrophic factors, binding of CS chains

to, 269–271
NF-kB, 461
NG2, 271, 283

role in tumor progression, 305–306, 308

NGC, role in brain development, 329
NG2/MAA gene, 305

NGS, 327

N-linked oligosaccharides, 85

Nonsulfated carbohydrate structures, 148
Northern blot analysis, 133

Notochord, 260

N-sulfonylation of GalN, 35–37
N-terminal sequences, 193

Nuclear magnetic resonance (NMR)

spectroscopy, 204

Nutraceuticals, 468. See also CS;
Glucosamine
OA. See Osteoarthritis

Octasaccharide sequences, PTN-bound and

unbound, 273
Oligosaccharide(s), 14

chains, 89

Osmotic effects, 189
Osteoarthritis (OA), 404–405, 524. See also

Degenerative joint disease;

Knee osteoarthritis

Osteoarthritis (OA), in dogs, 467
treatment, 468
effect of CS, 469
4-O-sulfation, 131–132

2-O-sulfotransferase, 132–133
6-O-sulfotransferase, 129–131

Oversulfated, CS. See CS-D; CS-E

Oxidative stress, 421
p38, 443

P. falciparum adhesive protein, 392–393

P. falciparum erythrocyte membrane protein 1
(PfEMP1), 380

P. falciparum-IRBCs adherence, 376

P. falciparum malaria. See Plasmodium
falciparum

Pain and Lequesne index, 515

Pancreatic cancer cells, 302

Parazoa, 238–239

Partial depolymerization reaction, 204
Pathogenic bacteria capsules, 240

Pedobacter heparinus, 94. See also
Flavobacterium heparinum

chondroitin AC lyases of, 61

Peptide O-xylosyltransferase, 122

Peptostreptococcus, 97

Perineuronal nets, 329–330, 344–345, 421
Perlecan, 282

PGE2, 455

PG-P7, 257–258

PG-P20, 265
6B4-PG/phosphacan, 257, 262

PG(s), 3–4, 23, 229, 234, 358, 434

core proteins of, 220
with hydrophobic domains, 12

role in tumor progression, 306–309.

See also CSPGs

structural features of, 220–222
Phagocytosis, of damaged cells, 361

Pharmacological strategies, for CS, 425, 428

Phosphacan, 257, 265
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