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         Review on the In Vitro Interaction of Insulin Glargine 
with the Insulin / Insulin-like Growth Factor System: 
Potential Implications for Metabolic and Mitogenic 
Activities    

and in particular insulin glargine, have on cellu-
lar proliferation through actions at the IGF-1R.   

 Insulin, Insulin-like Growth Factor-1 and 
Their Receptors 
  ▼  
 Human insulin (accession number: P01308) is a 
51-amino acid protein composed of 2 chains, the 
A chain (21 amino acids) and the B chain (30 
amino acids) and is derived from a 110-amino 
acid precursor. The insulin receptor (IR) (acces-
sion number: P06213) is a cell-surface receptor 
that contains 2 subunits ( α  and  β ). The  α  subunit, 
comprising 731 amino acids is situated in the 
extracellular domain and contains the insulin 
binding sites. The  β  subunit comprises 620 amino 
acids and has a membrane-spanning domain and 
intrinsic tyrosine kinase activity, which is 
involved in intracellular signal transduction. 
 The human IR is expressed as 2 isoforms, IR-A 
(short form) and IR-B (long form)  [8,   9] . There is 
considerable evidence that IR-A, which has the 
peculiar characteristic of being able to bind not 

 Introduction 
  ▼  
 Insulin analogues have recently come under 
scrutiny following the publication of 4 observa-
tional studies, which suggest a possible link 
between the use of insulin glargine and increased 
cancer risk  [1 – 4] . These studies, however, are 
epidemiological, not randomized controlled tri-
als and their fi ndings must be interpreted with 
caution, as commented on by Smith and Gale  [5] . 
Data from randomized clinical trials to date fail 
to support a relationship between insulin glargine 
use and increased cancer risk, although most of 
these trials are of short duration. The issue arose 
following preclinical evidence that some insulin 
analogues stimulate the proliferation and 
mitogenicity of some cell lines, stemming from 
evidence that Asp B10  insulin promoted tumor 
growth in vivo  [6,   7] . One hypothesis for this phe-
nomenon is the cross-reactivity of insulin for the 
insulin-like growth factor-1 (IGF-1) receptor 
(IGF-1R), although this has yet to be defi nitively 
demonstrated. Therefore, the aim of this review 
is to characterize what eff ects insulin analogues, 
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  Abstract 
  ▼  
 Insulin analogues provide clinically important 
benefi ts for people with diabetes, including 
more predictable action profi les and lower risk 
of hypoglycemia compared with human insulin. 
However, it has been suggested that certain insulin 
analogues may lead to greater activation of insu-
lin-like growth factor-1 (IGF-1) signaling, with risk 
for adverse mitogenic eff ects. This article aims to 
critically review studies on the mitogenic eff ects 
of the insulin analogue insulin glargine (glargine) 
and its metabolites. A review of in vitro studies 
suggests that glargine may stimulate mitogenic 
activity in some cell lines at supraphysiological 
concentrations (nanomolar / micromolar concen-
trations). Mitogenicity appeared to be related to 

the expression of the IGF-1 receptor, being present 
in cells expressing high levels of the receptor and 
absent in cells with limited or no IGF-1 receptor 
expression. In animal studies, glargine did not 
promote tumor growth, despite administration 
at supraphysiological concentrations (nanomolar /
 micromolar), which are unlikely to be observed 
in clinical practice because the doses needed to 
produce these concentrations are liable to lead 
to hypoglycemia. Furthermore, glargine in vivo is 
rapidly transformed into its metabolites, the met-
abolic and mitogenic characteristics of which have 
been shown to be broadly equal to those of human 
insulin. Thus, the suggestion of increased relative 
mitogenic potency of insulin glargine seen in some 
cell lines does not appear to carry over to the in 
vivo situation in animals and humans.         
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only insulin but also insulin-like growth factor-2 (IGF-2), may 
play a critical role in the development of breast cancer  [10]  and 
other malignancies  [11,   12] . In addition, a role of the isoform IR-
A has been discussed for hybrid receptors, as increased expres-
sion of IR-A / IGF1R hybrids has been observed in tumors  [13] . 
 Human IGF-1 (accession number: P01343) consists of a single 
chain 70 amino acids long, and shares structural homology with 
insulin. The IGF-1 receptor (IGF-1R; accession number: P80869) 
comprises 2 subunits ( α  and  β ), which share similar structural 
and functional homology with the IR. Indeed, the structural 
homology of IR and IGF-1R suggests that IGF-1 and insulin have 
affi  nity for both receptors, although the affi  nity of insulin for IR is 
approximately 100- to 1   000-fold greater than for IGF-1R, and vice 
versa, meaning that at physiological concentrations, little recep-
tor cross-talk occurs  [14] . Another consequence of the structural 
homology of IR and IGF-1R is the formation of hybrid receptors, 
consisting of  α  and  β  IR plus  α  and  β  IGF-1R. These hybrid recep-
tors behave like full IGF-1R with regard to binding affi  nities for 
IGF-1 and insulin, as well as downstream signaling  [15] . 
 Most mammalian cells express both the IR and the IGF-1R to 
varying degrees. Both receptors belong to the same tyrosine 
kinase family and share substantial structural homology  [8,   16] , 
but with distinct cellular functions responsible for predomi-
nantly metabolic regulation and mitogenic activity, respectively. 
Activation of IR and IGF-1R results in upregulation of a variety of 
intracellular processes, in part, through shared intracellular sig-
naling pathways for metabolic and mitogenic processes 
(      ●  ▶      Fig.     1  ), the latter of which can result in the proliferation of 
cancers. The role of IGF-1 in the emergence of cancer is discussed 
in more detail elsewhere  [17] . 
 It has been suggested that targeted modifi cations to the B10 
residue aff ects the affi  nity and potency of such an insulin ana-
logue for the IR and IGF-1R  [18,   19]  whereas addition of residues 
at B31 or B32 may enhance the binding affi  nity of an insulin ana-
logue only to the IGF-1R. By contrast, deletion of B26 – B30 resi-
dues decreases binding affi  nity of insulin to the IGF-1R.   

 Insulin Analogues and the Insulin / insulin-like Growth 
Factor-1 System 
  ▼  
 Insulin analogues off er signifi cant advantages for the treatment 
of diabetes compared with human insulin, as they are associated 

with less variable pharmacokinetic and pharmacodynamic char-
acteristics and have a more predictable duration of action  [20] . 
As a result, insulin analogues are associated with lower risk of 
hypoglycemia and better glycemic control compared with 
human insulin  [21] . However, the experience gained with the 
insulin analogue Asp B10  insulin (see below) suggests that some 
caution might be required when developing novel insulin ana-
logues in terms of carcinogenicity. 
 One of the fi rst recombinant insulin analogues developed was 
Asp B10  insulin, which had a targeted substitution of the histidine 
residue at position 10 on the B-chain to aspartic acid. Insulin 
glargine diff ers from human insulin by a substitution at A21 
(Asp to Gly) and addition of 2 Arg residues on the B chain (B31 
and B32) (      ●  ▶      Fig.     2  ). Asp B10  insulin was reported to have a greater 
calculated potency relative to bovine insulin for binding to insu-
lin receptors (IR) in rat liver plasma membrane fraction  [22] . In 
vivo, this did not appear to translate to greater effi  cacy, as Asp B10  
insulin was associated with rates of glucose utilization similar to 
human insulin  [23]  and, in pharmacodynamic studies, Asp B10  
insulin was as eff ective as soluble human insulin  [24,   25] . How-
ever, it was subsequently found that Asp B10  insulin was associ-
ated with increased risk of carcinomas in the mammary glands 
of rats  [6] . This phenomenon was supported by studies using a 
human breast epithelial cell line (MCF-10 cells) and a human 
breast cancer cell line (MCF-7 cells) showing that Asp B10  stimu-
lated the growth of both cell types, although its mitogenicity 
was inhibited, but not abolished, when the cells were cultured 
with an antibody to the IGF-1R  [7] . Asp B10  insulin was found to 
have a greater affi  nity for the IGF-1R compared with human 
insulin  [7]  as well as a 10-fold longer dissociation kinetic than 
human insulin for the IR  [26] . Thus, the mitogenic activity of 
Asp B10  refl ects its capacity to activate IR with an increased resi-
dence time as well as potentially activating IGF-1R  [27] . In con-
trast, the frequently hypothesized mechanism for the increase in 
cell proliferation in response to treatment with insulin glargine 
is based only on increased affi  nity for IGF-1R, and not on 
increased IR activation or prolonged IR occupancy. 
 This review does not intend to provide detailed summaries of 
signaling pathways, as there are numerous reviews already 
available  [28,   29] . Instead, we examine the precise nature of the 
affi  nity and effi  cacy of insulin analogues, in particular insulin 
glargine, for the IGF-1R, and to evaluate the implications for 
mitogenesis and carcinogenicity with these analogues.   

  Fig. 1           Summary of insulin and insulin-like 
growth factor-1 signaling pathways. Adapted by 
permission from Macmillan Publishers Ltd: Nature 
Reviews Molecular Cell Biology  [67] , copyright 
2006.  
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 Literature Search Methods 
  ▼  
 Medline / PubMed was searched to identify publications relating 
to insulin, IR, IGF-1, IGF-1R, insulin glargine and mitogenicity 
using in vitro, ex vivo or in vivo activation of the IGF-1R. The 
results of these studies are discussed below.   

 Results 
  ▼   
 Metabolism of insulin glargine 
 Before we discuss the in vitro and in vivo eff ects of insulin 
glargine, we fi rst wish to describe the metabolism of insulin 
glargine. Of note, the modifi cations made to insulin glargine are 
essential for the formation of a stable precipitate upon injection. 
However, the dissociation rate is slow and the dissociated insulin 
molecules are actually released by proteolytic degradation of the 
parent molecule into 2 principal metabolites, namely M1 
([Gly A21 ] insulin) and M2 ([Gly A21 , des-Thr B30 ] insulin), which are 
formed by the sequential removal of the 2 Arg residues from the 
carboxy terminus of the B-chain and deamination of the Thr 
residue in position B30  [30] . It has been demonstrated that the 
parent product and the M1 and M2 metabolites are biologically 
active, and are structurally similar to human insulin. It also 
seems that the generation of these metabolites following subcu-
taneous injection of insulin glargine is likely to be initiated at the 
site of injection and continued within the circulatory system 
because, in healthy volunteers, an average ratio of 50:50 for 
insulin glargine and the metabolites M1 / M2 was observed at the 
site of injection (      ●  ▶      Table     1  ). 

 In vitro metabolism studies showed that, in the presence of 
serum, insulin glargine is rapidly processed to its main metabo-
lites; M1 (GlyA21) and M2 (GlyA21desB30), with an average of 
72    %  (range 46 – 98    % ) of insulin glargine converted to M1 within 
30   min  [31] .   

 In vitro studies of insulin glargine  
 Receptor-binding characteristics and the potential for 
IGF-1-like activity of insulin glargine 
 A number of in vitro studies, using cell lines, primary cell cul-
tures or solubilized receptors, have evaluated the receptor-bind-
ing characteristics of insulin and insulin analogues for the IR and 
IGF-1R. 
 In a study by Bahr et   al.  [32] , a competition assay using myo-
blasts was performed, using insulin glargine, Asp B10  insulin or 
IGF-1 at supraphysiological concentrations (1   nM) to displace 
radiolabeled human insulin or IGF-1 from the IGF-1R. Insulin-
like growth factor was associated with the greatest displacement 
(40    % ), followed by Asp B10  insulin (25    % ), insulin glargine (15    % ), 
and then human insulin (5    % ). 
 Binding of insulin and insulin analogues to the solubilized IR and 
IGF-IR has also been determined by Kurtzhals et   al.  [33]  In this 
study, the receptors were isolated from transfected baby ham-
ster kidney cells, and were incubated with insulin or IGF-1. The 
affi  nities of Asp B10 , Gly A21  (a metabolite of insulin glargine), 
diArg (Arg B31 , Arg B32  insulin), and insulin glargine for the solubi-
lized IR and IGF-IR were then determined, relative to human 
insulin. Insulin glargine and Asp B10  insulin had a 0.9- and 2.1-
fold greater affi  nity for the IR and 5.9- and 6.4-fold greater affi  n-
ity for the IGF-1R, respectively. The metabolic potencies of these 
agents (insulin-stimulated lipogenesis) were also determined in 
this study. Human insulin was associated with a 12-fold increase 
in lipogenesis, relative to basal levels. Insulin glargine was asso-
ciated with a lower metabolic potency relative to human insulin, 
whereas Asp B10  insulin was associated with an increased meta-
bolic potency. Asp B10  insulin is thought to trigger IR-A with even 
higher potency than IR-B. Consequently, Asp B10  insulin could 
potentially stimulate proliferation of IR-A-expressing tumor 
cells. A direct test of this questions was provided by Sciacca et   al. 
 [34] , who studied the binding and action of multiple insulin 
analogues in mouse fi broblasts engineered to express either IR-
A, IR-B, or IGF-1R exclusively. While Asp B10  insulin bound to both 
IR-A and IR-B with a higher affi  nity than human insulin, the 
long-acting analogues insulin glargine and insulin detemir dis-
played lower affi  nities than human insulin for IR-A; both bound 
to IGF-1R with affi  nities  ~ 100-fold lower than IGF-1. 

   Fig. 2           Schematic diagram showing the modifi ca-
tions to the insulin structure to generate the long-
acting and rapid-acting insulin analogues.  

  Table 1       Degradation products of insulin glargine at the site of injection a  

   Subject  Time  Insulin  †   

( μ g equiv / 

sample  ‡  ) 

 Insulin 

glargine 

(    % ) 

 M1 / M2 

(    % ) 

   A  00:00   h  0   –    –  
   B  02:00   h  1.1  10  90 
   C  06:00   h  4.4  57  43 
   D  12:00   h  3.3  51  49 
   E  24:00   h  2.6  81  20 
   Mean percentage      50  50 
      a    Determined by chromatographic separation   
      †    Estimated from amounts for immunoreactive species in high-performance liquid 
chromatography eluates   
      ‡    Approximately 1 – 4   g of tissue. Reproduced from Kuerzel et   al.  [30]  by permission 
of the publisher (Taylor  &  Francis Group,  http: /  / www.informaworld.com )   
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 The fi ndings reported by Kurtzhals et   al. contrast with those 
reported by Chisalita and Arnqvist  [14] , who determined rela-
tive potencies of human insulin, insulin glargine and IGF-1 in 
human dermal microvascular endothelial cells (hMVECs) and 
human aortic endothelial cells. In this study, the relative poten-
cies of insulin and insulin glargine were reported by the authors 
to be 1   000- and 100-fold less, respectively, for the IGF-1R than 
with IGF-1, suggesting that insulin glargine would not elicit sig-
nifi cant activation of the IGF-1R, except at supraphysiological 
levels. 
 In a study by Berti et   al.  [26] , the receptor binding characteristics 
and rates of dissociation from the IR for human insulin, insulin 
glargine and Asp B10  insulin were determined using Rat-1 fi bro-
blasts. For both insulin glargine and human insulin, the dissocia-
tion of insulin from the receptor was largely complete within a 
120-min period. In contrast, Asp B10  insulin exhibited only par-
tial dissociation, with IR activation extending beyond 120   min. 
 The conclusion from multiple studies is that insulin glargine 
does not diff er appreciably from human insulin in terms of its 
affi  nity for the IR. Insulin glargine has a higher affi  nity for the 
IGF-1R (10 times higher overall than human insulin); however, 
this affi  nity remains 100 times weaker than that of native IGF-1.   

 Induction of mitogenicity, cell growth, and proliferation 
by insulin glargine and human insulin compared with 
IGF-1 
 In the studies described above, it was reported that insulin ana-
logues tend to show greater affi  nity for the IGF-1R relative to 
human insulin, which may relate to the modifi cations made to 
the insulin analogues (as summarized in       ●  ▶      Fig.     2  ). However, the 
affi  nity for a receptor does not necessarily equate to effi  cacy and, 
thus, potency. Therefore, markers of mitogenicity, including DNA 
replication and cellular growth, have been examined using in 
vitro models of cell growth to determine the mitogenic eff ects of 
insulin and insulin analogues. One in vitro marker that has been 
used extensively for this purpose is radiolabeled  3 H-thymidine 
incorporation. 
 Slieker et   al.  [19]  determined the mitogenicity of insulin and 
insulin analogues using human mammary epithelial cells 
(HMECs). In this study, the relative potency of diArg (9.2- and 
21.8-fold, respectively) and Asp B10  insulin (3.4- and 3.8-fold, 
respectively) for IGF-1R binding and HMEC growth was greater 
than that of human insulin. Nevertheless, these potency values 
were still substantially lower than the relative potencies of IGF-1 
for cell growth (57-fold) and IGF-1R binding (1   324-fold). How-
ever, these fi ndings cannot be translated to insulin glargine itself, 
because the presence of Gly at A21 was shown to reduce the 
affi  nity of Gly A21  insulin for the IGF-1R  [33]  and because insulin 
glargine had lower affi  nity for the IGF-1R than did diArg insulin 
 [19,   33] . Kurtzhals et   al. investigated the mitogenic eff ect ( 3 H-
thymidine incorporation) of insulin using human osteosarcoma 
cells (Saos-2), which showed a greater abundance of IGF-1Rs 
than IRs  [33] . IGF-1, as a positive control, stimulated growth at a 
substantially lower eff ective concentration (EC 50 : 50   pmol / l) 
compared with human insulin (EC 50 : 4   nmol / l). Thus, in this 
study, human insulin required a  ~ 100-fold greater concentration 
than IGF-1 to elicit a similar increase in growth. Although insulin 
glargine and Asp B10  insulin were associated with greater 
mitogenic potency relative to human insulin, a  ~ 100-fold greater 
concentration was required than for IGF-1. 
 Similarly, Bahr et   al.  [32] , who investigated IGF-1R-mediated 
growth and diff erentiation of cardiac myoblasts and adult rat 

ventricular cardiomyocytes showed that Asp B10  insulin elicited a 
3-fold increase in  3 H-thymidine incorporation (relative to human 
insulin), which was similar to that elicited by IGF-1. By contrast, 
insulin glargine was equipotent to human insulin for this 
mitogenic eff ect. 
 A study by Weinstein et   al.  [35]  compared the eff ects of regular 
insulin and the analogues insulin glargine, detemir, lispro, and 
aspart with IGF-1 in stimulating proliferation of cancer-derived 
cell lines from the colon (HCT116), prostate (PC3), and breast 
(MCF-7). Cells were incubated at 100   nM of the respective insu-
lin, and mitogenic eff ect was assayed via cell count. Regular 
insulin and insulin aspart were reported to have little mitogenic 
eff ect, whereas insulin glargine, insulin detemir and insulin lis-
pro stimulated proliferation in all 3 cell lines, albeit to a lesser 
extent than did IGF-1. Further investigation indicated that this 
mitogenic eff ect of the insulin analogues was dose dependent; 
lower doses (20 – 50   nM) led to minimal increases in cell num-
bers. Conversely, the mitogenic eff ect of IGF-1 was seen regard-
less of dose. Notably, in this study, the eff ects of insulin glargine 
were more pronounced in MCF-7 cells than in the other cell 
lines. 
 The observation of increased proliferation of MCF-7 cells was 
also found in recent studies by Mayer et   al.  [36]  and Shukla et   al. 
(      ●  ▶      Fig.     3  )  [37] , which showed mitogenic potency of insulin ana-
logues (long and short acting) at physiologically relevant con-
centrations on mammary epithelial cells. Both studies showed 
that the diff erences in mitogenicity between the insulin ana-
logues were low, with only insulin glargine reaching signifi cance 
for inducing higher proliferation of MCF-7 breast cancer cells. By 
contrast, all insulins stimulated the proliferation of MCF-10 cells 
to a similar level. Moreover, Mayer et   al. noted that the MCF-7-
growth stimulating properties of insulin glargine were less 
potent compared with IGF-1 and that the eff ects were less 
marked in MCF-10 cells. The diff erent responses in MCF-10 and 
MCF-7 cells were proposed to be related to diff erences in relative 
IGF-1R and IR expression. This concept was tested further in the 
study by Shukla et   al., who established IGF-1R-knockout MCF-7 
cells. IGF-1R knockout substantially reduced the proliferative 
responses of these cells to insulin glargine, which elicited 
responses equipotent to those of human insulin  [37] . Conversely, 
insulin glargine and insulin detemir were both able to stimulate 
the growth of mouse fi broblasts to greater extent than native 
insulin in the presence of either IR-A, IR-B or IGF-1R; IGF-1 stim-
ulated proliferation only in cells containing IGF-1R  [34] . 
 However, the fi ndings of Shukla et   al. are inconsistent with those 
reported by Staiger et   al.  [38] , who compared the mitogenic 
potency ( 3 H-thymidine incorporation) of insulin glargine, 
human insulin and a negative control in MCF-7 and MCF-10 
cells. Although MCF-10 cells showed enhanced  3 H-thymidine 
incorporation with insulin glargine, this was not signifi cantly 
diff erent from that elicited by human insulin. Similarly, although 
MCF-7 cells showed enhanced  3 H-thymidine incorporation in 
response to insulin glargine and regular insulin, this was not sig-
nifi cantly diff erent between the 2 insulins. Meanwhile, Liefven-
dahl and Arnqvist  [39]  examined the eff ect of insulin glargine on 
cell growth in the breast cancer cell lines MCF-7 and SKBR-3 and 
the osteosarcoma cell line Saos-2. Insulin, IGF-1, and insulin 
glargine all showed mitogenic eff ect (measured via increased 
DNA synthesis) at concentrations higher than 10   nmol / l, but no 
signifi cant diff erences were found between insulin glargine and 
regular insulin. In addition, insulin and insulin glargine were 
also comparable in their ability to augment the proliferation of 
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benign rat epithelial thyrocytes and a human follicular thyroid 
cancer cell line (FTC-133)  [40] . 
 Other studies have evaluated the eff ects of IGF-1 and insulin 
glargine in other cell lines. For example, Chisalita and Arnqvist 
 [14]  investigated the eff ects of IGF-1, human insulin and insulin 
glargine on cellular growth of hMVECs.  3 H-Thymidine incorpo-
ration was signifi cantly (p    <    0.01) stimulated almost 2-fold by 
IGF-1 at a concentration of 10  – 7    M, but at lower concentrations 
(10  – 8  and 10  – 9    M), the eff ect was less pronounced ( ~ 1.4- and 
 ~ 1.6-fold increase, respectively, vs. unstimulated cells). In con-
trast, neither insulin nor insulin glargine were associated with 
signifi cant increases in either  3 H-thymidine or  3 H-glucose incor-
poration into hMVECs. Meanwhile, Staiger et   al.  [41] , incubated 
human coronary artery endothelial cells and human coronary 
artery smooth muscle cells in basal medium or in medium sup-
plemented with either regular insulin or insulin glargine in 
growth medium. The growth medium stimulated incorporation 
of  3 H-thymidine by     >    2.5-fold compared with the basal medium 
in both cell types. In contrast, neither human insulin nor insulin 
glargine aff ected  3 H-thymidine incorporation (i.e., no increase in 
cell growth). Similar results were reported by Chisalita et   al. 
 [42] , although this study did not address the eff ect of insulin 
analogues. The study used human aortic smooth muscle cells 
(hASMCs) and demonstrated that both IGF-1 and IGF-2 activated 
the IGF-1R and stimulated glucose metabolism and DNA synthe-
sis in hASMCs, while insulin had little eff ect in these cells. Sepa-
rate from the lack of direct eff ects of insulin and insulin glargine 
on mitogenesis in hMVEC, multiple insulin analogues were 
shown to increase capillary-like tube formation by these cells 
when added together with bFGF    +    TNF- α   [43] . Such a potential 
stimulation of angiogenesis could augment tumor progression 
even in the absence of eff ects on proliferation. Both short- and 

long acting insulin analogues, including insulin glargine, were 
similar to native insulin in inducing this response. 
 We evaluated the mitogenic potency, again in terms of  3 H-thy-
midine incorporation, of insulin glargine vs. human insulin in 
human skeletal muscle cells obtained from people who were 
either nondiabetic or had type 2 diabetes  [44] . Overall, the 
mitogenic activity elicited by insulin glargine and human insulin 
was similar in both diabetic and nondiabetic muscle cells, while 
the greatest mitogenic activity resulted from IGF-1. 
 Eckardt et   al.  [45]  used primary and secondary cultures of 
fi broblasts and skeletal muscle cells, which were treated with: 
regular insulin; Asp B10  insulin; insulins glargine, glulisine, lispro, 
and aspart; or IGF-1. In this study, although insulin analogues 
tended to result in stimulation of DNA synthesis, this occurred at 
concentrations of 10 or 100   nmol / l. Moreover, the response var-
ied between donors, which may have been due to the diff eren-
tial IGF-1R expression found between cells from the donors. 
 Wada et   al.  [46]  compared the intracellular signaling properties 
of insulin glargine and insulin detemir with regular insulin in 
3T3-L1 adipocytes, L6 myocytes, rat primary hepatocytes and 
vascular smooth muscle cells from rat aortas. In this study, the 
phosphorylation of IR, insulin receptor substrate (IRS)-1, and the 
downstream signaling molecules Akt, GSK3 and MAPK, was 
induced in a dose-dependent fashion and was similar with either 
insulin glargine or regular insulin, while insulin detemir was 
associated with a reduced eff ect in all cell cultures examined. 
Furthermore, 5-bromo-2 ′ -deoxyuridine (BrdU) incorporation 
was similar with all 3 insulins in vascular smooth muscle cells. 
Thus, this study provided additional evidence that in many cell 
types the analogues insulin glargine and insulin detemir have a 
similar action in vitro to that of regular insulin regarding 
mitogenic potential. 

  Fig. 3           Proliferative ability of insulin and insulin 
analogues in MCF-10A and MCF-7 cells. Adapted 
by permission from The Society for Endocrinology: 
Endocrine-Related Cancer  [37] , copyright 2009.  
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 Consistently, the studies described above have shown that con-
centrations of insulin glargine or human insulin must be at least 
50- to 100-fold greater than is required for IGF-1, to elicit a 
 ‘ meaningful ’  increase in mitogenic or metabolic activities of 
some cell lines. In fact, the most marked eff ects of insulin 
glargine on mitogenicity appeared to be related to the expres-
sion of IGF-1R, as in MCF-7 and Saos-2 cells, and to the fact that 
knockout of the IGF-1R in MCF-7 cells reduced the eff ects of 
insulin glargine  [37] . Thus, it seems unlikely that insulin would 
enhance IGF-1R-mediated signaling pathways under physiologi-
cal conditions. Interestingly, the instances where insulin glargine 
has been found to have a greater mitogenic potency relative to 
human insulin, though still far lower than that of IGF-1, occurred 
in cancer cell lines  [33,   35,   36] , whereas others found no diff er-
ences between insulin glargine and insulin  [38 – 40,   47] .   

 Insulin glargine metabolites and relationship to 
mitogenesis, cell growth, and proliferation 
 In the studies reviewed above, the mitogenic eff ects of insulin 
glargine were assessed for the parent product (i.   e., 
[Gly A21 ,Arg B31 ,Arg B32 ] insulin) and for selected insulin analogues 
with related structural sequences, such as diArg insulin, Arg B31  
insulin and Arg B32  insulin. However, these analogues are not 
metabolites or derivatives of insulin glargine, because of the 
amino acid substitution at position 21 on the A chain (Asp → Gly). 
In fact, in the study by Kurtzhals et   al. previously mentioned, it 
was shown that one (M1: GlyA21) of the 2 main metabolites of 
insulin glargine had substantially reduced IGF-1R affi  nity and 
mitogenic potency relative to human insulin (42 and 34    % , 
respectively)  [33] . Hence, although the parent form of insulin 
glargine may show greater affi  nity to IGF-1R because of the 
presence of 2 Arg molecules on the B chain, this affi  nity is 
reversed by the presence of Gly at position A21. 
 In addition, a recent study has investigated the eff ects of these 
metabolites in terms of receptor affi  nity and mitogenicity  [48] . 
In this study, human insulin, insulin glargine and its metabolites 
were compared in terms of affi  nity for IR isoforms and IGF-1R, 
receptor autophosphorylation, metabolic response, and 
mitogenic activity. As described above, insulin glargine and the 
metabolites showed lower binding affi  nities to the IR, relative to 
human insulin, with no preference for either isoform, fi ndings 
that were well correlated with their autophosphorylation and 
metabolic activities. Consistent with the studies above, insulin 
glargine showed higher affi  nity for IGF-1R than did human insu-
lin, which resulted in a lower EC 50  value for receptor autophos-
phorylation and more potent stimulation of thymidine 
incorporation in Saos-2 cells. Notably, however, the 2 main 
metabolites M1 and M2 had a signifi cantly reduced affi  nity for 
IGF-1R and their metabolic and mitogenic potencies were 
broadly equal to human insulin  [48] .   

 In vivo studies of insulin analogues and carcinogenicity 
 As discussed above, there is variability in the in vitro / ex vivo 
mitogenic eff ects of insulin analogues via the IGF-1R. Indeed, 
some studies reported that insulin analogues were associated 
with a greater mitogenic eff ect than was human insulin. How-
ever, in these studies the mitogenic eff ect was generally only 
observed at supraphysiological concentrations, and cancer-
derived cell lines were often used. Toxicological and carcino-
genicity studies of insulin analogues have been performed to 
determine the in vivo eff ects, if any, of insulin analogues and, 

thus, establish whether or not there is an increased risk of can-
cer in animals, which might translate to risk in humans. 
 Repeated-dose toxicity studies have been conducted with insu-
lin glargine vs. neutral protamine Hagedorn (NPH) insulin, saline 
or vehicle, to determine whether there is any evidence of 
increased toxicity with the use of insulin glargine in vivo, in a 
variety of animal models  [49,   50] . For example, in a study by 
Stammberger et   al.  [49] , insulin glargine (2, 5, or 12.5   U / kg in 
mice and rats), NPH insulin (12.5   IU / kg in mice and 5   IU / kg in 
rats), saline or vehicle were administered once-daily to groups 
(50 per group) of male and female mice (NMRI mice) and rats 
(Sprague-Dawley and Wistar rats). In this study, while mortality 
rates over a period of 2 years were comparable between treat-
ment groups in mice, they tended to be greater in saline-treated 
male and female mice compared with insulin-treated groups. In 
male rats, mortality was signifi cantly increased in vehicle-, insu-
lin glargine- and NPH insulin-treated rats compared with the 
saline control, and in female rats, mortality dose-dependently 
increased with insulin glargine  [49] . 
 Despite these observations, the incidence of specifi c tumors did 
not appear to be related to study medication. No consistent dose-
dependent increase in the incidence of tumors, including hepato-
cellular adenoma or carcinoma, malignant fi brous histiocytoma, 
mammary gland adenocarcinoma or malignant mammary gland 
adenoacanthoma was found in either male or female mice  [49] , 
with a similar pattern of results observed in rats  [49] .   

 Clinical studies of insulin analogues and carcinogenicity 
 As discussed above, some insulin analogues, in particular Asp B10  
insulin, may show a greater mitogenic risk profi le compared 
with human insulin. However, as demonstrated in a toxicology 
and carcinogenicity study, the insulin analogues used in clinical 
practice, such as insulin glargine, show a comparably low risk of 
cancer to that of human insulin. Indeed, by far the most chal-
lenging problem was that of chronic hypoglycemia  [51] . How-
ever, issues of particular note are that the concentrations of 
insulin and insulin analogues used in the studies described 
above were supraphysiological and that cell lines do not account 
for the complex interactions that occur in tumor cells and local 
tissue. 
 In everyday clinical use, the mean daily dose of insulin is unlikely 
to reach the concentrations used in the studies described above. 
In the Treat-to-Target trial, for example, the optimized mean 
daily doses of insulin glargine and NPH insulin at the end of the 
study were 0.48    ±    0.01   U / kg (47.2    ±    1.3   IU) and 0.42    ±    0.01   IU / kg 
(41.8    ±    1.3   IU), respectively  [52] . In a 24-h pharmacokinetic /
 pharmacodynamic study, administration of 0.5   U / kg insulin 
glargine resulted in peak plasma insulin concentrations of 150 –
 200   pmol / l. For comparison, after administration of 0.25   U / kg 
biphasic insulin aspart, the peak plasma insulin concentration 
reached  ~ 250   pmol / l at the fi rst dose and 300   pmol / l at the sec-
ond dose  [53] . It seems unlikely that insulin or insulin analogues 
will reach a concentration suffi  cient to bind to and activate the 
IGF-1 receptor. For example, in the study by Kurtzhals et   al.  [33] , 
human insulin bound to the IGF-1 receptor with an affi  nity of 
200   nmol / l, while that of insulin glargine was  ~ 31   nmol / l, which 
is  ~ 150-fold greater than the plateau concentration reached in 
the pharmacokinetic study  [54] . Indeed, in a study by Li et   al. 
 [55] , insulin was unable to bind to and activate the IGF-1R at 
physiological concentrations (100 – 500   pmol / l), but dose-
dependently activated the IGF-1R at supraphysiological concen-
trations (1 – 5   nmol / l). That the issue of dose requires close 
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attention is supported by the fi ndings of Mannucci et   al.  [56] , 
where in a retrospective, case-control study of insulin-treated dia-
betic subjects, they found that cases with incident cancer had 
received higher mean daily doses of insulin glargine than controls. 
 In humans, IGF-1 signaling is also implicated in the pathogenesis 
of diabetic retinopathy (DR), by promoting neovascularization 
 [57 – 59] ; thus, an alternative marker of mitogenicity is that of 
development or progression of DR in patients treated with insu-
lin. In a recent analysis of 4 Phase III clinical trials of patients 
with Type 1 or Type 2 diabetes who were treated with either 
insulin glargine or NPH insulin, insulin glargine was not associ-
ated with increased risk of the development or progression of 
DR  [60] . These data were recently supported in a 5-year pro-
spective, randomized controlled trial in which over 1   000 
patients were randomized to receive either insulin glargine 
(n    =    515) or NPH insulin (n    =    509). In that study of patients with-
out or with nonproliferative DR, the proportion of patients 
showing a 3 or more step progression in Early Treatment Dia-
betic Retinopathy Study scores was similar in both groups in the 
per-protocol (insulin glargine, n    =    53 / 374 [14.2    % ]; NPH insulin, 
n    =    57 / 363 [15.7    % ]) and intent-to-treat (63 / 502 [12.5    % ] vs. 
71 / 487 [14.6    % ]) populations  [61] . 
 A study has linked intensive insulin therapy with pancreatic car-
cinoma, through altered IGF-1 signaling  [62] . However, in 
another study by Erbel et   al.  [47] , use of insulin glargine, or regu-
lar human insulin at low physiological concentrations (0.01 –
 1   nM) and at supraphysiological conditions (10 – 100   nM), was 
not associated with increased proliferation or apoptosis of Colo-
357 cells (human pancreatic carcinoma cells). The authors 
extended these in vitro fi ndings into a clinical context by follow-
ing over 22 months the clinical progress of patients undergoing 
total or partial pancreatectomy intended to resect pancreatic 
carcinoma. The median survival time was 15 months; survival 
was not altered in patients with diabetes receiving insulin 
glargine compared with patients receiving regular human insu-
lin, or in patients who had pancreatic cancer but no diabetes 
 [47] . 
 In terms of the use of insulin glargine and possible associations 
with cancer, several registry studies have proposed an increased 
risk of cancer in patients treated with insulin glargine  [1,   3,   4] . 
However, another such study performed at the same time 
showed no increased risk of cancer with insulin glargine com-
pared with human insulin  [2] . Hypothetically an association 
between insulin glargine and cancer is possible and could theo-
retically be mediated via the IGF-1 system. However, as described 
above, other factors should be considered when interpreting 
these registry studies. First, because the duration of follow-up 
was relatively short in these registry-based analyses, many cases 
of neoplasms may have been undetected before the index period. 
Second, intensive therapy with insulin glargine (i.   e., insulin 
glargine in combination with other insulins) was associated 
with a trend towards a reduced risk for neoplasms relative to 
treatment with nonglargine-based therapy. Third, the studies 
included only limited adjustment for potential confounding fac-
tors, including lifestyle factors and other risk factors for malig-
nancy. In fact, based on the studies described above, one could 
hypothesize that insulin glargine could promote breast cancer 
development by stimulating the proliferation of cancerous breast 
tissue. However, in the study by Currie et   al., a prior solid tumor 
was the strongest predictor for progression to breast cancer dur-
ing the index period, with a hazard ratio of 4.22 (95    %  confi dence 
interval [CI]: 2.14 – 8.32). The corresponding hazard ratio was 

0.86 (95    %  CI: 0.42 – 1.75) for insulin glargine therapy (vs. all other 
insulins)  [2] . Such non-randomized trials have an inherent 
potential for both anticipated and non-anticipated bias. For 
example, in these community-based registries, it is possible that 
an association between insulin glargine and cancer could occur 
because patients with cancer may have tendency for hypoglyc-
emia and so are preferentially treated with insulin glargine in 
order to avoid this complication. 
 Within the context of a randomized controlled trial, an analysis 
of the 5-year retinopathy study showed no diff erences between 
NPH insulin and insulin glargine in terms of diagnosis of any 
neoplasm (n    =    57 [11.1    % ] vs. 62 [12.3    % ]; relative risk: 0.90; 95    %  
CI: 0.64 – 1.26)  [63] . A retrospective analysis of 31 studies spon-
sored by the manufacturer also revealed no diff erence between 
insulin glargine and the active comparator in terms of risk of 
neoplasms during the trial, with 45 and 46 patients reporting 52 
and 48 cases of malignant cancer in the insulin glargine and 
comparator groups, respectively (relative risk: 0.90; 95    %  CI: 
0.60 – 1.36)  [64] . However, it must be acknowledged that the 
majority of studies were of 6 months in duration and may not be 
suffi  ciently long for tumors to emerge while on treatment.     

 Discussion 
  ▼  
 Insulin glargine and some other insulin analogues show a greater 
binding affi  nity to solubilized IGF-1Rs relative to human insulin 
 [33] , which may be a result of modifi cations at B31 / B32 or B10. 
By contrast, modifi cations at A21 may reduce binding to IGF-1R. 
Other studies have confi rmed this observation using cell-based 
assays  [14,   33,   34,   38,   41,   44] . However, these studies have also 
demonstrated that the relative affi  nity of insulin analogues for 
IGF-1R is still much lower than that of the natural ligand IGF-1. 
In a competitive binding study, a 100-fold greater concentration 
of insulin or insulin glargine was required to elicit an eff ect sim-
ilar to that of unlabeled IGF-1 to displace  125 I-IGF-1 from the 
receptor  [44] . 
 Indeed, in the in vitro studies described, the concentration of 
insulin or insulin analogues required to elicit a response via the 
IGF-1R was much higher  –  typically supraphysiological  –  than 
that of IGF-1. It seems unlikely that the systemic concentration 
of insulin or insulin glargine would reach levels suffi  cient to 
induce signifi cant mitogenic eff ects. Indeed, while exposure to 
supraphysiological doses of insulin is, in theory, possible, in clin-
ical practice insulin overdose results in hypoglycemia. Further-
more, insulin glargine, in the presence of serum, is rapidly 
processed to its main metabolites, M1 and M2  [31] . Although 
insulin glargine, M1 and M2 have similar affi  nities for the insulin 
receptor as human insulin (and hence similar metabolic eff ects), 
insulin glargine has a higher affi  nity for IGF-1R than M1 or M2, 
suggesting that the metabolites have a reduced mitogenic 
potency  [65] . Furthermore, the in vitro data from the study 
investigating the eff ects of insulin glargine and its metabolites in 
terms of mitogenicity and cell proliferation strongly suggest that 
the metabolites contribute with the same potency as insulin 
glargine to blood glucose control, while leading to signifi cantly 
reduced growth-promoting activity  [48] . Data in rodents and 
limited data in humans indicate that a similar biodegradation 
process occurs in vivo; however, at present, available data in 
humans do not allow precise conclusions on ratios between 
glargine and its metabolites to be drawn  [30] . 
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 A recent review by Sandow  [66] , which discusses the growth 
eff ects of insulin and its analogues, concluded that they do not 
have carcinogenic activity. This theme is highlighted in the study 
by Stammberger et   al.  [49] , which determined the mitogenic 
and carcinogenic potential for insulin glargine over a 2-year 
duration. In particular, the incidence of mammary gland adeno-
carcinomas or malignant mammary gland adenoacanthoma was 
no more common with insulin glargine vs. NPH insulin or saline 
solution. 
 The authors also reported that insulin glargine was comparable 
with NPH insulin and the vehicle, despite administration of insu-
lin at doses of up to 12.5   U / kg in mice and rats, approximately 
25-times the mean dose reached at the endpoint of the Treat-to-
Target study (0.48   U / kg)  [52] . In a meta-analysis of 4 clinical 
studies, the onset or progression of DR in patients with Type 1 or 
Type 2 diabetes was similarly low with insulin glargine and with 
NPH insulin  [60] . This fi nding was supported by a 5-year pro-
spective randomized controlled trial, which showed comparably 
low rates of DR progression (and other assessments of retinopa-
thy) with insulin glargine and NPH insulin  [61] . Finally, the turn-
over of human pancreatic cancer cells was unaff ected by insulin 
glargine, and survival of patients with pancreatic cancer after 
pancreatectomy surgery was not determined by the type of 
insulin used to treat Type 1 diabetes  [47] .   

 Conclusions 
  ▼  
 Here, we have identifi ed a number of in vitro and in vivo studies 
that have examined the mitogenic and metabolic eff ects of insu-
lin glargine relative to human insulin and IGF-1. We found a 
highly consistent pattern across all the studies, that insulin 
glargine is not associated with increased mitogenic activity at 
physiological concentrations, for the majority of in vitro and in 
all in vivo studies. Mitogenic eff ects were only seen when insu-
lin was administered at supraphysiological concentrations; one 
study did report that insulin glargine at physiological concentra-
tions induced the proliferation of MCF-7 breast cancer cells com-
pared with other long- and short-acting insulin analogues, albeit 
to a lesser extent than IGF-1. However, data are limited and the 
result in these cells requires further investigation to determine 
the diff erential eff ects that appear in some cell lines. 
 It has been shown that insulin glargine is rapidly transformed 
into its metabolites  [31] . Recent in vitro data have now demon-
strated a similar metabolic signaling and activity for insulin 
glargine and its metabolites. Importantly, at least one of these 
metabolites has been found to be less potent than intact insulin 
glargine and similar to native human insulin in mitogenic signal-
ing and cell proliferation  [33] . 
 The in vitro results suggesting increased relative potency of 
insulin glargine in cancer cell lines do not appear for the most 
part, from the available data, to translate to the in vivo situation 
in animals and humans. This lack of correlation is possibly due in 
part to the fact that in vitro studies examine supraphysiological 
levels, which are not replicated in patients. Indeed, if such ele-
vated concentrations were achieved clinically, perhaps the great-
est concern would be the risk of hypoglycemia. Clinical evidence 
from a retrospective, pooled analysis of 31 randomized control-
led trials (12 in Type 1 diabetes and 19 in Type 2 diabetes), which 
included a total of 10 880 people, found no increase in the risk of 
cancer with insulin glargine vs. comparator treatments  [64] . In 
addition, results of a 5-year prospective study showed no 

increased risk of mitogenicity in terms of DR or neoplasms for 
insulin glargine relative to NPH insulin in patients with Type 2 
diabetes  [61,   63] . Therefore, although continuing studies will 
monitor mitogenicity over long-term use, current data suggest 
that binding of insulin glargine to the insulin or IGF-1 receptors 
seems to pose no greater risk for adverse mitogenic or metabolic 
eff ect vs. human insulin or NPH insulin, when used in people at 
physiological concentrations.   
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