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“Functional foods” are foods that are given some other role or function; 
most often this is related to disease prevention and/or health. This book 
seeks to highlight the role of these foods. The first section, titled, “The 
Connection Between Nutrition and Health”, shows the varying and com-
plicated relationships between nutrition, physical and mental health, and 
disease. The second section, on the connection between health science and 
food, presents a number of case studies on the possible uses of effectiv-
ity of functional foods. Both sections as a whole seek to discuss methods 
for nutritional interventions in relation to diseases like obesity and other 
prominant health concerns in today’s modern society.

Chapter 1, by Catherine Phillips, discusses the link between functional 
foods and obesity. Obesity, particularly central adiposity, is the primary 
causal factor in the development of insulin resistance, the hallmark of the 
metabolic syndrome (MetS), a common condition characterized by dys-
lipidaemia and hypertension, which is associated with increased risk of 
cardiovascular disease (CVD) and type 2 diabetes (T2DM). Interactions 
between genetic and environmental factors such as diet and lifestyle, par-
ticularly over-nutrition and sedentary behavior, promote the progression 
and pathogenesis of these polygenic diet-related diseases. Their current 
prevalence is increasing dramatically to epidemic proportions. Nutrition 
is probably the most important environmental factor that modulates ex-
pression of genes involved in metabolic pathways and the variety of phe-
notypes associated with obesity, the MetS and T2DM. Furthermore, the 
health effects of nutrients may be modulated by genetic variants. Nutri-
genomics and nutrigenetics require an understanding of nutrition, genet-
ics, biochemistry and a range of “omic” technologies to investigate the 
complex interaction between genetic and environmental factors relevant 
to metabolic health and disease. These rapidly developing fi elds of nu-
tritional science hold much promise in improving nutrition for optimal 
personal and public health. This review presents the current state of the 
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xx Introduction

art in nutrigenetic research illustrating the signifi cance of gene-nutrient 
interactions in the context of metabolic disease.

In Chapter 2, Taylor and colleagues discuss how energy excess, low 
fruit and vegetable intake and other suboptimal dietary habits contribute to 
an increased poor health and the burden of disease in males. However the 
best way to engage males into nutrition programs remains unclear. This 
review provides a critical evaluation of the nature and effectiveness of nu-
trition interventions that target the adult male population. They conducted 
a search for full-text publications, using The Cochrane Library; Web of 
Science; SCOPUS; MEDLINE and CINAHL. Studies were included if 
1) published from January 1990 to August 2011 and 2) male only studies 
(≥18 years) or 3) where males contributed to >90% of the active cohort. 
A study must have described, (i) a signifi cant change (p<0.05) over time 
in an objective measure of body weight, expressed in kilograms (kg) OR 
Body Mass Index (BMI) OR (ii) at least one signifi cant change (p<0.05) in 
a dietary intake measure to qualify as effective. To identify emerging pat-
terns within the research a descriptive process was used. Nine studies were 
included. Sample sizes ranged from 53 to 5042 male participants, with 
study durations ranging from 12 weeks to 24 months. Overlap was seen 
with eight of the nine studies including a weight management component 
whilst six studies focused on achieving changes in dietary intake patterns 
relating to modifi cations of fruit, vegetable, dairy and total fat intakes and 
three studies primarily focused on achieving weight loss through caloric 
restriction. Intervention effectiveness was identifi ed for seven of the nine 
studies. Five studies reported signifi cant positive changes in weight (kg) 
and/or BMI (kg/m2) changes (p≤0.05). Four studies had effective inter-
ventions (p<0.05) targeting determinants of dietary intake and dietary be-
haviours and/or nutritional intake. Intervention features, which appeared 
to be associated with better outcomes, include the delivery of quantitative 
information on diet and the use of self-monitoring and tailored feedback.
They found that uncertainty remains as to the features of successful nutri-
tion interventions for males due to limited details provided for nutrition 
intervention protocols, variability in mode of delivery and comparisons 
between delivery modes as well as content of information provided to 
participants between studies. This review offers knowledge to guide re-
searchers in making informed decisions on how to best utilise resources 
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in interventions to engage adult males while highlighting the need for im-
proved reporting of intervention protocols.

Nutrient timing is a popular nutritional strategy that involves the con-
sumption of combinations of nutrients--primarily protein and carbohy-
drate--in and around an exercise session. Chapter 3 explores how some 
have claimed that this approach can produce dramatic improvements in 
body composition. It has even been postulated that the timing of nutrition-
al consumption may be more important than the absolute daily intake of 
nutrients. The post-exercise period is widely considered the most critical 
part of nutrient timing. Theoretically, consuming the proper ratio of nutri-
ents during this time not only initiates the rebuilding of damaged muscle 
tissue and restoration of energy reserves, but it does so in a supercompen-
sated fashion that enhances both body composition and exercise perfor-
mance. Several researchers have made reference to an anabolic “window 
of opportunity” whereby a limited time exists after training to optimize 
training-related muscular adaptations. However, Aragon and Schoenfeld 
argue that the importance - and even the existence - of a post-exercise 
‘window’ can vary according to a number of factors. Not only is nutri-
ent timing research open to question in terms of applicability, but recent 
evidence has directly challenged the classical view of the relevance of 
post-exercise nutritional intake with respect to anabolism. Therefore, the 
purpose of this paper will be twofold: 1) to review the existing literature 
on the effects of nutrient timing with respect to post-exercise muscular 
adaptations, and; 2) to draw relevant conclusions that allow practical, evi-
dence-based nutritional recommendations to be made for maximizing the 
anabolic response to exercise.

In Chapter 4, Lakhan and Veira argue that according to the Diagnostic 
and Statistical Manual of Mental Disorders, 4 out of the 10 leading causes 
of disability in the US and other developed countries are mental disorders. 
Major depression, bipolar disorder, schizophrenia, and obsessive compul-
sive disorder (OCD) are among the most common mental disorders that 
currently plague numerous countries and have varying incidence rates 
from 26 percent in America to 4 percent in China. Though some of this 
difference may be attributable to the manner in which individual health-
care providers diagnose mental disorders, this noticeable distribution can 
be also explained by studies which show that a lack of certain dietary 
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nutrients contribute to the development of mental disorders. Notably, es-
sential vitamins, minerals, and omega-3 fatty acids are often defi cient in 
the general population in America and other developed countries; and are 
exceptionally defi cient in patients suffering from mental disorders. Stud-
ies have shown that daily supplements of vital nutrients often effectively 
reduce patients' symptoms. Supplements that contain amino acids also 
reduce symptoms, because they are converted to neurotransmitters that 
alleviate depression and other mental disorders. Based on emerging sci-
entifi c evidence, this form of nutritional supplement treatment may be ap-
propriate for controlling major depression, bipolar disorder, schizophrenia 
and anxiety disorders, eating disorders, attention defi cit disorder/attention 
defi cit hyperactivity disorder (ADD/ADHD), addiction, and autism. The 
aim of this manuscript is to emphasize which dietary supplements can 
aid the treatment of the four most common mental disorders currently af-
fecting America and other developed countries: major depression, bipolar 
disorder, schizophrenia, and obsessive compulsive disorder (OCD). Most 
antidepressants and other prescription drugs cause severe side effects, 
which usually discourage patients from taking their medications. Such 
noncompliant patients who have mental disorders are at a higher risk for 
committing suicide or being institutionalized. One way for psychiatrists to 
overcome this noncompliance is to educate themselves about alternative 
or complementary nutritional treatments. Although in the cases of certain 
nutrients, further research needs to be done to determine the best recom-
mended doses of most nutritional supplements, psychiatrists can recom-
mend doses of dietary supplements based on previous and current effi ca-
cious studies and then adjust the doses based on the results obtained.

Sun and Empie explore fructose consumption and its implications 
on public health in Chapter 5. Their work reviewed the metabolic fate 
of dietary fructose based on isotope tracer studies in humans. The mean 
oxidation rate of dietary fructose was 45.0% ± 10.7 (mean ± SD) in non-
exercising subjects within 3–6 hours and 45.8% ± 7.3 in exercising sub-
jects within 2–3 hours. When fructose was ingested together with glucose, 
the mean oxidation rate of the mixed sugars increased to 66.0% ± 8.2 in 
exercising subjects. The mean conversion rate from fructose to glucose 
was 41% ± 10.5 (mean ± SD) in 3–6 hours after ingestion. The conversion 
amount from fructose to glycogen remains to be further clarifi ed. A small 
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percentage of ingested fructose (<1%) appears to be directly converted to 
plasma TG. However, hyperlipidemic effects of larger amounts of fructose 
consumption are observed in studies using infused labeled acetate to quan-
tify longer term de novo lipogenesis. While the mechanisms for the hy-
perlipidemic effect remain controversial, energy source shifting and lipid 
sparing may play a role in the effect, in addition to de novo lipogenesis. 
Finally, approximately a quarter of ingested fructose can be converted into 
lactate within a few of hours. The reviewed data provides a profi le of how 
dietary fructose is utilized in humans.

In Chapter 6, Naidu researches the relationship between human health 
and Vitamin C. Ascorbic acid is one of the important water soluble vi-
tamins. It is essential for collagen, carnitine and neurotransmitters bio-
synthesis. Most plants and animals synthesize ascorbic acid for their own 
requirement. However, apes and humans can not synthesize ascorbic acid 
due to lack of an enzyme gulonolactone oxidase. Hence, ascorbic acid 
has to be supplemented mainly through fruits, vegetables and tablets. The 
current US recommended daily allowance (RDA) for ascorbic acid ranges 
between 100–120 mg/per day for adults. Many health benefi ts have been 
attributed to ascorbic acid such as antioxidant, anti-atherogenic, anti-car-
cinogenic, immunomodulator and prevents cold etc. However, lately the 
health benefi ts of ascorbic acid has been the subject of debate and contro-
versies viz., Danger of mega doses of ascorbic acid? Does ascorbic acid 
act as a antioxidant or pro-oxidant? Does ascorbic acid cause cancer or 
may interfere with cancer therapy? However, the Panel on dietary anti-
oxidants and related compounds stated that the in vivodata do not clearly 
show a relationship between excess ascorbic acid intake and kidney stone 
formation, pro-oxidant effects, excess iron absorption. A number of clini-
cal and epidemiological studies on anti-carcinogenic effects of ascorbic 
acid in humans did not show any conclusive benefi cial effects on vari-
ous types of cancer except gastric cancer. Recently, a few derivatives of 
ascorbic acid were tested on cancer cells, among them ascorbic acid esters 
showed promising anticancer activity compared to ascorbic acid. Ascorbyl 
stearate was found to inhibit proliferation of human cancer cells by inter-
fering with cell cycle progression, induced apoptosis by modulation of 
signal transduction pathways. However, more mechanistic and human in 
vivo studies are needed to understand and elucidate the molecular 
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mechanism underlying the anti-carcinogenic property of ascorbic acid. 
Thus, though ascorbic acid was discovered in 17th century, the exact role 
of this vitamin/nutraceutical in human biology and health is still a mystery 
in view of many benefi cial claims and controversies.

Nijke and colleagues explore the effect of egg consumption in Chap-
ter 7. Limiting consumption of eggs, which are high in cholesterol, is 
generally recommended to reduce risk of cardiovascular disease. How-
ever, recent evidence suggests that dietary cholesterol has limited infl u-
ence on serum cholesterol or cardiac risk.Their objective is to assess the 
effects of egg consumption on endothelial function and serum lipids in 
hyperlipidemic adults. Randomized, placebo-controlled crossover trial of 
40 hyperlipidemic adults (24 women, 16 men; average age = 59.9 ± 9.6 
years; weight = 76.3 ± 21.8 kilograms; total cholesterol = 244 ± 24 mg/
dL). In the acute phase, participants were randomly assigned to one of 
the two sequences of a single dose of three medium hardboiled eggs and 
a sausage/cheese breakfast sandwich. In the sustained phase, participants 
were then randomly assigned to one of the two sequences of two me-
dium hardboiled eggs and 1/2 cup of egg substitute daily for six weeks. 
Each treatment assignment was separated by a four-week washout period. 
Outcome measures of interest were endothelial function measured as fl ow 
mediated dilatation (FMD) and lipid panel. They found that single dose 
egg consumption had no effects on endothelial function as compared to 
sausage/cheese (0.4 ± 1.9 vs. 0.4 ± 2.4%; p = 0.99). Daily consumption 
of egg substitute for 6 weeks signifi cantly improved endothelial function 
as compared to egg (1.0 ± 1.2% vs. -0.1 ± 1.5%; p < 0.01) and lowered 
serum total cholesterol (-18 ± 18 vs. -5 ± 21 mg/dL; p < 0.01) and LDL 
(-14 ± 20 vs. -2 ± 19 mg/dL; p = 0.01). Study results (positive or negative) 
are expressed in terms of change relative to baseline. Egg consumption 
was found to be non-detrimental to endothelial function and serum lipids 
in hyperlipidemic adults, while egg substitute consumption was benefi cial

Chapter 8 discusses another kind of functional food: this time protein-
enriched meal replacements. There is concern that recommending protein-
enriched meal replacements as part of a weight management program could 
lead to changes in biomarkers of liver or renal function and reductions in 
bone density. Li and colleagues designed the experiment as a placebo-
controlled clinical trial utilizing two isocaloric meal plans utilizing either 
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a high protein-enriched (HP) or a standard protein (SP) meal replacement 
in an outpatient weight loss program. One hundred obese men and women 
over 30 years of age with a body mass index (BMI) between 27 to 40 kg/
m2 were randomized to one of two isocaloric weight loss meal plans 1). 
HP group: providing 2.2 g protein/kg of lean body mass (LBM)/day or 2). 
SP group: providing 1.1 g protein/kg LBM/day. Meal replacement (MR) 
was used twice daily (one meal, one snack) for 3 months and then once a 
day for 9 months. Body weight, lipid profi les, liver function, renal func-
tion and bone density were measured at baseline and 12 months Seventy 
subjects completed the study. Both groups lost weight (HP -4.29 ± 5.90 kg 
vs. SP -4.66 ± 6.91 kg, p < 0.01) and there was no difference in weight loss 
observed between the groups at one year. There was no signifi cant change 
noted in liver function, bilirubin, alkaline phosphatase, renal function 
[serum creatinine, urea nitrogen, 24 hour urine creatinine clearance, and 
calcium excretion] or in bone mineral density by DEXA in either group 
over one year. These studies demonstrate that protein-enriched meals re-
placements as compared to standard meal replacements recommended for 
weight management do not have adverse effects on routine measures of 
liver function, renal function or bone density at one year. 

In Chapter 9, Kahl and colleagues conducted a literature review per-
taining to organic and functional food was conducted according its concep-
tual background. Functional and organic food both belong to fast growing 
segments of the European food market. Both are food according to the 
European food regulations, but organic food is further regulated by the Eu-
ropean regulation for organic agriculture and food production. This regu-
lation restricts the number of food additives and limits substantial changes 
in the food. This may cause problems in changing the food based on single 
constituents or attributes when applying the concept of functional food to 
organic food production. Claims of the infl uence of the food positively on 
health can only be accepted as true when the claims have been tested and 
then validated by the EU-Commission. Whereas functional food focuses 
on product comparison based on specifi c constituents or attributes, organic 
food as a whole has no placebo for comparison and effects on environment 
and society are not part of the health claim regulation. Therefore it seems 
rather diffi cult to establish the health claims of organic foods. Consumers 
buy organic food out of an emotional attitude and associate the food with 
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naturalness. In contrast, the decision for buying functional food is related 
to rationality and consumers associate functional food with a more techno-
logical approach. For this reason, the authors conclude that the concept of 
functional food seems not to support organic food production in Europe.

Chapter 10 begins the second section of the book, which contains case 
studies on the use of functional foods. Aoi and colleagues conclude that 
appropriate nutrition is an essential prerequisite for effective improve-
ment of athletic performance, conditioning, recovery from fatigue after 
exercise, and avoidance of injury. Nutritional supplements containing 
carbohydrates, proteins, vitamins, and minerals have been widely used in 
various sporting fi elds to provide a boost to the recommended daily al-
lowance. In addition, several natural food components have been found to 
show physiological effects, and some of them are considered to be useful 
for promoting exercise performance or for prevention of injury. However, 
these foods should only be used when there is clear scientifi c evidence and 
with understanding of the physiological changes caused by exercise. This 
article describes various "functional foods" that have been reported to be 
effective for improving exercise performance or health promotion, along 
with the relevant physiological changes that occur during exercise.

Eichler and colleagues examine the effects of micronutrient fortifi ed 
milk and cereal in Chapter 11. Micronutrient defi ciency is a common pub-
lic health problem in developing countries, especially for infants and chil-
dren in the fi rst two years of life. As this is an important time window for 
child development, micronutrient fortifi ed complementary feeding after 
6 months of age, for example with milk or cereals products, in combi-
nation with continued breastfeeding, is recommended. The overall effect 
of this approach is unclear. The authors performed a Systematic Review 
and Meta-analysis to assess the impact of micronutrient fortifi ed milk and 
cereal food on the health of infants and little children (aged 6 months to 
5 years) compared to non-fortifi ed food. We reviewed randomized con-
trolled trials using electronic databases (MEDLINE and Cochrane library 
searches through FEB 2011), reference list screening and hand searches. 
Three reviewers assessed 1153 studies for eligibility and extracted data. 
One reviewer assessed risk of bias using predefi ned forms. They included 
18 trials in our analysis (n = 5’468 children; range of mean hemoglobin 
values: 9.0 to 12.6 g/dl). Iron plus multi micronutrient fortifi cation is more 
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effective than single iron fortifi cation for hematologic outcomes. Com-
pared to non-fortifi ed food, iron multi micronutrient fortifi cation increases 
hemoglobin levels by 0.87 g/dl (95%-CI: 0.57 to 1.16; 8 studies) and re-
duces risk of anemia by 57% (relative risk 0.43; 95%-CI 0.26 to 0.71; 
absolute risk reduction 22%; number needed to treat 5 [95%-CI: 4 to 6]; 
6 Studies). Compared to non-fortifi ed food, fortifi cation increases serum 
levels of vitamin A but not of zinc. Information about functional health 
outcomes (e.g. weight gain) and morbidity was scarce and evidence is 
inconclusive. Risk of bias is unclear due to underreporting, but high qual-
ity studies lead to similar results in a sensitivity analysis. They found that 
multi micronutrient fortifi ed milk and cereal products can be an effective 
option to reduce anemia of children up to three years of age in developing 
countries. On the basis of their data, the evidence for functional health 
outcomes is still inconclusive.

Chapter 12 attempted to evaluate the effects of different medicinal herbs 
rich in polyphenol (Lemon balm, Sage, St. John's wort and Small-fl owered 
Willowherb) used as dietary supplements on bioaccumulation of some es-
sential metals (Fe, Mn, Zn and Cu) in different chicken meats (liver, legs 
and breast). Stef and Gergen found that in different type of chicken meats 
(liver, legs and breast) from chickens fed with diets enriched in minerals 
and medicinal herbs, benefi cial metals (Fe, Mn, Zn and Cu) were analysed 
by fl ame atomic absorption spectrometry. Fe is the predominant metal in 
liver and Zn is the predominant metal in legs and breast chicken meats. 
The addition of metal salts in the feed infl uences the accumulations of all 
metals in the liver, legs and breast chicken meat with specifi c difference to 
the type of metal and meat. The greatest infl uences were observed in legs 
meat for Fe and Mn. Under the infl uence of polyphenol-rich medicinal 
herbs, accumulation of metals in the liver, legs and breast chicken meat 
presents specifi c differences for each medicinal herb, to the control group 
that received a diet supplemented with metal salts only. Great infl uence on 
all metal accumulation factors was observed in diet enriched with sage, 
which had signifi cantly positive effect for all type of chicken meats. Un-
der the infl uence of medicinal herbs rich in different type of polyphenol, 
accumulation of metals in the liver, legs and breast chicken meat presents 
signifi cant differences from the group that received a diet supplemented 
only with metal salts. Each medicinal herb from diet had a specifi c infl uence 
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on the accumulation of metals and generally moderate or poor correla-
tions were observed between total phenols and accumulation of metals. 
This may be due to antagonism between metal ions and presence of other 
chelating agents (amino acids and protein) from feeding diets which can 
act as competitor for complexation of metals and infl uence accumulation 
of metals in chicken meat.

Charoensiriwatana and colleagues found that evidence showed that the 
occurrence of iodine defi ciency endemic areas has been found in every 
provinces of Thailand. Chapter 13 describes a new pilot programme for 
elimination of iodine defi ciency endemic areas at the community level, 
designed in 2008 by integrating the concept of Suffi cient Economic life 
style with the iodine biofortifi cation of nutrients for community consump-
tion. A model of community hen egg farm was selected at an iodine defi -
ciency endemic area in North Eastern part of Thailand. The process for the 
preparation of high content iodine enriched hen food was demonstrated to 
the farm owner with technical transfer in order to ensure the sustainability 
in the long term for the community. The iodine content of the produced 
iodine enriched hen eggs were determined and the iodine status of vol-
unteers who consumed the iodine enriched hen eggs were monitored by 
using urine iodine excretion before and after the implement of iodine en-
richment in the model farm. The content of iodine in eggs from the model 
farm were 93.57 μg per egg for the weight of 55 - 60 g egg and 97.76 μg 
for the weight of 60 - 65 g egg. The biological active iodo-organic com-
pounds in eggs were tested by determination of the base-line urine iodine 
of the volunteer villagers before and after consuming a hard boiled iodine 
enriched egg per volunteer at breakfast for fi ve days continuous period in 
59 volunteers of Ban Kew village, and 65 volunteers of Ban Nong Nok 
Kean village. The median base-line urine iodine level of the volunteers in 
these two villages before consuming eggs were 7.00 and 7.04 μg/dL re-
spectively. After consuming iodine enriched eggs, the median urine iodine 
were raised to the optimal level at 20.76 μg/dL for Ban Kew and 13.95 
μg/dL for Ban Nong Nok Kean.They found that the strategic programme 
for iodine enrichment in the food chain with biological iodo-organic com-
pound from animal origins can be an alternative method to fortify iodine 
in the diet for Iodine Defi ciency Endemic Areas at the community level in 
Thailand.
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Chapter 14 looks at the effects of cinnamon when administered to dia-
betic rats. Shihabudeen and colleagues fi nd that α-glucosidase inhibitors 
regulate postprandial hyperglycemia (PPHG) by impeding the rate of car-
bohydrate digestion in the small intestine and thereby hampering the diet 
associated acute glucose excursion. PPHG is a major risk factor for dia-
betic vascular complications leading to disabilities and mortality in diabet-
ics. Cinnamomum zeylanicum, a spice, has been used in traditional medi-
cine for treating diabetes. This study evaluated the α-glucosidase inhibitory 
potential of cinnamon extract to control postprandial blood glucose level 
in maltose, sucrose loaded STZ induced diabetic rats. The methanol ex-
tract of cinnamon bark was prepared by Soxhlet extraction. Phytochemical 
analysis was performed to fi nd the major class of compounds present in the 
extract. The inhibitory effect of cinnamon extract on yeast α-glucosidase 
and rat-intestinal α-glucosidase was determinedin vitro and the kinetics 
of enzyme inhibition was studied. Dialysis experiment was performed to 
fi nd the nature of the inhibition. Normal male Albino wistar rats and STZ 
induced diabetic rats were treated with cinnamon extract to fi nd the effect 
of cinnamon on postprandial hyperglycemia after carbohydrate loading.
Phytochemical analysis of the methanol extract displayed the presence 
of tannins, fl avonoids, glycosides, terpenoids, coumarins and anthraqui-
nones. In vitro studies had indicated dose-dependent inhibitory activity 
of cinnamon extract against yeast α-glucosidase with the IC 50 value of 
5.83 μg/ml and mammalian α-glucosidase with IC 50 value of 670 μg/ml. 
Enzyme kinetics data fi t to LB plot pointed out competitive mode of inhi-
bition and the membrane dialysis experiment revealed reversible nature of 
inhibition. In vivo animal experiments are indicative of ameliorated post-
prandial hyperglycemia as the oral intake of the cinnamon extract (300 
mg/kg body wt.) signifi cantly dampened the postprandial hyperglycemia 
by 78.2% and 52.0% in maltose and sucrose loaded STZ induced diabetic 
rats respectively, compared to the control. On the other hand, in rats that 
received glucose and cinnamon extract, postprandial hyperglycemia was 
not effectively suppressed, which indicates that the observed postpran-
dial glycemic amelioration is majorly due to α-glucosidase inhibition. The 
current study demonstrates one of the mechanisms in which cinnamon 
bark extract effectively inhibits α-glucosidase leading to suppression of 
postprandial hyperglycemia in STZ induced diabetic rats loaded with 
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maltose, sucrose. This bark extract shows competitive, reversible inhibi-
tion on α-glucosidase enzyme. Cinnamon extract could be used as a poten-
tial nutraceutical agent for treating postprandial hyperglycemia. In future, 
specifi c inhibitor has to be isolated from the crude extract, characterized 
and therapeutically exploited.

In Chapter 15, a similar study is done, this time with garlic instead of 
cinnamon. Padiya and colleagues explore type 2 diabetes mellitus, charac-
terized by peripheral insulin resistance, is a major lifestyle disorder of the 
21st Century. Raw garlic homogenate has been reported to reduce plasma 
glucose levels in animal models of type 1 diabetes mellitus. However, no 
specifi c studies have been conducted to evaluate the effect of raw gar-
lic on insulin resistance or type 2 diabetes mellitus. This study was de-
signed to investigate the effect of raw garlic on fructose induced insulin 
resistance, associated metabolic syndrome and oxidative stress in diabetic 
rats. Male Sprague Dawley rats weighing 200-250 gm body weight were 
divided into 3 groups (n = 7 per group) and fed diet containing 65% corn-
starch (Control group) and 65% fructose (Diabetic group) for 8 weeks. 
The third group (Dia+Garl group) was fed both 65% fructose and raw 
garlic homogenate (250 mg/kg/day) for 8 weeks. Whole garlic cloves were 
homogenized with water to make a fresh paste each day. At the end of 8 
weeks, serum glucose, insulin, triglyceride and uric acid levels, as well 
as insulin resistance, as measured by glucose tolerance test, were signif-
icantly (p < 0.01) increased in fructose fed rats (Diabetic group) when 
compared to the cornstarch fed (Control) rats. Administration of raw gar-
lic to fructose fed rats (Dia+Garl group) signifi cantly (p < 0.05) reduced 
serum glucose, insulin, triglyceride and uric acid levels, as well as insulin 
resistance when compared with fructose fed rats. Garlic also normalised 
the increased serum levels of nitric oxide (NO) and decreased levels of 
hydrogen sulphide (H2S) after fructose feeding. Although body weight 
gain and serum glycated haemoglobin levels of fructose fed rats (Diabetic 
group) were not signifi cantly different from control rats, signifi cant (p < 
0.05) reduction of these parameters was observed in fructose fed rats af-
ter garlic administration (Dia+Garl group). Signifi cant (p < 0.05) increase 
in TBARS and decrease in GSH was observed in diabetic liver. Catalase 
was not signifi cantly affected in any of the groups. Administration of raw 
garlic homogenate normalised both hepatic TBARS and GSH levels.The 
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study demonstrates that raw garlic homogenate is effective in improving 
insulin sensitivity while attenuating metabolic syndrome and oxidative 
stress in fructose-fed rats.

In traditional medicine, blueberries have been used to facilitate blood 
glucose regulation in type 2 diabetes. In Chapter 16, Granfeldt and Björck 
fi nd that recent studies in diabetic mice have indicated facilitated gly-
caemic regulation following dietary supplementation with extracts from 
European blueberries, also called bilberries, (Vaccinium myrtillus). The 
purpose of the present study was to investigate the impact of fermented 
oat meal drinks containing bilberries or rosehip (Rosa canina) on glycae-
mic and insulinaemic responses. Glycaemic and insulinaemic responses in 
young healthy adults were measured in two series. In series 1, two drinks 
based on oat meal (5%), fermented using Lactobacillus plantarum 299v, 
and added with fruit (10%); bilberries (BFOMD) or rose hip (RFOMD) re-
spectively, were studied. In series 2, BFOMD was repeated, additionally, 
a drink enriched with bilberries (47%) was tested (BBFOMD). As control 
a fermented oat meal drink (FOMD) was served. In series 1 the bilberry- 
and rosehip drinks, gave high glucose responses similar to that after the 
reference bread. However, the insulin index (II) after the BFOMD was 
signifi cantly lower (II = 65) (P < 0.05). In series 2 a favourably low insulin 
demand to BFOMD was confi rmed. FOMD gave high glucose response 
(GI = 95) but, signifi cantly lower insulin response (II = 76). BBFOMD 
gave remarkably low insulin response II = 49, and tended to lower gly-
caemia (GI = 79) (P = 0.0684). They concluded that a fermented oat meal 
drink added with bilberries induced a lower insulin response than expected 
from the glycaemic response. The mechanism for the lowered acute insu-
lin demand is still unclear, but may be related to some bio-active compo-
nent present in the bilberries, or to the fermented oat meal base.

The fi nal chapter looks at how Brazil nuts can infl uence obesity. Obe-
sity is a chronic disease associated to an infl ammatory process resulting 
in oxidative stress that leads to morpho-functional microvascular damage 
that could be improved by some dietary interventions. In this study, Mara-
nhão and colleagues investigate the intake of Brazil nuts (Bertholletia ex-
celsa), composed of bioactive substances like selenium, α- e γ- tocopherol, 
folate and polyunsaturated fatty acids, on antioxidant capacity, lipid and 
metabolic profi les and nutritive skin microcirculation in obese adolescents. 
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Obese female adolescents (n = 17), 15.4 ± 2.0 years and BMI of 35.6 ± 
3.3 kg/m2, were randomized 1:1 in two groups with the diet supplemented 
either with Brazil nuts [BNG, n = 08, 15-25 g/day (equivalent to 3 to 5 
units/day)] or placebo [PG (lactose), n = 09, one capsule/day] and fol-
lowed for 16 weeks. Anthropometry, metabolic-lipid profi les, oxidative 
stress and morphological (capillary diameters) and functional [functional 
capillary density, red blood cell velocity (RBCV) at baseline and peak 
(RBCVmax) and time (TRBCVmax) to reach it during post-occlusive re-
active hyperemia, after 1 min arterial occlusion] microvascular variables 
were assessed by nailfold videocapillaroscopy at baseline (T0) and after 
intervention (T1). T0 characteristics were similar between groups. At T1, 
BNG (intra-group variation) had increased selenium levels (p = 0.02), 
RBCV (p = 0.03) and RBCVmax (p = 0.03) and reduced total (TC) (p = 
0.02) and LDL-cholesterol (p = 0.02). Compared to PG, Brazil nuts intake 
reduced TC (p = 0.003), triglycerides (p = 0.05) and LDL-ox (p = 0.02) 
and increased RBCV (p = 0.03). Brazil nuts intake improved the lipid pro-
fi le and microvascular function in obese adolescents, possibly due to its 
high level of unsaturated fatty acids and bioactive substances.

— Leah Coles, PhD
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CHAPTER 1

NUTRIGENETICS AND METABOLIC 
DISEASE: CURRENT STATUS AND 
IMPLICATIONS FOR PERSONALISED 
NUTRITION

CATHERINE M. PHILLIPS

1.1 INTRODUCTION 

The MetS represents a constellation of metabolic perturbations including 
central obesity, insulin resistance, dyslipidaemia characterized by raised 
triglyceride and reduced high density lipoprotein concentrations and hy-
pertension. The MetS and these interrelated risk factors are associated 
with increased risk of type 2 diabetes (T2DM) and cardiovascular disease 
(CVD) [1]. Numerous definitions of the MetS have been proposed; ini-
tially by the WHO in 1998 [2] and subsequently by the European Group 
for the Study of Insulin Resistance in 1999 [3], the National Cholesterol 
Education Program’s Adult Treatment Panel III report (NCEP ATP III) 
in 2001 [4] and in 2005 by the International Diabetes Federation (IDF) 
[5] and the IDF in conjunction with the American Heart Association and 
the National Heart, Lung and Blood Institute [6]. While details differ be-
tween definitions, all agree on the essential components (central obesity, 
insulin resistance/glucose intolerance, dyslipidaemia and hypertension). 
Notwithstanding the varying definitions it is clear that the incidence of 
the MetS is increasing among men and women of all ages and ethnicities 
[7]. Recent estimates from the US show that the prevalence of the MetS 
among adults ranges from 34.3% to 38.5% depending on the criteria used 
to define abdominal obesity [7]. Thus it is conceivable that 77 to 86 mil-
lion adults in the US meet current MetS criteria. Individuals with the MetS 
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have a five-fold increased risk of developing T2DM. Coupled with this is 
a two-fold risk of developing CVD over the next 5 to 10 years compared 
to individuals without the syndrome. Lifetime risk is even higher. The 
prevalence of obesity is also increasing worldwide, with the condition pre-
dicted to affect more than one billion people by the year 2020 [8]. Obesity 
and weight-gain are directly related to T2DM risk [9]. Excess adiposity, 
particularly central adiposity, is a key causal factor in the development of 
insulin resistance, the hallmark of the MetS. The increasing global preva-
lence of T2DM in children and adults, and its medical and socio-economic 
consequences represent a major public health concern. Recent estimates 
predict in excess of 400 million individuals with T2DM worldwide by the 
year 2030 [10]. 

Complex gene-environment interactions are certainly contributing to 
the current diabesity epidemic. Family and twin studies indicate that up 
to 80% of the variance in body mass index (BMI) is attributable to ge-
netic factors. Genetic factors also contribute approximately 50% towards 
T2DM risk. Heritability rates of 10%–30% for the MetS have been esti-
mated [11,12], indicating that these conditions are partly heritable. Nutri-
tion and physical activity are key environmental factors, which potentially 
interact with genetic predisposition, to promote the progression and patho-
genesis of these combined environmental and polygenic, diet-related dis-
eases. Excessive caloric intake and sedentary lifestyle promote the obese 
phenotype. More than half of adults in Europe and the US are overweight 
or obese, leading to the MetS, which in turn greatly enhances subsequent 
risk of cardiometabolic disease [13]. There is no doubt that a genetic com-
ponent can also impact on the risk of insulin resistance, the sensitivity to 
which may be further amplifi ed by poor diet. If we have a greater under-
standing of potential gene-nutrient interactions, then it may be possible to 
manipulate diet in such a way to minimize the metabolic risk of obesity, to 
attenuate insulin resistance and development of cardiometabolic disease. 
At a public health level, more attention must be given to modifi cation of 
lifestyles of the general public to reduce risk of obesity and T2DM and 
to increase physical activity. At a clinical level, individual patients with 
increased metabolic risk need to be identifi ed so that their multiple risk 
factors can be reduced. Early identifi cation of "at risk" individuals is of 
paramount importance. Considering the long asymptomatic period often 
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preceding the manifestation of T2DM and CVD, early diagnosis could 
enable earlier targeted interventions such as implementation of healthy 
lifestyle changes in nutritional behavior and exercise or pharmacotherapy, 
thus reducing disease development. From the nutritional/dietary advice 
perspective, this review will focus on dietary fatty acids, as these are the 
most energy dense nutrients. A deeper understanding of the underlying 
gene-nutrient interactions, to aid an understanding of the link between nu-
trition and health, will provide the evidence base to defi ne whether more 
targeted nutritional advice is an appropriate public health approach. Nu-
trigenetics hold much promise in terms of both public health nutrition and 
for individuals and genetic subgroups. In this review we will present the 
current state of the art, illustrating the signifi cance of gene-nutrient inter-
actions in the context of diet-related metabolic disease. 

1.2 DIETARY FAT AND METABOLIC HEALTH 

Dietary fat is an important environmental factor, wherein excessive expo-
sure plays a key role in the development of the MetS [14–18]. High-fat di-
ets, in particular high saturated fatty acid (SFA) diets, have been shown to 
exert detrimental effects on adiposity, inflammation and insulin sensitiv-
ity, promoting the development of insulin resistance, the MetS and T2DM 
[17,19–21]. Diets rich in monounsaturated fatty acids (MUFA) have been 
associated with improvements in insulin sensitivity in healthy subjects 
[22]. In the LIPGENE study, a large pan-European isocaloric dietary in-
tervention study of MetS subjects, substitution of SFA with either MUFA 
or low-fat, high-complex carbohydrate to improve insulin sensitivity was 
only effective in individuals whose habitual pre-intervention dietary fat 
intake was below the median (<36% energy from fat) [23]. Evidence from 
the MUFA in Obesity (MUFObes) study suggest that MUFA rich diets had 
beneficial effects on insulin and glucose concentrations and were associ-
ated with reduced body fat regain [24,25]. The KANWU study showed 
that a high-SFA diet reduced insulin sensitivity in overweight subjects, 
and post-hoc analysis indicated that isoenergetic substitution of SFA for 
MUFA improved insulin sensitivity but only in subjects whose habitual 
pre-intervention dietary fat intake was below the median [26]. While cell 
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and animal studies have demonstrated beneficial effects of long chain n-3 
polyunsaturated fatty acids (LC n-3 PUFA) on inflammation and insulin 
sensitivity [27–29] translation of these potentially anti-diabetic effects in 
humans has proven more difficult with conflicting epidemiological data 
in relation to their effect on insulin resistance in humans [23]. A limited 
number of large human dietary intervention studies have been performed 
to determine the effects of dietary quantity and quality on risk factors 
associated with metabolic health. Considering that up to 30% of subjects 
are not responsive to interventions, variable intervention outcomes are 
perhaps not surprising. Moreover it seems that pre-intervention dietary 
intake may affect outcome. A range of methods to assess dietary intake 
including food-frequency questionnaires and weighed or estimated di-
etary records are currently used. Each has advantages, practical limita-
tions and associated errors. In the context of dietary fatty acids the use of 
biomarkers of habitual dietary fat intake, such as plasma fatty acids, of-
fers some advantages over self-reported food-frequency questionnaires 
whereby they are not subject to misclassification of exposure, due to de-
ficiencies in nutrient databases, accuracy of memories or willingness to 
divulge these details [30]. In contrast to dietary fat measurement, plasma 
fatty acid composition reflects the combination of dietary fat consump-
tion and endogenous de novo fatty acid biosynthesis and metabolism, 
thus making direct comparisons between some plasma and dietary fatty 
acid measurements diffi cult. 

The failure of current dietary guidelines in combating the obesity 
epidemic provides further evidence that the optimal dietary fat com-
position (amount and type of fatty acid) for optimal metabolic health 
is still unknown and that the traditional one size fi ts all approach does 
not work in the context of obesity and metabolic health. Indeed such 
inter-individual differences in response to dietary factors and interven-
tions highlight the role of genetics and the potential of a nutrigenet-
ics approach based on identifi cation of nutrient sensitive or responsive 
genotypes, whereby nutrient intake is manipulated or optimized based 
on an individuals’ genetic profi le to reduce disease risk or improve ef-
fectiveness of dietary recommendations. Current evidence to support 
the nutrigenetics concept with respect to obesity, the MetS and T2DM 
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is largely based on data relating to dietary fat [15,31–33] and is dis-
cussed in more detail later. 

1.3 GENETIC DETERMINANTS OF METABOLIC DISEASE 

It is commonly accepted that the current global diabesity pandemic is be-
ing driven by an obesogenic environment which promotes consumption 
of energy-dense foods and discourages energy expenditure, inevitably 
leading to an energy imbalance favoring energy storage and weight gain. 
A number of factors including industrialization and modernization of 
the built environment (reliance on car use, reduced manual labor, lack 
of safe pathways or cycle lanes, proximity to fast food and convenience 
outlets, increased commuting time, etc.) as well as the social environ-
ment (socioeconomic status, advertising, consumer pressure, etc.) have 
led to more sedentary lifestyle behaviors and freely available caloric 
abundance. However, the familial clustering associated with obesity is 
not just due to common environmental factors. Studies of twins, adop-
tees and families indicate that up to 80% of the variance in BMI is attrib-
utable to genetic factors. High relative risk ratios [34] and concordance 
rates for monozygotic twins compared to dizygotic twins have also been 
estimated for obesity [35]. Interestingly adoption studies revealed that 
adoptees’ weight is more similar to that of the biological parents than the 
adoptive parents [36]. Heritability rates of 25%–40% for BMI and body 
fat [36–38] and 10%–30% for the MetS have been estimated [11,12], 
indicating that these conditions are partly heritable. Genetic factors are 
also estimated to contribute approximately 50% towards T2DM risk. 
Family studies have demonstrated that first degree relatives of T2DM 
individuals are approximately 3 times more likely to develop the disease 
than individuals without a positive family history [39,40]. Furthermore, 
twin studies have shown that concordance rates for monozygotic twins, 
ranging from 60% to 90%, are significantly higher than those for dizy-
gotic twins. Thus, it is clear that genetic differences between individuals 
also play a role in the risk of becoming obese and developing the MetS 
and T2DM. 
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1.3.1 IDENTIFICATION OF GENES ASSOCIATED WITH 
METABOLIC DISEASE 

Monogenic disorders account for up to 5% of all cases of obesity and 
also diabetes. Over the past 15–20 years, mutations in a number of genes 
including leptin (LEP), leptin receptor (LEPR), pro-opiomelanocortin 
(POMC) and melanocortin-4 receptor (MC4R) have been associated with 
monogenic obesity [41]. Six genes account for the majority of the mono-
genic forms of diabetes: hepatic nuclear factor 4α (HNF-4α), glucokinase 
(GCK), hepatic nuclear factor 1α (HNF-1α), insulin promoter factor-1 
(IPF-1), hepatic nuclear factor 1β (HNF-1β) and neuro D1 transcription 
factor (NEUROD1) [40]. However, for most individuals genetic predis-
position to metabolic disease has a polygenic basis. The absence of large 
single gene effects and the detection of multiple small effects support this 
notion, which suggests that only in combination with other predisposing 
variants does a sizeable phenotypic effect arise. In addition, this implies 
that certain sets of polygenic variants relevant to these conditions in one 
individual may not be the same in another individual. Identifying genes 
associated with any complex trait involves a range of experimental strat-
egies including positional cloning using genome-wide linkage analysis, 
candidate gene association and more recently genome-wide association 
studies (GWAS). Genome scanning in several different ethnic groups has 
identified a number of chromosome regions harboring T2DM and obe-
sity susceptibility genes. Calpain 10 (CAPN10), which encodes cysteine 
protease calpain 10, was the first T2DM susceptibility gene identified 
through a genome-wide scan followed by positional cloning [42]. Genetic 
and functional data indicate that CAPN10 plays an important role in in-
sulin resistance and intermediate phenotypes [43]. CAPN10 variants have 
been linked with several MetS phenotypes including hypertriglyceridae-
mia, BMI and hypertension [44–46]. With the advent of high-throughput 
genetic analysis and the completion of the Human Genome Project our 
understanding of the genetic architecture and biology of obesity, MetS, 
insulin resistance and T2DM is improving. GWAS represent a powerful 
approach to the identification of genes involved in common polygenic 
diseases. Typically, these studies, which are performed without any prior 
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knowledge regarding the nature or location of the causative genes, analyze 
thousands of SNPs across the entire genome and involve very large subject 
numbers. Patterns of association between genotypes and disease status are 
then identified and evaluated statistically. 

1.3.2 GWAS AND METABOLIC HEALTH RELEVANT LOCI 

In the last six years GWAS have identified more than 50 loci, many of 
which are novel, relevant to obesity and diabetes. 2006 heralded the iden-
tification of the most important T2DM susceptibility gene known so far, 
transcription factor 7-like 2 (TCF7L2). Two novel single nucleotide poly-
morphisms (SNP) in the Wnt signaling regulated TCF7L2 gene were as-
sociated with increased T2DM risk [47,48], most likely through defective 
beta-cell function and impaired insulin secretion [47]. Several large studies 
subsequently replicated and confirmed the association with T2DM risk in 
various populations and the TCF7L2 rs7903146 SNP has emerged as one 
of the most important T2DM susceptibility gene variants known to date 
[49–54]. TCF7L2 polymorphisms have also been associated with MetS 
components such as dyslipidemia and waist circumference [55,56]. How-
ever, prospective and population-based MetS association studies have pro-
duced conflicting results; with some reporting an association with MetS, 
hyperglycaemia, impaired insulin secretion and hypertriglyceridaemia 
[56,57], whilst others found no association with MetS or insulin resistance 
[58,59]. More recently, TCF7L2 rs7903146 was associated with increased 
MetS risk, arising from their impaired insulin sensitivity, greater insulin re-
sistance, increased abdominal obesity and hypertension [60]. This associa-
tion has also been confirmed in a recent systematic review [61]. Following 
the identification of TCF7L2, previously unknown genetic variants in the 
fat mass and obesity-associated (FTO) gene on chromosome 16 were also 
linked to T2DM risk through an effect on BMI [62], such that the 16% of 
adults homozygous for the rs9939609 "risk" A allele were 3 kg heavier and 
had 1.7 fold increased risk of obesity relative to the homozygous non-risk 
allele carriers. It has been suggested that the impaired satiety, greater food 
intake and more frequent loss of eating control reported by individuals 
with at least one risk allele may account for the observed increased obesity 
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risk [63–65]. Importantly, researchers have demonstrated increased obe-
sity risk associated with this polymorphism from childhood into old age 
[62]. A number of large studies replicated and confi rmed the association 
with obesity risk in European populations [66–68] and the FTO rs9939609 
SNP is now recognized as one of the most important gene variants predis-
posing to obesity. A recent systematic review on the genetics of the MetS 
confi rmed increased MetS risk with FTO [61]. Other obesity susceptibility 
loci identifi ed by GWAS include SHRB1 and BDNF [69,70]. Meta-anal-
ysis of 21 GWAS cohorts (Meta-Analyses of Glucose and Insulin-related 
traits Consortium [MAGIC]), identifi ed associations between a number 
of SNPs in 8 loci (including the candidate genes ADCY5, FADS1, and 
GLIS3) and fasting glucose concentrations, and also between SNPs in one 
locus (with the candidate gene IGF1) with both fasting insulin levels and 
insulin resistance [71]. More recently, a joint meta-analysis investigating 
whether genes involved in insulin resistance pathways could be discov-
ered by accounting for differences in BMI and interactions between BMI 
and genetic variants identifi ed eight SNPs in six loci (including the can-
didate genes COBLL1/GRB14, IRS1, PPP1R3B, PDGFC, UHRF1BP1, 
and LYPLAL1) that were associated with fasting insulin, high triglyceride 
and low high-density lipoprotein levels, suggesting a new series of path-
ways to identify genes with contributions to multiple phenotypes [72]. It is 
clear that the contribution of GWAS cohorts to such consortia will provide 
increased power to detect variants associated with measures of glucose 
homeostasis, insulin resistance, obesity, T2DM and MetS phenotypes. 

1.3.3 LIPID METABOLISM GENES 

Dyslipidaemia is one of the very early features of an obese or MetS phe-
notype and frequently precedes metabolic disturbances in insulin and 
glucose homeostasis. Both fasting and postprandial lipid metabolism are 
disturbed in the MetS [73] and in T2DM, particularly among individuals 
with poor metabolic control [74]. A number of recent reviews present the 
evidence linking candidate genes with modulation of postprandial lipid 
metabolism [75,76]. To summarize, genes of note include the apolipopro-
tein APOA1/C3/A4/A5 cluster, APOB, APOE, cholesterol ester transfer 
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protein, hepatic and lipoprotein lipases, TCF7L2, glucokinase regulatory 
protein, fatty acid binding proteins, microsomal triglyceride transfer pro-
tein, peroxisome proliferator-activated receptor-γ (PPARγ), scavenger re-
ceptor class B type 1 (SCARB1) and perilipin (PLIN). Prior to the GWAS 
era the lipid sensitive transcription factor PPARγ Pro12Ala polymorphism 
was identified as the most widely reproduced genetic variation for T2DM 
risk [39]. The original study investigating the polymorphism in T2DM 
demonstrated that the alanine allele of this polymorphism was associated 
with lower BMI, improved insulin sensitivity and thus reduced diabetes 
risk by 75% [77]. Inconsistent results from subsequent association stud-
ies prompted a meta-analysis which confirmed a modest (1.25-fold) but 
significant increase in diabetes risk for the Pro12Pro genotype [78]. The 
Pro12Pro genotype also predicts conversion from impaired glucose tol-
erance to T2DM, with a 3 fold increased T2DM risk in the Pro12 ho-
mozygotes compared to 12Ala carriers [79]. In obese subjects diabetes 
risk is almost doubled among the Pro12 allele carriers. Interestingly the 
obese phenotype seems to exacerbate the detrimental effect of the PPARγ 
Pro12 allele on insulin sensitivity [80]. Perhaps more importantly is that 
this variant is very common in most populations. Approximately 98% of 
Europeans carry at least one copy of the Pro allele, so it is reasonable to 
speculate that this SNP contributes to a considerable proportion of T2DM 
risk. In the LIPGENE-SU.VI.MAX study we identifi ed a number of novel 
associations between SNPs of genes involved in fatty acid and lipoprotein 
metabolism, including long-chain acyl CoA synthetase 1 (ACSL1), acetyl-
CoA carboxylase β (ACC2), apolipoprotein A-I (APOA1) and apolipopro-
tein B (APOB) and lipoprotein lipase (LPL) with risk of the MetS or its 
phenotypes [81–84]. 

1.3.4 PRO-INFLAMMATORY CYTOKINES AND OTHER 
INFLAMMATORY MEDIATORS 

Obesity is a chronic low-grade inflammatory state that is associated with 
increased risk for the MetS, diabetes and CVD. Indeed the NCEP ATP 
III identified pro-inflammatory status as being a key MetS characteris-
tic [4]. Previous studies have demonstrated the influence of a variety of 
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pro-inflammatory cytokine polymorphisms, including tumor necrosis fac-
tor alpha (TNFα) (rs1800629) and interleukin 6 (IL-6) (rs1800795 and 
rs1800797) in the risk of central obesity, diabetes and MetS phenotypes 
[85–89]. Although results have been inconsistent [90,91], which may be, 
in part, explained by the fact that as cytokines act in a complex network, 
single gene activity may not provide full insight into the role of cytokine 
genes in the MetS. In a recent MetS case control study, Phillips et al. ex-
amined the relationship between lymphotoxin-α (LTA), IL-6, and TNF-α 
genetic variants with MetS risk in the LIPGENE-SU.VI.MAX cohort [92]. 
TNF-α rs1800629 major G allele homozygotes and LTA rs915654 minor 
A allele carriers had 20%–40% higher MetS risk [92]. The combined ef-
fect of carrying both risk genotypes, which represent half of this popula-
tion, further increased MetS risk probably attributable to their greater risk 
of abdominal obesity. Interestingly, this additive effect was further influ-
enced by the presence of IL-6 rs1800797 G allele. Risk genotype carriers 
who were also homozygous for the IL-6 rs1800797 G allele were most at 
risk of developing the MetS (OR 2.10), fasting hyperglycaemia (OR 2.65) 
and abdominal obesity (OR 1.52). 

Interestingly, IL-6 activates signal transducer and activator of tran-
scription 3 (STAT3), a transcription factor released during the acute-phase 
response [93]. Common genetic variants at the STAT3 locus have recently 
been associated with increased risk of abdominal obesity [94]. As indi-
vidual genetic variants generally confer only a moderate risk to a trait, 
analyzing multiple risk alleles simultaneously can be more informative 
and enhance predictive power, particularly in polygenic conditions. A sig-
nifi cant genotype effect between the number of risk alleles and risk of 
abdominal obesity was identifi ed in the LIPGENE-SU.VI.MAX study, 
with approximately a 2.5 fold increased risk in individuals carrying two 
or more risk alleles compared to individuals carrying 1 or no risk alleles 
[95]. Complement component 3 (C3) is another potential candidate gene 
with respect to infl ammation and diabesity. Elevated concentrations of C3, 
a protein with a central role in the innate immune system, have been as-
sociated with insulin resistance, obesity, the MetS and diabetes [96–99]. 
In keeping with previous fi ndings, a dose-dependent relationship between 
C3 concentrations and the number of MetS components were identifi ed 
in the LIPGENE-SU.VI.MAX study [100]. Interestingly the increased 
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MetS risk conferred by elevated C3 concentrations (OR 3.11) was 
abolished in abdominally lean individuals. Furthermore, examination 
of associations between C3 polymorphisms and MetS risk demonstrat-
ed that common genetic variants at the C3 locus were associated with 
risk of the MetS and its phenotypes including dyslipidaemia, abdomi-
nal obesity and insulin sensitivity [101]. In recent years adipose tis-
sue has been recognized as an important hormonally active organ. The 
adipocytokines adiponectin and leptin are thought to play important 
roles in cardiovascular and metabolic homeostasis. Polymorphisms in 
the adiponectin (ADIPOQ) gene and its receptors (ADIPOR1) have 
been associated with adiponectin levels, insulin resistance, and MetS 
phenotypes [102,103]. Homozygosity for the leptin receptor (LEPR) 
rs3790433 G allele was also associated with increased MetS risk, 
which may be accounted for by increased risk of elevated insulin con-
centrations and insulin resistance [104]. 

In summary, a major role for genetic susceptibility to obesity, insulin 
resistance, the MetS and T2DM has been identifi ed. There is no doubt that 
GWAS in very large populations will rapidly advance our understanding 
of the genetic basis of these conditions. Indeed the discovery of associated 
variants in unsuspected genes and outside coding regions illustrates the 
ability of GWAS to provide potentially important clues into the patho-
genesis of these common conditions. Notwithstanding the accumulating 
evidence regards genetic susceptibility to obesity, T2DM and the MetS, 
regardless of the approach used, gene-disease-association studies are 
fraught with diffi culties including lack of replication, inadequate statistical 
power, multiple hypothesis testing, population stratifi cation, publication 
bias and phenotypic differences. Despite numerous successful discoveries, 
the effect sizes are small and only explain a fraction of inter-individual 
variation. Considering the limited success in confi rming polygenic vari-
ants for diabesity to date it is obvious that more polygenic variants await 
discovery. Furthermore, in order to further improve our understanding of 
how these genetic variants interact with environmental factors to modulate 
disease risk more extensive phenotypic data are required, especially in 
relation to diet and lifestyle factors. 
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1.4 NUTRIGENETICS AND METABOLIC DISEASE 

According to the "thrifty genotype" hypothesis [105], evolutionary selec-
tion of genes (obesity genes) that were originally beneficial for energy 
storage which conferred a protective effect in times of food deprivation 
by promoting fat deposition, might, at least in part, explain the current 
escalating incidence of obesity in a modern Westernized environment of 
physical inactivity and excessive caloric consumption. This is support-
ed by recent findings that obesity and T2DM reaches epidemic propor-
tions in certain ethnic groups such as Pima Indians, Pacific Islanders, 
Afro-Americans and Hispanic-Americans [106]. Indeed, the much lower 
prevalence of metabolic disease observed in Pima Indians in Mexico com-
pared to their counterparts in America illustrates that even in populations 
who are genetically predisposed to these conditions, their development 
is largely determined by environmental factors [107,108]. Such data add 
to the growing body of evidence which suggests that individual’s pheno-
type represents a complex interaction between genetic and environmen-
tal factors over their life course. Nutrition is a key environmental factor 
in the pathogenesis and progression of common polygenic, diet-related 
metabolic conditions. The concept of gene-diet interaction describes di-
etary modulation of the effect of genotype on a particular phenotype (for 
example obesity, insulin resistance and dyslipidemia) and/or modulation 
of the effect of a dietary factor on a particular phenotype by a genetic vari-
ant. It is generally accepted that the effect of dietary changes on plasma 
biomarker concentrations differs signifi cantly between individuals. Such 
inter-individual variability in response to dietary modifi cation is, to a large 
extent, determined by genetic factors. As discussed already, dietary fat is 
an important environmental factor and current evidence to support the nu-
trigenetics concept with respect to obesity, the MetS and T2DM is largely 
based on data relating to dietary fat [15,32,33]. Other food components 
such as carbohydrate or fi ber can play a role in the development of these 
conditions. Nevertheless these nutrigenetic investigations provide proof 
of concept. The PPARγ Pro12Ala polymorphism provides an excellent ex-
ample of the relevance of gene-nutrient interactions in the development 
of obesity, the MetS and T2DM. In a prospective population-based cohort 
study, researchers demonstrated an important interaction between habitual 
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dietary fat composition and this SNP [109]. As the ratio of total PUFA to 
SFA increased a signifi cant inverse relationship was shown for both fast-
ing insulin concentrations and BMI in the Ala carriers, suggesting that the 
potential protective effect of the Ala allele may be lost in the presence of a 
high SFA diet. More recently an inverse relationship between Ala frequen-
cy and T2DM prevalence has been observed in populations where energy 
from lipids exceeded 30% of the total energy intake [110]. In recent years 
a number of well-designed studies (LIPGENE MetS case dietary interven-
tion, LIPGENE-SU.VI.MAX MetS case-control study, Genetics of Lipid 
Lowering Drugs and Diet Network (GOLDN)) have examined interac-
tions between dietary and/or plasma fatty acid composition and genotype 
in these diet-related conditions. Some of the key fi ndings from these stud-
ies are presented below and summarized in Table 1. 

1.4.1 TCF7L2 

Data from the Diabetes Prevention Program and the Diabetes Prevention 
Study indicate that lifestyle or environmental factors can modulate the ge-
netic effects of TCF7L2 polymorphisms [47,54]. In the Diabetes Preven-
tion Study overweight individuals with impaired glucose tolerance were 
allocated to an intensive diet and lifestyle intervention group or a control 
group. After a mean 4-year follow-up period they found that TCF7L2 poly-
morphisms were associated with the incidence of diabetes in the control 
group, but not the intervention group, suggesting that environmental fac-
tors can reduce genetic susceptibility even when risk genotypes are related 
to impaired insulin secretion. In the GOLDN study total dietary PUFA 
modulated the genetic effects of the TCF7L2 rs7903146 polymorphism 
on postprandial lipemia [56]. In the LIPGENE dietary intervention study, 
TCF7L2 SNPs were associated with plasma lipid concentrations, carbohy-
drate metabolism, blood pressure and infl ammatory markers. Interactions 
with total SFA were noted. For example, among the rs11196224 major ho-
mozygotes elevated plasma SFA was associated with increased insulin re-
sistance [112]. Similarly in the LIPGENE-SU.VI.MAX study rs7903146 
was associated with increased MetS risk, arising from their impaired in-
sulin sensitivity, greater insulin resistance, increased abdominal obesity and 
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TABLE 1: Gene-nutrient interactions which modulate metabolic syndrome risk. 
Gene Locus Polymor-

phism 
Di-
etary 
Fac-
tors 

Odds Ratio Conclusions Reference 
Number 

Acetyl-CoA 
carboxylase β 

(ACC2) 

rs4766587 n-6 

PUFA 

1.82 Risk conferred by the A 
allele was exacerbated 
among individuals with 
a high-fat intake (>35% 
energy) (OR 1.62), par-
ticularly a high intake 
(>5.5% energy) of n-6 
PUFA (OR 1.82 for 
gene-nutrient interac-
tion). 

[83] 

Apolipoprotein 
A-I 

(APOA1) 

rs670 MUFA 1.57 MetS risk was 
exacerbated among 
the habitual high-fat 
consumers (>35% 
energy, OR 1.58). In 
addition a high MUFA 
fat increased MetS risk 
(OR 1.57). 

[84] 

Apolipopro-
tein B 

(APOB) 

rs512535 MUFA 1.89 MetS risk was increased 
among the habitual 
high-fat consumers 
(>35% energy, OR 
2.00). Moreover a high 
MUFA intake increased 
MetS risk (OR 1.89). 

[84] 

Complement 
component 3 

(C3) 

rs2250656 
rs11569562 

n-6 
PUFA 

2.2 
(rs2250656) 
0.32 
(rs11569562) 

AA genotype for 
rs2250656 had 
increased MetS risk 
relative to minor G 
subjects. GG genotype 
for rs11569562 had 
decreased MetS risk 
compared with minor A 
allele carriers. 

[101] 

Interleukin 1 
beta 

(IL-1β) 

6054 G n-3 

PUFA 

3.29 (GG) 

1.95 (GA) 

Low n-3-PUFA intake 
(below the median) 
among the 6054 G allele 
carriers was associated 
with increased MetS 
risk (OR 3.29, for GG 
and OR 1.95, for GA) 
compared with the AA 
genotype. 

[88] 

Metabolic Syndrome (MetS); monounsaturated fatty acids (MUFA); polyunsaturated fatty 
acids (PUFA); saturated fatty acids (SFA) Adapted from Perez-Martinez et al. [31]. 
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hypertension [60]. Interestingly dietary fat intake, recorded 7.5 years prior 
to MetS case/control selection, modulated the genetic infl uence on MetS 
risk. In particular high dietary SFA intake (≥15.5% of energy) accentuated 
the deleterious effects of rs7903146 on MetS risk, suggesting that the long-
term effect of dietary fatty acid composition and consumption may have the 
potential to modify the genetic susceptibility of developing the MetS.

1.4.2 FTO 

Limited cross-sectional analysis of the influence of dietary factors on BMI 
according to FTO rs9939609 genotype indicates that high-fat diets increase 
obesity risk [113,114]. However, these studies did not investigate specific 
effects of dietary fat type or fatty acid composition. Recent data from a 
study of 354 children identified an interaction between dietary SFA and 
the ratio of total PUFA to SFA and obesity associated with FTO rs9939609 
[115]. In the LIPGENE-SU.VI.MAX study FTO rs9939609 was associ-
ated with increased risk of having a BMI in the overweight or obese cat-
egory and of being abdominally obese [116]. Increased obesity risk was 
maintained over the 7.5 year follow-up period and while rs9939609 was 
not associated with MetS risk, risk of these obesity related measures was 
higher in the risk allele carrying MetS cases relative to their non-risk allele 
carrying counterparts. A novel finding in that study was that high habitual 
dietary SFA consumption (≥15.5% of energy) and low PUFA:SFA accen-
tuates obesity risk in the A allele carriers but not in the TT homozygotes 
in this adult European population, suggesting that genetic predisposition 
to obesity may be modulated by dietary SFA intake. This may be particu-
larly relevant to individuals with diet-related metabolic disease who are at 
increased cardiometabolic risk. Recent data from the GOLDN study also 
identified an interaction between rs9939609 and SFA intake, whereby ho-
mozygous participants in this American population had a higher BMI only 
when they had a high SFA intake (>mean) [117]. Interestingly, hypotha-
lamic FTO over-expression has been shown to result in a 4-fold increase 
in STAT3 expression [118]. Given the importance of STAT3 in the leptin 
signaling pathway these data suggest a potential mechanism for mediating 
FTO’s actions and potential modulation by SFA. 



16 Functional Foods

1.4.3 FATTY ACID AND LIPID METABOLISM GENES 

Acetyl-CoA carboxylase β (ACC2) plays a key role in fatty acid synthe-
sis and oxidation pathways, disturbance of which is associated with im-
paired insulin sensitivity and MetS. The LIPGENE-SU.VI.MAX study 
examined whether several ACC2 polymorphisms (rs2075263, rs2268387, 
rs2284685, rs2284689, rs2300453, rs3742023, rs3742026, rs4766587, and 
rs6606697) influence MetS risk, and whether dietary fatty acids modulate 
this interaction [83]. Minor A allele carriers of rs4766587 had increased 
MetS risk (OR 1.29) compared with the GG homozygotes, which may 
in part be explained by their increased BMI, abdominal obesity, and im-
paired insulin sensitivity. Dietary fat intake modulated MetS risk such that 
risk conferred by the A allele was exacerbated among individuals with a 
high-fat intake (>35% energy) (OR 1.62). Conversely MetS risk was abol-
ished among individuals with a low-fat intake. Examination of individual 
fatty acid classes identified a gene-nutrient interaction with PUFA intake, 
whereby A allele carriers with high PUFA intake (>5.5% energy) had in-
creased MetS risk (OR 1.53). This gene-nutrient interaction was reflected 
by both n-6 (OR 1.80) and n-3 PUFA (OR 1.75). Importantly, some of 
these findings were replicated in an independent cohort (LIPGENE MetS 
only dietary intervention cohort). Thus, the genetic associations with in-
creased BMI, body-weight, waist circumference, and insulin resistance 
were confirmed. Consistent with the original findings, these genetic dif-
ferences persisted in the high-fat but not among the low-fat consumers. In 
summary, genetic variation at the ACC2 gene locus influences MetS risk, 
which was modulated by dietary fat. 

Long-chain acyl CoA synthetase 1 (ACSL1) is important for mito-
chondrial beta-oxidation of long chain fatty acids and plays an important 
role in fatty acid metabolism. Disturbance of these pathways may result in 
insulin resistance and dyslipidemia, key MetS features [119–121]. Exami-
nation of the relationship between ACSL1 polymorphisms (rs4862417, 
rs6552828, rs13120078, rs9997745, and rs12503643) and MetS risk and 
potential interactions with dietary fat conducted in the LIPGENE-SU.
VI.MAX study [82]. Subjects with the GG genotype for rs9997745 SNP 
had increased MetS risk (OR 1.90), displayed elevated fasting glucose 
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and insulin concentrations and increased insulin resistance compared with 
subjects carrying the A allele. Moreover MetS risk was modulated by di-
etary fat, whereby the risk conferred by GG homozygosity was effectively 
abolished among those subjects consuming either a low-fat or when to-
tal dietary PUFA intake was in the top 50th percentile. Examination of 
the HAPMAP data for this SNP indicates allele frequency differences be-
tween ethnic groups. Whereas the allele frequency in the LIPGENE-SU.
VI.MAX study is not far from that in the European HAPMAP population, 
the opposite is true in Africans where the G allele is the minor allele. It is 
quite interesting to note that this SNP is not polymorphic in Asians. This 
implies that in an Asian population everybody will carry the "risk" allele in 
the presence of a total PUFA-poor diet (which has been the traditional diet 
in Asian countries) and may be particularly at risk of MetS. In conclusion, 
ACSL1 rs9997745 infl uences MetS risk, most likely via disturbances in 
fatty acid metabolism, which was modulated by dietary fat consumption. 

APOA1 is the major protein component of HDL and also is an ac-
tivator of the enzyme lecithin-cholesterol acyltransferase (LCAT), a key 
component of reverse cholesterol transport. In contrast, plasma APOB, 
the main component of LDL, is essential for the assembly and secretion 
of the triglyceride-rich lipoproteins. Several SNPs at these loci have been 
proposed to infl uence MetS risk. In the LIPGENE-SU.VI.MAX study, the 
ApoB rs512535 and ApoA1 rs670 major G allele homozygotes had in-
creased MetS risk (OR 1.65 and OR 1.42, respectively), which may be 
explained by their increased abdominal obesity and impaired insulin sen-
sitivity but not dyslipidemia [84]. These associations derived primarily 
from the male GG homozygotes (ApoB rs512535 OR 1.92 and ApoA1 
rs670 OR 1.50). On the other hand, MetS risk was exacerbated among the 
habitual high-fat consumers (>35% energy) (ApoB rs512535 OR 2.00 and 
OR 1.58 for ApoA1 rs670). In addition a high dietary MUFA intake in-
creased MetS risk (OR 1.89 and OR 1.57 for ApoB rs512535 and ApoA1 
rs670, respectively). MetS risk was diminished among the habitual low-fat 
consumers (<35% energy). In summary ApoB and ApoA1 polymorphisms 
may infl uence MetS risk. Modulation of these associations by gender and 
dietary fat suggests novel gene-gender-diet interactions. As already allud-
ed to in section 3.4, the postprandial period, which is the most metaboli-
cally abnormal, is of particular importance as humans spend most of their 
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lives in this phase. During which circulating lipoproteins are involved in a 
cascade of changes to their composition and concentration. It is generally 
accepted that the impact of dietary fat on postprandial lipoprotein response 
differs between individuals, and genetic factors are thought to be one of 
the key determinants of such inter-individual variability. Nutrigenetics of 
postprandial lipid metabolism including evidence from human dietary in-
terventions has recently been reviewed [122,123]. 

1.4.4 PRO-INFLAMMATORY CYTOKINES, ADIPOCYTOKINES 
AND INFLAMMATORY MEDIATORS 

As already eluded to, inflammation plays a key role in insulin resistance. 
We have shown that total plasma PUFA/SFA levels modified the observed 
additive genetic effects of IL-6, TNFα and LTA [92]. When stratified ac-
cording to median plasma PUFA/SFA levels, MetS risk was four-fold 
higher in the 3 SNP risk genotype carriers with the lowest PUFA/SFA lev-
els compared to non-carriers and was thought to be driven by the SFA con-
tent, with high SFA levels alone accounting for 5-fold increased MetS risk. 
A low PUFA/SFA ratio also exacerbated their increased risk of several 
phenotypes (abdominal obesity, fasting hyperglycaemia, hypertension and 
pro-inflammatory profile). Interestingly, when risk genotype carriers with 
the lowest PUFA/SFA levels were compared with their risk genotype car-
riers with the highest PUFA/SFA levels significant improvements to their 
metabolic profile were noted. Most importantly a high PUFA/SFA ratio 
attenuated genetic predisposition to MetS risk. Moreover, risk genotype 
carriers with the highest PUFA/SFA levels had reduced pro-inflammatory 
status, lower TAG levels and HOMA-IR values than risk genotype car-
riers with the lowest PUFA/SFA levels. These findings support current 
guidelines to reduce dietary SFA intake and increase PUFA consumption. 

Investigation of the effect of ADIPOQ SNPs, rs266729 and 
rs17300539, on metabolic-related traits, and their modulation by dietary 
fat in white Americans in the GOLDN study revealed signifi cant interac-
tion with MUFA intake [124]. In subjects with high MUFA intake (>me-
dian) rs17300539 A allele carriers had lower BMI and decreased obesity 
risk. Dietary intervention analysis has demonstrated that CC homozygotes 
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for rs266729 were less insulin resistant after consumption of MUFA and 
carbohydrate rich diets compared to the SFA rich diet [125]. Furthermore 
in the LIPGENE dietary intervention study two SNPs (rs266729 in ADI-
POQ, and rs10920533 in ADIPOR1) interacted with plasma SFAs to alter 
insulin and HOMA-IR [126]. This study demonstrated that a reduction 
in plasma SFA decreased insulin resistance in carriers of the minor allele 
of rs266729 ADIPOQ and rs10920533 ADIPOR1. Personalised nutrition 
advice based on this data would recommend a decrease in SFA consump-
tion in the diet of MetS subjects carrying the minor allele of rs266729 
ADIPOQ and/or rs10920533 ADIPOR1. 

The LEPR is an adipocytokine receptor that is involved in the regula-
tion of fat metabolism and has been associated with insulin resistance, a 
key feature of MetS. In the LIPGENE-SU.VI.MAX study GG homozy-
gotes of rs3790433 SNP at the LEPR gene had increased MetS risk com-
pared with the minor A allele carriers (OR 1.65), which may be accounted 
for by their increased risk of elevated insulin concentrations and insulin 
resistance [104]. Low (less than median) plasma n-3 and high n-6 PUFA 
status exacerbated the genetic risk conferred by GG homozygosity to hy-
perinsulinemia (OR 2.92–2.94) and insulin resistance (OR 3.40–3.47). 
Interestingly, these associations were abolished against a high n-3 or low 
n-6 PUFA background. Importantly, these fi ndings were replicated in an 
independent MetS cohort. Homozygosity for the LEPR rs3790433 G al-
lele was associated with insulin resistance, which may predispose to in-
creased MetS risk. Of note, signifi cant improvements to indices of insulin 
sensitivity and insulin resistance by the GG homozygotes were identifi ed 
following a 12 weeks low-fat dietary intervention supplemented with n-3 
long chain (LC) PUFA. These data suggest that genetic infl uences associ-
ated with this LEPR polymorphism may be selectively modulated by n-3 
LC-PUFA. In conclusion these data from the LIPGENE project suggest 
novel gene-nutrient interactions whereby the deleterious effects associ-
ated with LEPR rs3790433 GG homozygosity were more evident against a 
background of low n-3 or high n-6 PUFA, and to a lesser extent with high 
SFA status. As LEPR rs3790433 GG homozygotes appear to be sensitive 
to plasma and dietary fatty acid composition, these individuals may derive 
the most benefi t from dietary manipulation and current guidelines to re-
duce dietary SFA and increase n-3 PUFA intake. 
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The LIPGENE-SU.VI.MAX study also identifi ed a gene-nutrient inter-
action between STAT3 polymorphisms with SFA. High dietary SFA intake 
(≥15.5% of energy) modulated the genetic association between STAT3 
polymorphisms with obesity [94]; carriers of more than 2 risk alleles with 
the highest SFA consumption further increased their risk of abdominal 
obesity by 32% compared to those carrying one or fewer risk alleles. This 
data suggests that individuals with certain STAT3 genotypes are more 
sensitive to SFA and that these individuals may derive the most benefi t 
from dietary manipulation and current guidelines to reduce dietary SFA 
intake. While the mechanisms underlying these fi ndings are unknown, it 
is possible that toll-like receptor-4, the molecular link between fatty ac-
ids, obesity, infl ammation and insulin resistance [127] may play a role. 
Interestingly, hypothalamic FTO over-expression has been shown to re-
sult in a 4-fold increase in STAT3 expression [118]. Given the importance 
of STAT3 in the leptin signaling pathway these data suggest a potential 
mechanism for mediating FTO’s actions and potential modulation by SFA. 

The increased MetS risk associated with the C3 rs2250656 A allele 
in the LIPGENE-SU.VI.MAX study may be explained by their classic 
MetS profi le and raised infl ammatory status [101]. Interestingly plasma 
PUFA modifi ed MetS risk whereby the combination of carrying two "risk" 
A alleles and having low n-6 or total PUFA (below the median) exac-
erbated MetS risk, suggesting that these individuals, who represent ap-
proximately half of the population and who are genetically predisposed to 
the MetS, are also more sensitive to PUFA. Similarly reduced MetS risk 
associated with the rs11569562 polymorphism was subject to a signifi cant 
effect modifi cation by PUFA, with the greatest protection from the MetS 
being achieved by GG homozygotes with the highest total PUFA status 
[101]. Likewise GG homozygotes with the highest LC n-3 PUFAs had the 
lowest risk of hypertriglyceridaemia. In keeping with these fi ndings, in 
the LIPGENE dietary intervention study the "protective" rs11569562 GG 
genotype was associated with enhanced insulin sensitivity and these indi-
viduals were more responsive to LC n-3 PUFA, compared to the A allele 
carriers. Following a 12 weeks low-fat (28% energy), high-complex car-
bohydrate diet intervention supplemented with 1.24 g/day LC n-3 PUFA, 
GG homozygotes displayed benefi cial changes to their lipid profi le (10% 
reduction in NEFA, 8% non-signifi cant reduction in TAG, 5% reduction in 
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total cholesterol and 17% reduction in LDL concentrations), compared to 
the A allele carriers. No changes were observed between genotypes when 
subjects on the same diet received a 1 g/day high oleic acid control supple-
ment. In addition, the "at risk" rs2250656 A allele carriers had reduced 
insulin sensitivity and increased BMI, relative to the GG homozygotes. 
Again, genetic infl uences were modifi ed by LC n-3 PUFA supplementa-
tion, whereby the A allele carriers achieved a 35% improvement in insulin 
sensitivity following intervention whereas no changes were noted between 
genotypes following oleic acid supplementation. Interestingly PUFAs are 
ligands of FXR [128], a nuclear receptor which regulates C3 expression 
[129]. Thus it is possible that alteration of C3 expression via modulation 
of FXR is a potential mechanism by which gene-nutrient interaction of C3 
genotype and dietary PUFAs could infl uence C3 levels and thus MetS risk. 
Although speculative, it may be worthy of further investigation to help 
elucidate the molecular basis of such gene-nutrient interactions and their 
impact on markers of infl ammation and insulin resistance. 

1.5 NUTRIGENETICS AND PERSONALISED NUTRITION 

Phenylketonuria (PKU) was the first genetic disease in which a gene-di-
et interaction was described. This condition is a good example of how a 
single nutrient can be used to manage genetic predisposition to a mono-
genic disease. People with PKU lack the enzyme required to metabolize 
phenylalanine, an essential amino acid found in dairy, meat, fish, nuts and 
pulses, with the result that dangerous levels of phenylpyruvic acid may 
build up which are toxic to the brain Thus, individuals with PKU need to 
stick to a low phenylalanine diet for life to avoid PKU symptoms. Coeliac 
disease, an inflammatory condition which results from intolerance to di-
etary gluten, is an example of how personalised nutrition can potentially 
work. High concordance rates from twin studies indicate a strong genetic 
influence, but it seems that carrying certain genes reveals a genetic predis-
position to dietary factors rather than disease development [130]. Obesity 
is another example of how nutrigenetics can be used to personalise an 
individual’s diet with a view to improving long term weight management. 
An interesting study by Arkadianos et al. [131] examined weight loss and 



22 Functional Foods

weight loss maintenance following a personalised calorie-controlled diet 
and exercise program, based on 24 SNPs in 19 genes involved in metabo-
lism, in subjects with a history of weight loss failure compared to control 
subjects who just received generic dietary and exercise advice. This study 
showed that the nutrigenetically tailored diet achieved better compliance, 
improvements in glucose levels and BMI reduction not only during the 
weight loss period but importantly also over the following year. Another 
personalised dietary intervention, based on 4 SNPs in four genes, with 
stratification of overweight/obese and control subjects into diet or diet and 
exercise groups, demonstrated that individuals were slow to take optimal 
health advice, particularly in the combined diet and exercise group [132]. 

While this was a small study based on a limited number of genetic 
variants it raises the issue of negative consumer opinion, which poses a 
potential barrier to the application of nutrigenetic based intervention. A re-
cent pan-European study investigated the attitudes of consumers towards 
genetic testing and personalised nutrition [133]. The results of this study 
were encouraging, with 66% of respondents willing to undergo genetic 
testing and 27% willing to adhere to a personalised diet [133]. Interest-
ingly individuals with MetS and T2DM related health conditions were 
particularly positive toward nutrigenetic intervention. These fi ndings are 
encouraging for the future application of genome-customized diets for 
obesity, MetS and T2DM prevention and therapy following personalised 
approaches. However, as success or failure of any new technology is con-
sumer driven, consumer research in the application of personalised nutri-
tion is essential. 

1.6 CONCLUSIONS 

In this review, some recent novel nutrigenetic data in the context of meta-
bolic disease have been presented, which suggest that certain nutrients, in 
particular dietary fatty acids, may have the potential to modify the genetic 
predisposition to these diet-related conditions. While this review has fo-
cused on dietary fat, more holistic methods which incorporate an indi-
viduals’ diet or dietary patterns, rather than selecting individual dietary 
components, need to be developed to advance the state of the art. More-
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over, other modifi able environmental factors which interact with the diet 
should be considered in gene-environment studies (i.e., physical activity, 
alcohol intake, smoking status) across a range of metabolic conditions. 
Nevertheless current data provides proof of concept. The shift towards 
"personalised" nutritional advice is an attractive proposition. Nutrigenet-
ics has the potential to change diet-related disease prevention and therapy. 
While recent advances in high-throughput genetic analysis have improved 
our understanding of the contribution of genetics to metabolic health and 
disease, the molecular mechanisms underlying many of these gene-nutri-
ent interactions remain unclear. Functional studies are needed to ascertain 
their biological signifi cance and potential clinical utility. Nutrigenetics is 
just one piece in a very complex jigsaw, which needs to move forward 
with nutritional science in order to translate observational fi ndings into 
molecular mechanisms. The combined application of nutritional and ge-
netic epidemiology with metabolite and molecular profi ling at the gene, 
transcriptome, proteome and metabolome level to defi ne an individuals’ 
metabotype will be crucial in this regard. Such concerted actions, using 
larger study cohorts and collaborative research efforts across different dis-
ciplines may lead to the identifi cation of sensitive/responsive metabotypes 
(i.e., modifi able by dietary fatty acids or other nutrients). The challenge 
for current and future research is validation and translation of nutrigenet-
ic fi ndings, which may provide the basis for successful personalised and 
public health approaches for metabolic disease prevention. 
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CHAPTER 2

A REVIEW OF THE NATURE AND 
EFFECTIVENESS OF NUTRITION 
INTERVENTIONS IN ADULT MALES: 
A GUIDE FOR INTERVENTION 
STRATEGIES

PENNIE J. TAYLOR, GREGORY S .KOLT, 
CORNEEL VANDELANOTTE, CRISTINA M. CAPERCHIONE, 
W. KERRY MUMMERY, EMMA S. GEORGE, 
MOHANRAJ KARUNANITHI, and MANNY J NOAKES

2.1 INTRODUCTION

In terms of dietary behaviours, males are less likely to meet the recom-
mended intakes of fruit and vegetables compared to women [1-5]. Accord-
ing to the ‘Health of Australia’s Males’ report [1] 68% of Australian males 
are classified as overweight or obese [1,6].

Despite males having a shorter life expectancy [1,7] and being more 
susceptible to the medical consequences of chronic disease compared to 
their female counterparts [2,8], participation in preventive health services 
are lower amongst males [1,2]. Based on current literature, males are less 
likely to attend face-to-face dietary counselling sessions and tend to be 
more apprehensive of health-related initiatives, media advertising cam-
paigns, and scientifi c studies on healthy eating [9]. “Healthy eating” mes-
sages are presented by a range of media sources, especially internet-based 
media, which can provide contradictory nutritional messages to readers 
or messages based on evidence with unknown scientifi c quality [2]. For 
males, who most often do not seek professional consultation [1,2,10], this 
can lead to self-monitoring of their current health status based on instinc-
tive assumptions from questionable evidence or utilising uninformed 
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partners and friends as a source of advice regarding diet and lifestyle be-
haviour changes [1,2,10]. A lack of willpower, motivation [11-14] and 
time [9,15,16] has also been identifi ed by men as the primary barriers that 
hinder the adoption of healthy dietary behaviours.

Despite research recognising that poor dietary patterns, such as low 
fruit and vegetable intake and energy excess, as being associated with a 
greater risk of developing non communicable diseases including diabetes 
mellitus, heart disease and some cancers [4,6-8], scientifi c literature spe-
cifi c to lifestyle programs that effectively target engagement by males, 
however, is very limited. A recent review by Pagoto and collegues [17] 
noted that only 5% of lifestyle intervention studies targeting weight loss 
were exclusive to males compared to 32% exclusively targeting females 
[17]. With recent publications identifying males as a hard-to-reach popula-
tion and at greater risk of premature death compared to females, interven-
tions should consider appropriate strategies to engage males in improving 
lifestyle and behaviour outcomes [1,2,8].

Therefore the purpose of this review is to provide a critical evaluation 
of the nature and effectiveness of nutrition interventions that target the 
male population. Also to identify strategies that are likely to be effective 
in improving program engagement by adult males.

2.2 METHODS

2.2.1 LITERATURE SEARCH

An individualised search for full-text publications was conducted using 
the following electronic databases: The Cochrane Library; Web of Sci-
ence; SCOPUS; MEDLINE and CINAHL. Reference lists of retrieved ar-
ticles and other relevant systematic reviews [18-20] were also reviewed. 
The following search terms were used: men OR male; diet OR nutrition 
OR dietary intake; lifestyle; intervention OR program; fruit and vegeta-
ble intake. The search was limited to the adult population (over 18 years 
of age). Two reviewers independently assessed studies identified in the 
search for relevance from the title, abstract and key words. Those meeting 
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the inclusion criteria were retrieved and further assessed for relevance. In 
the event where agreement was not met for studies inclusion/exclusion a 
third reviewer was engaged.

2.2.2 STUDY INCLUSION CRITERIA

To identify the most effective strategies for improving nutrition and sup-
porting lifestyle risk modification in adult males, this review considers 
and reports outcomes from studies that have delivered lifestyle interven-
tions aimed at improving dietary intake and/or behaviour in adult males. 
Nutrition research has grown significantly over time, and more recently to 
encompass web-based intervention modalities. To ensure relevant current 
technology and intervention design, dates of publication were restricted to 
January 1990 to August 2011.

Publications were selected for this review if they met the following 
criteria:

(i) included adult males only, OR both males and females where data 
on male participants was reported exclusively AND

(ii) intervention delivered assessed changes in weight and dietary in-
takes and/or dietary behaviours as a primary or secondary outcome.

Studies were excluded if:

(i) participants recruited had special dietary requirements and dietary 
interventions targeted these conditions (e.g. diverticular disease; 
diabetes, heart disease; renal disease; all types of cancers and gas-
trointestinal disorders) AND

(ii) if studies examined the effect of different diets on weight loss only.

Randomised Control Trials (RCT) with appropriate control group 
comparisons were the priority for inclusion; quasi-experimental trials 
(non random allocation) with a comparison group were also considered. 
If multiple publications presented data from the same population in the 
same intervention study, only the most relevant publication was included. 
Although priority was given to nutrition-based interventions, due to the 
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limited body of literature available on nutrition only in males, studies that 
investigated nutrition in combination with physical activity were also in-
cluded in the review. Combined studies were excluded in situations where 
limited data was reported on dietary intake and/or dietary behaviour in 
combination with physical activity. During the review process a consensus 
was drawn to include RCT’s where males contributed > 90% of the active 
cohort and where studies provided substantial insight to nutrition interven-
tion design.

2.2.3 DATA EXTRACTION

Data from the included studies, such as methodological quality, interven-
tion and intervention comparison details were independently extracted and 
quality graded by two reviewers.

Methodological quality of each study reviewed was scored using the 
McMasters University quality assessment tool for quantitative studies de-
veloped by the Effective Public Health Practice Project quality assessment 
tool [21] . Factors assessed and rated were: selection bias, study design, 
confounders, blinding, data collection methods and withdrawals/drop-
outs. A standardised dictionary developed for the Effective Public Health 
Practice Project quality assessment tool, was used to classify the factors as 
strong, moderate or weak (see Table 1).

Individual ratings contributed to a global rating for each study assign-
ing a weak (where 2 or more factors were rated as WEAK); moderate 
(where less than 4 factors were rated as STRONG and one WEAK rating) 
and strong (where 4 or more factors were rated as STRONG with NO 
WEAK ratings). In the event of a discrepancy in interpretation of the fi nd-
ings, all queries were resolved through discussion amongst authors during 
the review process.

To determine intervention effectiveness, a study must have described, 
(i) a signifi cant change over the intervention period (p<0.05) in an objec-
tive measure of body weight, expressed in kilograms (kg) AND/OR Body 
Mass Index (BMI) expressed as kilograms per metre squared (Kg/m2) in 
studies with prescribed caloric restriction OR (ii) at least one signifi cant 
change (p<0.05) in a dietary intake measure including, fruit and vegetable, 
total energy and total fat intakes.



TABLE 1: Effective Public Health Practice Project Quality Assessment Components and 
Ratings

Components Strong Moderate Weak

Selection Bias Very Likely to be 
representative of the 
target population and 
greater than 80% par-
ticipation rate

Somewhat likely to 
pre representative of 
the target population 
and 60–79% participa-
tion rate

All other responses or 
not stated

Design RCT or CCT Cohort analytic, case 
control, cohort or an 
interrupted time series

All other designs of 
design not stated

Confounders Controlled for at least 
80% of confounders

Controlled for at least 
60–79% of confound-
ers

Confounders not con-
trolled for or not stated

Blinding Blinding on outcome 
assessor and study 
participants to inter-
vention status and/or 
research question

Blinding of either out-
come assessor or study 
participants

Outcome assessor and 
study participants are 
aware of intervention 
status and/or research 
question

Data Collection 
Methods

Tools are valid and re-
liable

Tools are valid but re-
liability not described

No evidenced of valid-
ity or reliability

Withdrawals and 
Droupouts

Follow-up rate of 
>80% of participants

Follow-up rate of 60–
79% of participants

Follow-up rate of 
<60% of participants 
or withdrawals and 
dropouts not described

2.3 RESULTS

2.3.1 RESULTS OF SEARCH STRATEGY

Individual data-base searches resulted in 1381 titles and abstracts being 
identified for this review. Duplicate articles and those that did not meet 
the specified inclusion criteria, within the title or abstract were removed, 
leaving a total of 89 publications for consideration. Of these, 18 were re-
view articles and 71 intervention studies. Full text articles were retrieved 
and assessed against the inclusion criteria. Of the 71 intervention studies, 
nine met the inclusion criteria for this review (Table 2). The majority of 
the studies excluded from this review included both male and female 
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participants where data was unable to be extracted for males exclusively. 
All studies targeted overweight and obese males (BMI >25 kg/m2) with 
one study [10] reporting mean baseline BMI <25 kgm2. Of the nine stud-
ies, eight were RCTs [3,22-28] and one was quasi-experimental [10]. Four 
(40%) of the included studies were based solely on nutrition interventions 
in males [3,25,27,28] whilst the remainder combined nutrition and physi-
cal activity interventions [10,22-24,26]. All but one study [2] included 
male participants only. A consensus between the primary and co-authors 
resulted in this study being included. The basis for its inclusion being that 
97% of the participants in the study were male and outcome measures 
were commensurate with the inclusion criteria.

2.3.2 DESCRIPTION OF INCLUDED STUDIES AND 
PARTICIPANTS

A total of 6,167 overweight/obese males were represented in these nine 
studies. Sample sizes of the included studies ranged from 53 to 5,042 male 
participants and were aged 18 years and over. Studies were based in Aus-
tralia [3,18,23,24,26], Belgium [27], Japan [10], United Kingdom [25] and 
the United States of America [28]. Six studies were worksite interven-
tions [10,24-28] and three were community-based interventions [3,22,23] 
of which two involved family members [22,23]. Study duration ranged 
from 12 weeks to 24 months, of these seven were considered short-term 
(<6 months) [3,10,22-25,27] and two long-term (>6 months) [26,28].

Eight studies observed weight changes [3,10,22-27], three studies 
[22,25,26] had the primary aim of achieving weight loss through caloric 
restriction whilst fi ve studies [3,10,24,26-28] focused on achieving chang-
es in dietary intake patterns relating to modifi cations in fruit, vegetable, 
dairy and total fat intakes. Four studies reported the social cognitive theory 
as supporting the intervention [22-24,28].

The characteristics of each study including participants, the interven-
tion, comparison, duration and outcomes that reported changes in dietary 
behaviours and/or weight changes were stratifi ed. Additional features of 
the intervention were further tabulated by personnel delivering the inter-
vention (e.g. dietician), mode of delivery (e.g. print, internet or face-face) 
and form of nutrition information provided (e.g. generic or tailored).
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A
rao et al. (2007) 

N
on-random

ised 
C

ontrol trial

177 m
en w

ith risk 
factors for chronic 
disease

Prim
ary:

Intervention - LiSM
-PA

N
 

G
roup (individual counselling 

based on stages of change and 
environm

ental and social sup-
port, w

ork- and hom
e-based)

C
ontrol group 

(Standard C
on-

ventional H
ealth-

care (SC
H

))

6 m
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· LiSM
 PA

N
 group: 

show
ed significant pos-

itive changes in leisure 
tim

e exercise energy 
expenditure (LEEE) 
(m

ean inter-group 
difference: 400.6 kcal/
w

eek, 95%
 C

I: 126.1, 
675.0 kcal/w

eek).
Japan

W
t 68.3 kg (+/- 

10.1)
· leisure 
tim

e exer-
cise energy 
expenditure 
(LEEE)

· Individual counselling: 6 
m

onth program
 based on 

stages of change. 15 m
ins of 

one-on-onecounselling on PA
 

and dietary goals. PA
 goal 

w
as specific num

ber of steps/
day based on stage of change. 
Those already active/m

aintain-
ing given additional PA

 goals. 
Structured counselling given 
by trained professionals

· G
eneric printed 

m
aterials on 

exercise, diet and 
cooking provided

· N
o m

ean inter-group 
differences reported 
for dietary habits. (p= 
0.432)

· H
t 166.2 cm
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· Second-
ary:

· Environm
ental and social 

support: w
alking course and 

exercise facilities installed at 
w

orkplace, caloric content of 
lunch m

enu displayed at w
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nutrition through consultation 
w
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nor environm
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o significant be-
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een group difference 

in changes in dietary 
fat; fruit and vegetables 
intakes (0.071-0.238)
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B
ooth et al. (2008)

· 54 free-living, 
overw

eight or 
obese m

ales

Prim
ary:

W
ELL intervention (W

eight-
loss; exercise; low

er blood 
pressure and longevity 
intervention group) delivered 
face to face + 2 2 telephone 
calls by trained research staff 
overseen by dietician

Low
 Fat group 

(B
ased on the 

healthy w
eight 

guide by the N
a-

tional H
eart Foun-

dation (2002) – no 
prescribed food 
volum

e given) 
and delivered 
face to face + 2 
telephone calls by 
trained research 
staff overseen by 
dietician

12 w
ks

O
verall:

R
andom

ised con-
trolled trial

· M
ean age 48 

years
· C

hanges 
in dietary 
intake of: 
i) fruit, ii) 
vegetables, 
iii) dairy)

· Print based m
aterial provided 

on D
A
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eneralised 

w
ritten inform
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ore 
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and other plant 
based products, c) 
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e fish and 
legum

es at least 
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eek.

· 86%
 retention rate

TA
B

LE 2: C
ont.
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B
raekm

an et al 
(1999)

· 638 m
iddle aged 

m
en

Prim
ary:

Low
-Fat D

ietary Intervention
C

ontrol sites (no 
access to support)

3 m
ths

· 82%
 retention rate at 

3 m
onths

R
andom

ised 
controlled trial 
(4 w

orksites ran-
dom

ised)

· M
ean age 43.7 

(+/-6.6)
· D

ietary 
H

abits 
(24 hr food 
record)

· Participants inform
ed of 

baseline screening m
easures 

at 2 w
eeks through individual 

counselling session and in-
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ed of personal risk factor 
profiles

· Provided w
ritten 

sum
m

ary of risk 
factor profile w
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nil dietary educa-
tion/inform
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provided. Excep-
tion for those w
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abnorm

al values 
w

ho w
ere referred 

to their G
P.

· Significant reduction 
in total energy and total 
fat intake in the inter-
vention group (p<0.05) 
but no difference for 
percent of energy from

 
types of fat.

B
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ean B

M
I 

26.5 kg/m
2

· Serum
 

Lipid 
levels

· M
ass m

edia used w
ithin 

Intervention sites to stress the 
link betw
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heart disease and the role of a 
low

 fat diet.

· Intervention group 
increased protein and 
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ore than 
the control (p<0.05)

· Second-
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· Poster displays and leaflets 
providing strategies on how

 to 
reduce dietary fat provided at 
intervention sites

· B
M

I increased 
by 0.3 kg/m

2in the 
intervention group vs. 
controls (p<0.001)

TA
B
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ont.
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2.3.3 PERSONNEL

Interventions were dietician-led [3,25,27] dietician and exercise physiol-
ogist-led (sex not defined) [26] male researcher-led [22-24] or researcher-
led (sex non-defined) [10,29].

2.3.4 QUALITY OF INCLUDED STUDIES

Assessment of study quality identified four studies as having a strong 
quality rating [10,22,24,26], four rated as moderate [3,23,25,28] and one 
rated as weak [27]. Quality Assessment results can be seen in Table 3.

Those that were rated moderate and weak performed poorly in the 
quality assessment criteria for selection bias, confounders and data collec-
tion methods. Study designs differed substantially in the nature of the in-
terventions and the nature of the control group. For example, some studies 
compared the intervention to a wait-listed, no intervention control group 
[23,24,27,28] whilst others compared two different forms of intervention 
[3,10,22,25,26]. Several modes of delivery within studies were common 
such as combining print-based materials (n=8) [10,22-24,26-29], face-
to-face (n=9) [3,10,22-29], or phone counselling (n=2) [3,28] and use of 
internet-based tools (n=3) [23-25].

2.3.5 INTERVENTION EFFECTIVENESS

Intervention ‘effectiveness’, as defined previously, was found for seven 
of the nine studies and is shown in Table 4. Five effective studies were in 
the worksite setting [10,24,26-28] and two were community based [3,23]. 
One community study focussed on overweight males and their primary 
school aged children [23]. Four studies reported using a theoretical ba-
sis for the intervention utilising social cognitive theories and readiness to 
change models [10,23,24,28]. The duration of study interventions were 
short-term, 12 weeks to six-months [3,23,24,27] and long-term 12–24 
months [26,28]. Interventions targeted nutritional intake and dietary be-
haviours [3,27,28] and dietary intake in combination with physical activity 
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[10,23-25]. Pritchard et al. was the only study that compared weight loss 
through caloric restriction against weight loss through exercise only to a 
control group whereby participants attended weight monitoring sessions 
only [26].

2.3.6 EFFECTIVENESS OF INTERVENTIONS AIMING TO 
ACHIEVE WEIGHT LOSS

Of the effective interventions, four studies [10,23,24,26] reported sig-
nificant positive changes in weight (kg) and/or BMI (kg/m2) changes (p 
≤0.05). Study sample sizes ranged from 53 to 177.

Two studies involved internet usage [23,24] including the use of a 
commercially available self-monitoring tool in combination with face-
to-face group interaction [23,24] and an independent study website [24]. 
All other studies provided face-to-face, individual intervention delivery 
[10,23,26]. All studies used combinations of nutrition and physical activ-
ity strategies to promote weight-loss [10,23,24,26] and two used caloric 
restriction through personalised low-fat dietary plans aimed at reducing 
baseline intake by 500kcal per day [23,26]. Other nutrition strategies in-
cluded reduction of total fat intake, portion serves and building awareness 
of targets for healthier eating practices [10,23,24,26].

2.3.7 EFFECTIVENESS OF INTERVENTIONS AIMING TO 
ACHIEVE CHANGE IN DIETARY INTAKE AND FOOD 
BEHAVIORS

There were four effective interventions (p <0.05) targeting determi-
nants of dietary intake and dietary behaviours and/or nutritional intake 
[3,24,27,28]. Study sample sizes ranged from 53 to 5042. One study in-
cluded single face-to-face interaction, use of a commercially available 
self-monitoring tool and access as needed to an independent study website 
[23]. Other modes of delivery included multiple face-to-face interactions 
combined with phone support [3] or non-compulsory group education ses-
sions [27]. Tilley et al. conducted a long-term study, duration of 2 years, 
incorporating multiple group face-to-face interactions with phone support 
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[28]. A range of dietary behaviours were targeted, most commonly a com-
bination of total fat reduction and increasing daily fruit and vegetable in-
take [3,27,28], dietary patterns and/or nutrition knowledge [3,24,27].

2.3.8 MODE OF INTERVENTION DELIVERY

2.3.8.1 GROUP-BASED DELIVERY

Three group-based intervention studies were included in this review 
[23,27,28]. All three delivered face-to-face group sessions and print-
based materials in a group-based setting to convey information on 
healthy eating [27,28] and physical activity [23]. One of these studies 
included telephone delivery of motivational tips and feedback on diet 
quality during the intervention [28]. Two studies were worksite inter-
ventions [27,28] and one study accessed families in the community [23]. 
Interventions were dietician-led (sex non-defined) [27], male researcher-
led [23] or researcher-led (sex non-defined) [28]. The “Healthy Dads, 
Healthy Kids” study included the use of a publically available website, 
CalorieKing™, for self-monitoring dietary intake and physical activity 
habits. Fifty-three obese males (mean age 40.6 +/− 7.1 years) and their 
primary school aged children (n=71) participated in the study which 
compared a structured, 8 week face-to-face group program known as the 
“Healthy Dads, Healthy Kids” program, against a wait-list control group 
[23]. The program followed the constructs of Social Cognitive Theory 
and Family Systems Theory and delivered dietary information based on 
the Australian Guide to Healthy Eating’s recommended daily intakes, 
meal planning, food label reading and goal setting in addition to physical 
activity messages [23]. There was a significant between-group differ-
ence in weight loss at 6 months (7.6 kg vs 0.0 kg, P<0.001 for treatment 
effect), and a significant correlation was identified between percentage 
weight loss and number of diet entries, daily physical activity entries and 
weekly weight check-ins. There was no measurable effect for changes 
in total energy and dietary intake [23]. The authors noted that targeting 



fathers for lifestyle interventions improved the health behaviours of their 
children [23].

The worksite interventions included greater numbers of participants 
(n=638) [27], (n=5,042) [28] compared to the community run interven-
tion (n=53) [23]. The study by Braeckman and colleagues [27] recruited 
638 males (mean age 43.7 +/− 6.6) from 4 worksites to participate in the 
study comparing a 3-month generic low-fat dietary intervention with con-
trol group sites, where no dietary education or information was provided 
[27]. The intervention sites were exposed to a range of media, includ-
ing posters, leafl ets, newsletters and videos outlining the importance of 
a low-fat diet in reducing the risk of heart disease and provided optional 
2-hour dietician-led dietary group education sessions which were run out 
of business hours [27]. At 3 months there was a signifi cant between-group 
difference for total energy and total fat, with the intervention groups re-
porting a reduction of 8.6% and 7.2% respectively (p<0.05) and a sig-
nifi cant improvement of 44.5% in nutrition knowledge (p<0.001) [28]. 
Body mass index (BMI) for the intervention group increased by 0.3 kg/m2 
compared to the control group and the authors suggest an increase in BMI 
was observed in the intervention group as a result of participants overeat-
ing “healthier” foods and under-reporting post intervention dietary intakes 
[27].. There was no measurable effect for percent of energy from types of 
fat or total cholesterol between groups [27].

The fi nal study by Tilley and colleagues [28] recruited 5042 partici-
pants from 28 male dominant worksites (mean age 56.5 +/− 12.2 years) 
into the Next Step Trial; >90% of this cohort were males [28,29].

The Next Step Trial was a multi-component, cancer control program, 
which compared a generic 2-year face-to-face group program against 
control groups [28,29]. The Next Step Trial followed the constructs of 
Social Cognitive Theory and the transtheoretical model of change to de-
liver dietary information that promoted a reduced fat dietary intake and 
an increased fruit and vegetable intake according to the USDA food guide 
pyramid [28,29]. Five nutrition education groups, provided during paid 
working hours, delivered information regarding diet quality, behaviour 
change, goal setting, tips on how to obtain family and co-workers support 
and information regarding the importance of cancer screening [28,29]. 
One motivational telephone call was delivered to participants, and group 
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attendance records were maintained [28,29]. Computer generated person-
alised feedback was provided to participants in the form of graphs com-
paring employee’s dietary intake against the USDA food guide pyramid 
[28,29]. The intervention sites were exposed to a range of media including 
posters, leafl ets and newsletters on how to reduce dietary fat and increase 
fruit and vegetable intake [28,29]. There was a signifi cant between-group 
effect for all outcome measures at 12-months (p<0.006), with total energy 
reducing by 1.5%, dietary fi bre increasing by 0.5 g/1000Kcal and daily 
fruit and vegetable servings increasing by 0.13 per day, with a signifi cant 
effect observed for fi bre only at 24-months (p =0.002) [28,29]. A signifi -
cant dose–response was observed for group attendance rates, with those 
attending all 5 group sessions (19%) reducing their total energy from di-
etary fat by 3%, increasing dietary fi bre by 1 g/1000Kcal and fruit and 
vegetable intakes increasing between 0.3 to 0.7 serves per day [28,29].

This study identifi es that participation in worksite health promotion 
initiatives where employers enable employees paid release time from 
work to attend education sessions may be an effective strategy to enhance 
intervention effectiveness [28,29].

2.3.8.2 FACE-TO-FACE DELIVERY

Face-to-face methods featured in all nine interventions [3,10,22-28]. All 
studies combined face-to-face delivery with at least one of the following 
additional modes of delivery including internet [3,22-25] or print-based 
material [10,22-24,26-28], telephone contact [3,28] and group-based con-
tact [23,27,28]. Participants from six of the studies were recruited from 
worksite environments [10,24-28] whilst three studies recruited from the 
general community [3,22,23]. The frequency of face-to-face contact var-
ied between one session only [19]; fortnightly [3,22,24-27] and monthly 
[10,28]; with nutrition education sessions led by a dietician [3,25-27], 
male researcher [22-24], or researcher (sex not defined) [10,28]; with 
time for dietary intervention delivery ranging from 15 minutes to two 
hours [3,10,22-28]. Of the nine studies, four had developed the behaviour 
change intervention based on Social Cognitive Theory [10,22,23,28] to 



guide goal setting and self-monitoring behaviours and to guide researcher 
feedback on participant performance [10,22,23,28]. All face-to-face stud-
ies included the provision of individualised feedback on dietary intake 
patterns, adherence to targets and weight loss goals to participants. Of 
the nine studies, only three reported significant positive between-group 
effects for changes in dietary intake patterns [3,27,28]. The comparison 
groups in these studies were generic low-fat dietary intervention [3], no 
access to information or support [27,28].

Booth and colleagues [3] studied the impact of prescribed dietary tar-
gets vs. generalised information for fruit, vegetable, and dairy consump-
tion in a cohort of 63 males (mean age 48 years) over a 12-week period 
[3]. Dietician-led face-to-face sessions were conducted fortnightly and 
supplemented with two phone counselling sessions over the study dura-
tion [3]. Findings by Booth et al. suggested that the setting of quantitative-
based dietary targets performed better than generic information in improv-
ing self-reported dietary behaviours [3].

2.3.8.3 INTERNET-BASED DELIVERY

Three studies reported utilising internet technology; three were work-site 
based programs utilising on-site intranet access including email [24,25] 
and one was a community based program [23]. The common internet-
based features utilised in the abovementioned studies were: interactiv-
ity with the user [22-24]; personalised feedback based on user entered 
food data [23-25]; and use of transtheoretical behaviour change constructs 
within nutrition messages [22-24]. The Transtheoretical model assesses 
an individual's readiness to act on a new healthier behaviour and provides 
strategies or processes of change to guide the individual through the stages 
of change to action and maintenance [30].

Leslie et al. conducted a study where a dietician delivered generic 
dietary information via email in combination with face-to-face sessions 
[25]. Although weight loss was signifi cant in both intervention groups 
compared to the control group, adherence with dietary advice was lim-
ited [25].
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2.4 DISCUSSION

This review evaluated recent literature where interventions targeted 
males in community and worksite settings as a means to improve nutri-
tion and dietary behaviours. From the nine studies included in this re-
view, seven were considered effective in achieving satisfactory outcomes 
[3,10,22-24,26-28]. Few male-based dietary intervention studies have fo-
cussed primarily on weight management [10,22-24,26], and to a lesser 
extent on diet quality changes [3,25,27,28]. Many lacked suffi cient detail 
on intervention description and few described any behavioural theory un-
derpinning the approach used. This makes interpretation of the effective-
ness of different delivery modes diffi cult to determine, with this review 
suggesting that intervention effectiveness was not associated with mode 
of intervention delivery.

Little information exists for why males are under-represented in di-
etary modifi cation interventions [17], suggesting that future investigations 
need to consider the barriers preventing males from engaging in dietary 
modifi cation strategies. This was reinforced by Robertson et al. who were 
unable to determine any effective approaches to enhance the uptake of 
health services by males [18].

This review identifi ed an increasing trend towards recruitment of male 
participants within the workplace. Six of the nine studies included in this 
review recruited male participants from worksite environments [10,24-
28], two incorporated an internet-based methodology for delivering in-
terventions [24,25]. This may suggest that utilising worksites where the 
internet is readily available to employees may be an effective delivery 
mechanism with the potential to be a wide reaching and cost-effective op-
tion for targeting the male population [18-20,31].

An important issue for interventions is getting participants to effec-
tively and frequently engage in the provided programs. Previous studies 
have shown that higher use of internet-based features combined with 
telephone interaction proved to be effective in changing dietary behav-
iours [19,32]. The features of successful internet-based lifestyle change 
programs remain to be identifi ed, and as noted by Neve and colleagues 
[19], it is not yet possible to attribute the effectiveness of internet-based 
interventions to specifi c intervention components due to heterogeneity 



of study designs. Manzoni et al. supported this view but noted greater 
effi cacy of behavioural internet-based programs which included tailored 
feedback on self-monitoring of weight, eating and activity over educa-
tion only internet-based interventions [33]. Qualitative feedback received 
through semi-structured interviews from participants of the SHED-IT trial 
strengthen the comments made by Manzoni et al. reporting that most re-
spondents found that Calorie King™ was a invaluable component of the 
SHED-IT program, reported to aid in their understanding of the effects 
of diet and exercise on weight loss due to the instant and visual feedback 
gained online [34]. However, limitations for the use of Calorie king™ 
existed including time needed to enter daily intake, navigation of the web-
site was not intuitive and respondents suggesting that the foods contained 
within Calorie King™ did not cater for those who did not dependant of 
fast foods, pre-prepared or standard foods [34].

To enhance effectiveness of dietary interventions for males, literature sug-
gests that nutrition messages need to remain clear, concise and achievable 
[3,35]. Messages are also well received when they are based on the partici-
pants’ identifi ed needs and presented frequently in an engaging and fun man-
ner [3,10,23,28,35]. This result is consistent with Morgan et al.’s evaluation 
of the SHED-IT intervention, which highlighted that males were attracted to 
programmes that do not require extensive time commitment but present key 
nutrition messages in a thoughtful but comical manner [34]. Practical advice, 
such as simple weekly meal plans that are inclusive of “treat” foods and bev-
erages recipes, and the engagement of wives or partners, has been deemed 
helpful to overcome the barriers to healthy eating in males [14,34].

Several studies demonstrated the importance of self-monitoring (e.g. 
keeping dietary intake records, tracking/monitoring weight online) to en-
hance adherence and encourage long-term behaviour change [3,22-25,28]. 
Self-monitoring is strongly associated with program adherence and posi-
tive long-term behaviour change. Previous studies have recognised that 
more frequent self-monitoring of dietary behaviour is positively correlated 
with weight loss independent of delivery mode [36-39].

Although excluded from this review due to the lack of any control 
group comparison, Auon et al. provide valuable insight on how collabora-
tion between health care service providers and existing community groups/
clubs can lead to sustainable lifestyle strategies for males [40].
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Auon et al. [40] delivered a community-based lifestyle intervention 
program recruiting 750 overweight males from 23 Rotary Groups. The 
program was titled the “Waist Disposal Challenge” and was delivered by 
health service dieticians and exercise physiologists. These included face-
to-face group educational presentations (up to three over 12 months), a 
face-to-face BMI monitoring/competition - weight and height measured 
and recorded monthly with competition between Rotary clubs and tele-
phone lifestyle coaching through four calls to each participant [40]. This 
study found signifi cant decreases in BMI; increased awareness of life-
style changes that promote weight loss; and increased motivation through 
friendly club competition, suggesting that face-to-face group presentations 
on nutrition and physical activity may help males to facilitate lifestyle 
changes [40]. This perception was also observed by Morgan et al.’s fi nd-
ings whereby participants of the SHED-IT trial suggested improvements 
for future trials be to consider increasing face-to-face contact in the form 
of small groups and meetings [34].

Also highlighted was that similar community-based projects that uti-
lise existing community groups/clubs in collaboration with health care 
service providers, potentially enable interventions to be self-managed and 
sustainable [40]. The study undertaken by Morgan et al. [24] with male 
shift workers clearly demonstrates that information sessions, program 
booklets, group-based fi nancial incentives and an online component in 
the Workplace Power Program was able to achieve reductions in weight 
and soft drink consumption [41]. However, Collins et al. [42] noted that 
whilst males were able to reduce portion size in the SHED-IT Program, 
reductions in alcohol or increases in fruit and vegetable intake were not 
achieved, recommending that specifi c food based guidelines be included 
in future programs for males [41,42].

2.4.1 STRENGTHS AND LIMITATIONS

The strengths of this review are that it draws on evidence from randomised 
control trials targeting males and systematically assesses the methodologi-
cal quality of studies. However, it is not without limitations. Although the 



majority of the studies in our review reported effective interventions, the 
findings from this review are based on a small number of studies of which 
trials were limited by short intervention periods and absence of long-term 
follow-up. Additionally publication bias could be a result of the broad 
search focus that may have resulted in relevant papers being missed; this 
is in addition to unpublished (grey literature) not being sought.

2.5 CONCLUSION

The area of male health has been recently ignited on the health agenda 
[1,2] but remains under-developed in exploring effective dietary inter-
ventions. Although seven of the nine reviewed studies were effective in 
achieving weight-loss outcomes and/or change in dietary practices in the 
short-term, uncertainty remains as to the primary features of successful 
dietary interventions for males due to limited details provided for nutrition 
intervention protocols, variability in mode of delivery and comparisons as 
well as content of information provided to participants between studies. 
However, the reviewed studies do provide valuable insight to potential 
recruitment and intervention strategies for this hard to reach male popula-
tion, favouring worksite recruitment practices where employer engage-
ment and intervention support is obtained.

To enable evaluation of intervention effectiveness between studies it is 
recommended that larger scale effectiveness studies that report nutrition 
intervention protocols and content of information provided in males (or 
gender stratifi ed) are needed.

Although outside the scope of this review, studies exploring the cost-
effectiveness of worksite vs community interventions targeting eating be-
haviour and energy balance would be valuable to explore.
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NUTRIENT TIMING REVISITED: IS 
THERE A POST-EXERCISE ANABOLIC 
WINDOW?

ALAN ALBERT ARAGON and BRAD JON SCHOENFELD

CHAPTER 3

3.1 INTRODUCTION

Over the past two decades, nutrient timing has been the subject of numer-
ous research studies and reviews. The basis of nutrient timing involves 
the consumption of combinations of nutrients--primarily protein and car-
bohydrate--in and around an exercise session. The strategy is designed to 
maximize exercise-induced muscular adaptations and facilitate repair of 
damaged tissue [1]. Some have claimed that such timing strategies can 
produce dramatic improvements in body composition, particularly with 
respect to increases in fat-free mass [2]. It has even been postulated that 
the timing of nutritional consumption may be more important than the 
absolute daily intake of nutrients [3].

The post-exercise period is often considered the most critical part of 
nutrient timing. An intense resistance training workout results in the de-
pletion of a signifi cant proportion of stored fuels (including glycogen and 
amino acids) as well as causing damage to muscle fi bers. Theoretically, 
consuming the proper ratio of nutrients during this time not only initiates 
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the rebuilding of damaged tissue and restoration of energy reserves, but it 
does so in a supercompensated fashion that enhances both body composi-
tion and exercise performance. Several researchers have made reference to 
an “anabolic window of opportunity” whereby a limited time exists after 
training to optimize training-related muscular adaptations [3-5].

However, the importance – and even the existence – of a post-exer-
cise ‘window’ can vary according to a number of factors. Not only is nu-
trient timing research open to question in terms of applicability, but re-
cent evidence has directly challenged the classical view of the relevance 
of post-exercise nutritional intake on anabolism. Therefore, the purpose 
of this paper will be twofold: 1) to review the existing literature on the 
effects of nutrient timing with respect to post-exercise muscular adapta-
tions, and; 2) to draw relevant conclusions that allow evidence-based 
nutritional recommendations to be made for maximizing the anabolic 
response to exercise.

3.1.1 GLYCOGEN REPLETION

A primary goal of traditional post-workout nutrient timing recommenda-
tions is to replenish glycogen stores. Glycogen is considered essential to 
optimal resistance training performance, with as much as 80% of ATP 
production during such training derived from glycolysis [6]. MacDougall 
et al. [7] demonstrated that a single set of elbow flexion at 80% of 1 rep-
etition maximum (RM) performed to muscular failure caused a 12% re-
duction in mixed-muscle glycogen concentration, while three sets at this 
intensity resulted in a 24% decrease. Similarly, Robergs et al. [8] reported 
that 3 sets of 12 RM performed to muscular failure resulted in a 26.1% 
reduction of glycogen stores in the vastus lateralis while six sets at this 
intensity led to a 38% decrease, primarily resulting from glycogen deple-
tion in type II fibers compared to type I fibers. It therefore stands to reason 
that typical high volume bodybuilding-style workouts involving multiple 
exercises and sets for the same muscle group would deplete the majority 
of local glycogen stores.

In addition, there is evidence that glycogen serves to mediate intra-
cellular signaling. This appears to be due, at least in part, to its negative 
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regulatory effects on AMP-activated protein kinase (AMPK). Muscle 
anabolism and catabolism are regulated by a complex cascade of signal-
ing pathways. Several pathways that have been identifi ed as particularly 
important to muscle anabolism include mammalian target of rapamycin 
(mTOR), mitogen-activated protein kinase (MAPK), and various calcium- 
(Ca2+) dependent pathways. AMPK, on the other hand, is a cellular energy 
sensor that serves to enhance energy availability. As such, it blunts energy-
consuming processes including the activation of mTORC1 mediated by 
insulin and mechanical tension, as well as heightening catabolic processes 
such as glycolysis, beta-oxidation, and protein degradation [9]. mTOR is 
considered a master network in the regulation of skeletal muscle growth 
[10,11], and its inhibition has a decidedly negative effect on anabolic pro-
cesses [12]. Glycogen has been shown to inhibit purifi ed AMPK in cell-
free assays [13], and low glycogen levels are associated with an enhanced 
AMPK activity in humans in vivo[14].

Creer et al. [15] demonstrated that changes in the phosphorylation of 
protein kinase B (Akt) are dependent on pre-exercise muscle glycogen 
content. After performing 3 sets of 10 repetitions of knee extensions with 
a load equating to 70% of 1 repetition maximum, early phase post-exercise 
Akt phosphorylation was increased only in the glycogen-loaded muscle, 
with no effect seen in the glycogen-depleted contralateral muscle. Glyco-
gen inhibition also has been shown to blunt S6K activation, impair transla-
tion, and reduce the amount of mRNA of genes responsible for regulating 
muscle hypertrophy [16,17]. In contrast to these fi ndings, a recent study 
by Camera et al. [18] found that high-intensity resistance training with low 
muscle glycogen levels did not impair anabolic signaling or muscle pro-
tein synthesis (MPS) during the early (4 h) postexercise recovery period. 
The discrepancy between studies is not clear at this time.

Glycogen availability also has been shown to mediate muscle protein 
breakdown. Lemon and Mullin [19] found that nitrogen losses more than 
doubled following a bout of exercise in a glycogen-depleted versus gly-
cogen-loaded state. Other researchers have displayed a similar inverse re-
lationship between glycogen levels and proteolysis [20]. Considering the 
totality of evidence, maintaining a high intramuscular glycogen content 
at the onset of training appears benefi cial to desired resistance training 
outcomes.
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Studies show a supercompensation of glycogen stores when carbo-
hydrate is consumed immediately post-exercise, and delaying consump-
tion by just 2 hours attenuates the rate of muscle glycogen re-synthesis 
by as much as 50% [21]. Exercise enhances insulin-stimulated glucose 
uptake following a workout with a strong correlation noted between the 
amount of uptake and the magnitude of glycogen utilization [22]. This is 
in part due to an increase in the translocation of GLUT4 during glycogen 
depletion [23,24] thereby facilitating entry of glucose into the cell. In ad-
dition, there is an exercise-induced increase in the activity of glycogen 
synthase—the principle enzyme involved in promoting glycogen storage 
[25]. The combination of these factors facilitates the rapid uptake of glu-
cose following an exercise bout, allowing glycogen to be replenished at an 
accelerated rate.

There is evidence that adding protein to a post-workout carbohydrate 
meal can enhance glycogen re-synthesis. Berardi et al. [26] demonstrated 
that consuming a protein-carbohydrate supplement in the 2-hour period 
following a 60-minute cycling bout resulted in signifi cantly greater gly-
cogen resynthesis compared to ingesting a calorie-equated carbohydrate 
solution alone. Similarly, Ivy et al. [27] found that consumption of a com-
bination of protein and carbohydrate after a 2+ hour bout of cycling and 
sprinting increased muscle glycogen content signifi cantly more than either 
a carbohydrate-only supplement of equal carbohydrate or caloric equiva-
lency. The synergistic effects of protein-carbohydrate have been attributed 
to a more pronounced insulin response [28], although it should be noted 
that not all studies support these fi ndings [29]. Jentjens et al. [30] found 
that given ample carbohydrate dosing (1.2 g/kg/hr), the addition of a pro-
tein and amino acid mixture (0.4 g/kg/hr) did not increase glycogen syn-
thesis during a 3-hour post-depletion recovery period.

Despite a sound theoretical basis, the practical signifi cance of expedi-
tiously repleting glycogen stores remains dubious. Without question, expe-
diting glycogen resynthesis is important for a narrow subset of endurance 
sports where the duration between glycogen-depleting events is limited to 
less than approximately 8 hours [31]. Similar benefi ts could potentially be 
obtained by those who perform two-a-day split resistance training bouts 
(i.e. morning and evening) provided the same muscles will be worked dur-
ing the respective sessions. However, for goals that are not specifi cally 



focused on the performance of multiple exercise bouts in the same day, 
the urgency of glycogen resynthesis is greatly diminished. High-intensi-
ty resistance training with moderate volume (6-9 sets per muscle group) 
has only been shown to reduce glycogen stores by 36-39% [8,32]. Cer-
tain athletes are prone to performing signifi cantly more volume than this 
(i.e., competitive bodybuilders), but increased volume typically accom-
panies decreased frequency. For example, training a muscle group with 
16-20 sets in a single session is done roughly once per week, whereas 
routines with 8-10 sets are done twice per week. In scenarios of higher 
volume and frequency of resistance training, incomplete resynthesis of 
pre-training glycogen levels would not be a concern aside from the far-
fetched scenario where exhaustive training bouts of the same muscles 
occur after recovery intervals shorter than 24 hours. However, even in 
the event of complete glycogen depletion, replenishment to pre-training 
levels occurs well-within this timeframe, regardless of a signifi cantly de-
layed post-exercise carbohydrate intake. For example, Parkin et al [33] 
compared the immediate post-exercise ingestion of 5 high-glycemic car-
bohydrate meals with a 2-hour wait before beginning the recovery feed-
ings. No signifi cant between-group differences were seen in glycogen 
levels at 8 hours and 24 hours post-exercise. In further support of this 
point, Fox et al. [34] saw no signifi cant reduction in glycogen content 
24 hours after depletion despite adding 165 g fat collectively to the post-
exercise recovery meals and thus removing any potential advantage of 
high-glycemic conditions.

3.1.2 PROTEIN BREAKDOWN

Another purported benefit of post-workout nutrient timing is an attenua-
tion of muscle protein breakdown. This is primarily achieved by spiking 
insulin levels, as opposed to increasing amino acid availability [35,36]. 
Studies show that muscle protein breakdown is only slightly elevated im-
mediately post-exercise and then rapidly rises thereafter [36]. In the fasted 
state, muscle protein breakdown is significantly heightened at 195 minutes 
following resistance exercise, resulting in a net negative protein balance 
[37]. These values are increased as much as 50% at the 3 hour mark, and 
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elevated proteolysis can persist for up to 24 hours of the post-workout 
period [36].

Although insulin has known anabolic properties [38,39], its primary 
impact post-exercise is believed to be anti-catabolic [40-43]. The mecha-
nisms by which insulin reduces proteolysis are not well understood at this 
time. It has been theorized that insulin-mediated phosphorylation of PI3K/
Akt inhibits transcriptional activity of the proteolytic Forkhead family 
of transcription factors, resulting in their sequestration in the sarcoplasm 
away from their target genes [44]. Down-regulation of other aspects of 
the ubiquitin-proteasome pathway are also believed to play a role in the 
process [45]. Given that muscle hypertrophy represents the difference be-
tween myofi brillar protein synthesis and proteolysis, a decrease in protein 
breakdown would conceivably enhance accretion of contractile proteins 
and thus facilitate greater hypertrophy. Accordingly, it seems logical to 
conclude that consuming a protein-carbohydrate supplement following 
exercise would promote the greatest reduction in proteolysis since the 
combination of the two nutrients has been shown to elevate insulin levels 
to a greater extent than carbohydrate alone [28].

However, while the theoretical basis behind spiking insulin post-work-
out is inherently sound, it remains questionable as to whether benefi ts 
extend into practice. First and foremost, research has consistently shown 
that, in the presence of elevated plasma amino acids, the effect of insulin 
elevation on net muscle protein balance plateaus within a range of 15–30 
mU/L [45,46]; roughly 3–4 times normal fasting levels. This insulinogenic 
effect is easily accomplished with typical mixed meals, considering that 
it takes approximately 1–2 hours for circulating substrate levels to peak, 
and 3–6 hours (or more) for a complete return to basal levels depending 
on the size of a meal. For example, Capaldo et al. [47] examined vari-
ous metabolic effects during a 5-hour period after ingesting a solid meal 
comprised of 75 g carbohydrate 37 g protein, and 17 g fat. This meal was 
able to raise insulin 3 times above fasting levels within 30 minutes of 
consumption. At the 1-hour mark, insulin was 5 times greater than fasting. 
At the 5-hour mark, insulin was still double the fasting levels. In another 
example, Power et al. [48] showed that a 45g dose of whey protein isolate 
takes approximately 50 minutes to cause blood amino acid levels to peak. 
Insulin concentrations peaked 40 minutes after ingestion, and remained 



at elevations seen to maximize net muscle protein balance (15-30 mU/L, 
or 104-208 pmol/L) for approximately 2 hours. The inclusion of carbo-
hydrate to this protein dose would cause insulin levels to peak higher and 
stay elevated even longer. Therefore, the recommendation for lifters to 
spike insulin post-exercise is somewhat trivial. The classical post-exercise 
objective to quickly reverse catabolic processes to promote recovery and 
growth may only be applicable in the absence of a properly constructed 
pre-exercise meal.

Moreover, there is evidence that the effect of protein breakdown on 
muscle protein accretion may be overstated. Glynn et al. [49] found that 
the post-exercise anabolic response associated with combined protein and 
carbohydrate consumption was largely due to an elevation in muscle pro-
tein synthesis with only a minor infl uence from reduced muscle protein 
breakdown. These results were seen regardless of the extent of circulating 
insulin levels. Thus, it remains questionable as to what, if any, positive ef-
fects are realized with respect to muscle growth from spiking insulin after 
resistance training.

3.1.3 PROTEIN SYNTHESIS

Perhaps the most touted benefit of post-workout nutrient timing is that it 
potentiates increases in MPS. Resistance training alone has been shown to 
promote a twofold increase in protein synthesis following exercise, which 
is counterbalanced by the accelerated rate of proteolysis [36]. It appears 
that the stimulatory effects of hyperaminoacidemia on muscle protein syn-
thesis, especially from essential amino acids, are potentiated by previous 
exercise [35,50]. There is some evidence that carbohydrate has an additive 
effect on enhancing post-exercise muscle protein synthesis when com-
bined with amino acid ingestion [51], but others have failed to find such a 
benefit [52,53].

Several studies have investigated whether an “anabolic window” ex-
ists in the immediate post-exercise period with respect to protein synthe-
sis. For maximizing MPS, the evidence supports the superiority of post-
exercise free amino acids and/or protein (in various permutations with or 
without carbohydrate) compared to solely carbohydrate or non-caloric 
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placebo [50,51,54-59]. However, despite the common recommendation to 
consume protein as soon as possible post-exercise [60,61], evidence-based 
support for this practice is currently lacking. Levenhagen et al. [62] dem-
onstrated a clear benefi t to consuming nutrients as soon as possible after 
exercise as opposed to delaying consumption. Employing a within-subject 
design,10 volunteers (5 men, 5 women) consumed an oral supplement 
containing 10 g protein, 8 g carbohydrate and 3 g fat either immediately 
following or three hours post-exercise. Protein synthesis of the legs and 
whole body was increased threefold when the supplement was ingested 
immediately after exercise, as compared to just 12% when consumption 
was delayed. A limitation of the study was that training involved moder-
ate intensity, long duration aerobic exercise. Thus, the increased fractional 
synthetic rate was likely due to greater mitochondrial and/or sarcoplasmic 
protein fractions, as opposed to synthesis of contractile elements [36]. In 
contrast to the timing effects shown by Levenhagen et al. [62], previous 
work by Rasmussen et al. [56] showed no signifi cant difference in leg net 
amino acid balance between 6 g essential amino acids (EAA) co-ingested 
with 35 g carbohydrate taken 1 hour versus 3 hours post-exercise. Com-
pounding the unreliability of the post-exercise ‘window’ is the fi nding by 
Tipton et al. [63] that immediate pre-exercise ingestion of the same EAA-
carbohydrate solution resulted in a signifi cantly greater and more sus-
tained MPS response compared to the immediate post-exercise ingestion, 
although the validity of these fi ndings have been disputed based on fl awed 
methodology [36]. Notably, Fujita et al [64] saw opposite results using a 
similar design, except the EAA-carbohydrate was ingested 1 hour prior to 
exercise compared to ingestion immediately pre-exercise in Tipton et al. 
[63]. Adding yet more incongruity to the evidence, Tipton et al. [65] found 
no signifi cant difference in net MPS between the ingestion of 20 g whey 
immediately pre- versus the same solution consumed 1 hour post-exercise. 
Collectively, the available data lack any consistent indication of an ideal 
post-exercise timing scheme for maximizing MPS.

It also should be noted that measures of MPS assessed following an 
acute bout of resistance exercise do not always occur in parallel with 
chronic upregulation of causative myogenic signals [66] and are not nec-
essarily predictive of long-term hypertrophic responses to regimented 



resistance training [67]. Moreover, the post-exercise rise in MPS in un-
trained subjects is not recapitulated in the trained state [68], further con-
founding practical relevance. Thus, the utility of acute studies is limited to 
providing clues and generating hypotheses regarding hypertrophic adapta-
tions; any attempt to extrapolate fi ndings from such data to changes in lean 
body mass is speculative, at best.

3.1.4 MUSCLE HYPERTROPHY

A number of studies have directly investigated the long-term hypertrophic 
effects of post-exercise protein consumption. The results of these trials are 
curiously conflicting, seemingly because of varied study design and meth-
odology. Moreover, a majority of studies employed both pre- and post-
workout supplementation, making it impossible to tease out the impact of 
consuming nutrients after exercise. These confounding issues highlight 
the difficulty in attempting to draw relevant conclusions as to the validity 
of an “anabolic window.” What follows is an overview of the current re-
search on the topic. Only those studies that specifically evaluated immedi-
ate (≤ 1 hour) post-workout nutrient provision are discussed (see Table 1 
for a summary of data).

Esmarck et al. [69] provided the fi rst experimental evidence that con-
suming protein immediately after training enhanced muscular growth 
compared to delayed protein intake. Thirteen untrained elderly male vol-
unteers were matched in pairs based on body composition and daily pro-
tein intake and divided into two groups: P0 or P2. Subjects performed 
a progressive resistance training program of multiple sets for the upper 
and lower body. P0 received an oral protein/carbohydrate supplement im-
mediately post-exercise while P2 received the same supplement 2 hours 
following the exercise bout. Training was carried out 3 days a week for 
12 weeks. At the end of the study period, cross-sectional area (CSA) of 
the quadriceps femoris and mean fi ber area were signifi cantly increased in 
the P0 group while no signifi cant increase was seen in P2. These results 
support the presence of a post-exercise window and suggest that delaying 
post-workout nutrient intake may impede muscular gains.
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In contrast to these fi ndings, Verdijk et al. [73] failed to detect any 
increases in skeletal muscle mass from consuming a post-exercise protein 
supplement in a similar population of elderly men. Twenty-eight untrained 
subjects were randomly assigned to receive either a protein or placebo 
supplement consumed immediately before and immediately following the 
exercise session. Subjects performed multiple sets of leg press and knee 
extension 3 days per week, with the intensity of exercise progressively 
increased over the course of the 12 week training period. No signifi cant 
differences in muscle strength or hypertrophy were noted between groups 
at the end of the study period indicating that post exercise nutrient timing 
strategies do not enhance training-related adaptation. It should be noted 
that, as opposed to the study by Esmark et al. [69] this study only investi-
gated adaptive responses of supplementation on the thigh musculature; it 
therefore is not clear based on these results whether the upper body might 
respond differently to post-exercise supplementation than the lower body.

In an elegant single-blinded design, Cribb and Hayes [70] found a sig-
nifi cant benefi t to post-exercise protein consumption in 23 recreational 
male bodybuilders. Subjects were randomly divided into either a PRE-
POST group that consumed a supplement containing protein, carbohy-
drate and creatine immediately before and after training or a MOR-EVE 
group that consumed the same supplement in the morning and evening 
at least 5 hours outside the workout. Both groups performed regimented 
resistance training that progressively increased intensity from 70% 1RM 
to 95% 1RM over the course of 10 weeks. Results showed that the PRE-
POST group achieved a signifi cantly greater increase in lean body mass 
and increased type II fi ber area compared to MOR-EVE. Findings sup-
port the benefi ts of nutrient timing on training-induced muscular adapta-
tions. The study was limited by the addition of creatine monohydrate to 
the supplement, which may have facilitated increased uptake following 
training. Moreover, the fact that the supplement was taken both pre- and 
post-workout confounds whether an anabolic window mediated results.

Willoughby et al. [71] also found that nutrient timing resulted in posi-
tive muscular adaptations. Nineteen untrained male subjects were random-
ly assigned to either receive 20 g of protein or 20 grams dextrose admin-
istered 1 hour before and after resistance exercise. Training consisted of 
3 sets of 6–8 repetitions at 85%–90% intensity. Training was performed 4 



times a week over the course of 10 weeks. At the end of the study period, 
total body mass, fat-free mass, and thigh mass was signifi cantly greater 
in the protein-supplemented group compared to the group that received 
dextrose. Given that the group receiving the protein supplement consumed 
an additional 40 grams of protein on training days, it is diffi cult to discern 
whether results were due to the increased protein intake or the timing of 
the supplement.

In a comprehensive study of well-trained subjects, Hoffman et al. [74] 
randomly assigned 33 well-trained males to receive a protein supplement 
either in the morning and evening (n = 13) or immediately before and im-
mediately after resistance exercise (n = 13). Seven participants served as 
unsupplemented controls. Workouts consisted of 3–4 sets of 6–10 repeti-
tions of multiple exercises for the entire body. Training was carried out on 
4 day-a-week split routine with intensity progressively increased over the 
course of the study period. After 10 weeks, no signifi cant differences were 
noted between groups with respect to body mass and lean body mass. The 
study was limited by its use of DXA to assess body composition, which 
lacks the sensitivity to detect small changes in muscle mass compared to 
other imaging modalities such as MRI and CT [76].

Hulmi et al. [72] randomized 31 young untrained male subjects into 
1 of 3 groups: protein supplement (n = 11), non-caloric placebo (n = 10) 
or control (n = 10). High-intensity resistance training was carried out 
over 21 weeks. Supplementation was provided before and after exercise. 
At the end of the study period, muscle CSA was signifi cantly greater 
in the protein-supplemented group compared to placebo or control. A 
strength of the study was its long-term training period, providing sup-
port for the benefi cial effects of nutrient timing on chronic hypertrophic 
gains. Again, however, it is unclear whether enhanced results associated 
with protein supplementation were due to timing or increased protein 
consumption.

Most recently, Erskine et al. [75] failed to show a hypertrophic ben-
efi t from post-workout nutrient timing. Subjects were 33 untrained young 
males, pair-matched for habitual protein intake and strength response to 
a 3-week pre-study resistance training program. After a 6-week washout 
period where no training was performed, subjects were then randomly as-
signed to receive either a protein supplement or a placebo immediately 
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before and after resistance exercise. Training consisted of 6– 8 sets of 
elbow fl exion carried out 3 days a week for 12 weeks. No signifi cant dif-
ferences were found in muscle volume or anatomical cross-sectional area 
between groups.

3.2 DISCUSSION

Despite claims that immediate post-exercise nutritional intake is essen-
tial to maximize hypertrophic gains, evidence-based support for such an 
“anabolic window of opportunity” is far from definitive. The hypothesis 
is based largely on the pre-supposition that training is carried out in a 
fasted state. During fasted exercise, a concomitant increase in muscle pro-
tein breakdown causes the pre-exercise net negative amino acid balance 
to persist in the post-exercise period despite training-induced increases 
in muscle protein synthesis [36]. Thus, in the case of resistance training 
after an overnight fast, it would make sense to provide immediate nutri-
tional intervention--ideally in the form of a combination of protein and 
carbohydrate--for the purposes of promoting muscle protein synthesis and 
reducing proteolysis, thereby switching a net catabolic state into an ana-
bolic one. Over a chronic period, this tactic could conceivably lead cumu-
latively to an increased rate of gains in muscle mass.

This inevitably begs the question of how pre-exercise nutrition might 
infl uence the urgency or effectiveness of post-exercise nutrition, since not 
everyone engages in fasted training. In practice, it is common for those 
with the primary goal of increasing muscular size and/or strength to make 
a concerted effort to consume a pre-exercise meal within 1-2 hours prior 
to the bout in attempt to maximize training performance. Depending on 
its size and composition, this meal can conceivably function as both a 
pre- and an immediate post-exercise meal, since the time course of its 
digestion/absorption can persist well into the recovery period. Tipton et al. 
[63] observed that a relatively small dose of EAA (6 g) taken immediately 
pre-exercise was able to elevate blood and muscle amino acid levels by 
roughly 130%, and these levels remained elevated for 2 hours after the ex-
ercise bout. Although this fi nding was subsequently challenged by Fujita 
et al. [64], other research by Tipton et al. [65] showed that the ingestion 



of 20 g whey taken immediately pre-exercise elevated muscular uptake of 
amino acids to 4.4 times pre-exercise resting levels during exercise, and 
did not return to baseline levels until 3 hours post-exercise. These data 
indicate that even minimal-to-moderate pre-exercise EAA or high-quality 
protein taken immediately before resistance training is capable of sustain-
ing amino acid delivery into the post-exercise period. Given this scenario, 
immediate post-exercise protein dosing for the aim of mitigating catab-
olism seems redundant. The next scheduled protein-rich meal (whether 
it occurs immediately or 1–2 hours post-exercise) is likely suffi cient for 
maximizing recovery and anabolism.

On the other hand, there are others who might train before lunch or 
after work, where the previous meal was fi nished 4–6 hours prior to com-
mencing exercise. This lag in nutrient consumption can be considered sig-
nifi cant enough to warrant post-exercise intervention if muscle retention 
or growth is the primary goal. Layman [77] estimated that the anabolic 
effect of a meal lasts 5-6 hours based on the rate of postprandial amino 
acid metabolism. However, infusion-based studies in rats [78,79] and hu-
mans [80,81] indicate that the postprandial rise in MPS from ingesting 
amino acids or a protein-rich meal is more transient, returning to base-
line within 3 hours despite sustained elevations in amino acid availability. 
It thus has been hypothesized that a “muscle full” status can be reached 
where MPS becomes refractory, and circulating amino acids are shunted 
toward oxidation or fates other than MPS. In light of these fi ndings, when 
training is initiated more than ~3–4 hours after the preceding meal, the 
classical recommendation to consume protein (at least 25 g) as soon as 
possible seems warranted in order to reverse the catabolic state, which in 
turn could expedite muscular recovery and growth. However, as illustrated 
previously, minor pre-exercise nutritional interventions can be undertaken 
if a signifi cant delay in the post-exercise meal is anticipated.

An interesting area of speculation is the generalizability of these rec-
ommendations across training statuses and age groups. Burd et al. [82] re-
ported that an acute bout of resistance training in untrained subjects stim-
ulates both mitochondrial and myofi brillar protein synthesis, whereas in 
trained subjects, protein synthesis becomes more preferential toward the 
myofi brillar component. This suggests a less global response in advanced 
trainees that potentially warrants closer attention to protein timing and 
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type (e.g., high-leucine sources such as dairy proteins) in order to optimize 
rates of muscular adaptation. In addition to training status, age can infl u-
ence training adaptations. Elderly subjects exhibit what has been termed 
“anabolic resistance,” characterized by a lower receptivity to amino acids 
and resistance training [83]. The mechanisms underlying this phenomenon 
are not clear, but there is evidence that in younger adults, the acute ana-
bolic response to protein feeding appears to plateau at a lower dose than 
in elderly subjects. Illustrating this point, Moore et al. [84] found that 20 
g whole egg protein maximally stimulated post-exercise MPS, while 40 g 
increased leucine oxidation without any further increase in MPS in young 
men. In contrast, Yang et al. [85] found that elderly subjects displayed 
greater increases in MPS when consuming a post-exercise dose of 40 g 
whey protein compared to 20 g. These fi ndings suggest that older subjects 
require higher individual protein doses for the purpose of optimizing the 
anabolic response to training. Further research is needed to better assess 
post-workout nutrient timing response across various populations, particu-
larly with respect to trained/untrained and young/elderly subjects.

The body of research in this area has several limitations. First, while 
there is an abundance of acute data, controlled, long-term trials that sys-
tematically compare the effects of various post-exercise timing schemes 
are lacking. The majority of chronic studies have examined pre- and post-
exercise supplementation simultaneously, as opposed to comparing the 
two treatments against each other. This prevents the possibility of isolat-
ing the effects of either treatment. That is, we cannot know whether pre- 
or post-exercise supplementation was the critical contributor to the out-
comes (or lack thereof). Another important limitation is that the majority 
of chronic studies neglect to match total protein intake between the condi-
tions compared. As such, it’s not possible to ascertain whether positive 
outcomes were infl uenced by timing relative to the training bout, or simply 
by a greater protein intake overall. Further, dosing strategies employed 
in the preponderance of chronic nutrient timing studies have been overly 
conservative, providing only 10–20 g protein near the exercise bout. More 
research is needed using protein doses known to maximize acute anabolic 
response, which has been shown to be approximately 20–40 g, depending 
on age [84,85]. There is also a lack of chronic studies examining the co-in-
gestion of protein and carbohydrate near training. Thus far, chronic studies 



have yielded equivocal results. On the whole, they have not corroborated 
the consistency of positive outcomes seen in acute studies examining post-
exercise nutrition.

Another limitation is that the majority of studies on the topic have been 
carried out in untrained individuals. Muscular adaptations in those without 
resistance training experience tend to be robust, and do not necessarily 
refl ect gains experienced in trained subjects. It therefore remains to be 
determined whether training status infl uences the hypertrophic response 
to post-exercise nutritional supplementation.

A fi nal limitation of the available research is that current methods used 
to assess muscle hypertrophy are widely disparate, and the accuracy of the 
measures obtained are inexact [68]. As such, it is questionable whether 
these tools are sensitive enough to detect small differences in muscular hy-
pertrophy. Although minor variances in muscle mass would be of little rel-
evance to the general population, they could be very meaningful for elite 
athletes and bodybuilders. Thus, despite confl icting evidence, the potential 
benefi ts of post-exercise supplementation cannot be readily dismissed for 
those seeking to optimize a hypertrophic response. By the same token, 
widely varying feeding patterns among individuals challenge the common 
assumption that the post-exercise “anabolic window of opportunity” is 
universally narrow and urgent.

3.2.1 PRACTICAL APPLICATIONS

Distilling the data into firm, specific recommendations is difficult due 
to the inconsistency of findings and scarcity of systematic investigations 
seeking to optimize pre- and/or post-exercise protein dosage and timing. 
Practical nutrient timing applications for the goal of muscle hypertrophy 
inevitably must be tempered with field observations and experience in or-
der to bridge gaps in the scientific literature. With that said, high-quality 
protein dosed at 0.4–0.5 g/kg of LBM at both pre- and post-exercise is a 
simple, relatively fail-safe general guideline that reflects the current evi-
dence showing a maximal acute anabolic effect of 20–40 g [53,84,85]. For 
example, someone with 70 kg of LBM would consume roughly 28–35 g 
protein in both the pre- and post exercise meal. Exceeding this would be 
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have minimal detriment if any, whereas significantly under-shooting or 
neglecting it altogether would not maximize the anabolic response.

Due to the transient anabolic impact of a protein-rich meal and its po-
tential synergy with the trained state, pre- and post-exercise meals should 
not be separated by more than approximately 3–4 hours, given a typical re-
sistance training bout lasting 45–90 minutes. If protein is delivered within 
particularly large mixed-meals (which are inherently more anticatabolic), 
a case can be made for lengthening the interval to 5–6 hours. This strategy 
covers the hypothetical timing benefi ts while allowing signifi cant fl exibil-
ity in the length of the feeding windows before and after training. Specifi c 
timing within this general framework would vary depending on individual 
preference and tolerance, as well as exercise duration. One of many pos-
sible examples involving a 60-minute resistance training bout could have 
up to 90-minute feeding windows on both sides of the bout, given central 
placement between the meals. In contrast, bouts exceeding typical dura-
tion would default to shorter feeding windows if the 3–4 hour pre- to post-
exercise meal interval is maintained. Shifting the training session closer to 
the pre- or post-exercise meal should be dictated by personal preference, 
tolerance, and lifestyle/scheduling constraints.

Even more so than with protein, carbohydrate dosage and timing rela-
tive to resistance training is a gray area lacking cohesive data to form 
concrete recommendations. It is tempting to recommend pre- and post-
exercise carbohydrate doses that at least match or exceed the amounts of 
protein consumed in these meals. However, carbohydrate availability dur-
ing and after exercise is of greater concern for endurance as opposed to 
strength or hypertrophy goals. Furthermore, the importance of co-ingest-
ing post-exercise protein and carbohydrate has recently been challenged 
by studies examining the early recovery period, particularly when suffi -
cient protein is provided. Koopman et al [52] found that after full-body 
resistance training, adding carbohydrate (0.15, or 0.6 g/kg/hr) to amply 
dosed casein hydrolysate (0.3 g/kg/hr) did not increase whole body pro-
tein balance during a 6-hour post-exercise recovery period compared to 
the protein-only treatment. Subsequently, Staples et al [53] reported that 
after lower-body resistance exercise (leg extensions), the increase in post-
exercise muscle protein balance from ingesting 25 g whey isolate was not 
improved by an additional 50 g maltodextrin during a 3-hour recovery 



period. For the goal of maximizing rates of muscle gain, these fi ndings 
support the broader objective of meeting total daily carbohydrate need 
instead of specifi cally timing its constituent doses. Collectively, these data 
indicate an increased potential for dietary fl exibility while maintaining the 
pursuit of optimal timing.
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NUTRITIONAL THERAPIES FOR 
MENTAL DISORDERS

SHAHEEN E. LAKHAN and KAREN F. VIEIRA

CHAPTER 4

4.1 INTRODUCTION

Currently, approximately 1 in 4 adult Americans have been diagnosed 
with a mental disorder, which translates into about 58 million affected 
people [1]. Though the incidence of mental disorders is higher in America 
than in other countries, a World Health Organization study of 14 countries 
reported a worldwide prevalence of mental disorders between 4.3 percent 
and 26.4 percent [2]. In addition, mental disorders are among the lead-
ing causes for disability in the US as well as other countries. Common 
mental health disorders include mood disorders, anxiety disorders such as 
post-traumatic stress disorder (PTSD), panic disorders, eating disorders, 
attention deficit disorder/attention deficit hyperactivity disorder (ADD/
ADHD), and autism. However, the four most common mental disorders 
that cause disabilities are major depression, bipolar disorder, schizophre-
nia, and obsessive compulsive disorder (OCD) [3,4].

Typically, most of these disorders are treated with prescription drugs, 
but many of these prescribed drugs cause unwanted side effects. For ex-
ample, lithium is usually prescribed for bipolar disorder, but the high-dos-
es of lithium that are normally prescribed causes side effects that include: 
a dulled personality, reduced emotions, memory loss, tremors, or weight 
gain [5,6]. These side effects can be so severe and unpleasant that many 
patients become noncompliant and, in cases of severe drug toxicity, the 
situation can become life threatening.



92 Functional Foods

Researchers have observed that the prevalence of mental health dis-
orders has increased in developed countries in correlation with the dete-
rioration of the Western diet [7]. Previous research has shown nutritional 
defi ciencies that correlate with some mental disorders [8,9]. The most 
common nutritional defi ciencies seen in mental disorder patients are of 
omega-3 fatty acids, B vitamins, minerals, and amino acids that are pre-
cursors to neurotransmitters [10-16]. Compelling population studies link 
high fi sh consumption to a low incidence of mental disorders; this lower 
incidence rate has proven to be a direct result of omega-3 fatty acid intake 
[10,17,18]. One to two grams of omega-3 fatty acids taken daily is the gen-
erally accepted dose for healthy individuals, but for patients with mental 
disorders, up to 9.6 g has been shown to be safe and effi cacious [19-21]. 
Western diets are usually also lacking in fruits and vegetables, which fur-
ther contributes to vitamin and mineral defi ciencies.

This article will focus on the nutritional defi ciencies that are associated 
with mental disorders and will outline how dietary supplements can be 
implemented in the treatment of several disorders (see Table 1 for an over-
view). The mental disorders and treatments covered in this review do not 
include the broad and complex range of disorders, but however focuses on 
the four most common disorders in order to emphasize the alternative or 
complementary nutritional options that health care providers can recom-
mend to their patients.

4.1.1 MAJOR DEPRESSION

Major depression is a disorder that presents with symptoms such as de-
creased mood, increased sadness and anxiety, a loss of appetite, and a loss 
of interest in pleasurable activities, to name a few [22]. If this disorder is 
not properly treated it can become disabling or fatal. Patients who are suf-
fering from major depression have a high risk for committing suicide so 
they are usually treated with psychotherapy and/or antidepressants [23]. 
Depression has for some time now been known to be associated with defi-
ciencies in neurotransmitters such as serotonin, dopamine, noradrenaline, 
and GABA [22-27]. As reported in several studies, the amino acids tryp-
tophan, tyrosine, phenylalanine, and methionine are often helpful in 
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treating many mood disorders, including depression [28-33]. Tryptophan 
is a precursor to serotonin and is usually converted to serotonin when tak-
en alone on an empty stomach. Therefore, tryptophan can induce sleep and 
tranquility and in cases of serotonin deficiencies, restore serotonin levels 
leading to diminished depression [15,31].

Tyrosine is not an essential amino acid, because it can be made from 
the amino acid phenylalanine. Tyrosine and sometimes its precursor phe-
nylalanine are converted into dopamine and norepinephrine [34]. Dietary 
supplements that contain tyrosine and/or phenylalanine lead to alertness 
and arousal. Methionine combines with ATP to produce S-adenosylme-
thionine (SAM), which facilitates the production of neurotransmitters in 
the brain [35-38]. Currently, more studies involving these neurochemicals 
are needed which exhibit the daily supplemental doses that should be con-
sumed in order to achieve antidepressant effects.

Since the consumption of omega-3 fatty acids from fi sh and other 
sources has declined in most populations, the incidence of major depres-
sion has increased [10]. Several mechanisms of action may explain how 
eicosapentaenoic acid (EPA) which the body converts into docosahexae-
noic acid (DHA), the two omega-3 fatty acids found in fi sh oil, elicit anti-
depressant effects in humans. Most of the proposed mechanisms involve 
neurotransmitters and, of course, some have more supporting data than 
others. For example, antidepressant effects may be due to EPA being con-
verted into prostaglandins, leukotrienes, and other chemicals the brain 
needs. Other theories state that EPA and DHA affect signal transduction 
in brain cells by activating peroxisomal proliferator-activated receptors 
(PPARs), inhibiting G-proteins and protein kinase C, as well as calcium, 
sodium, and potassium ion channels. No matter which mechanism(s) 
prove to be true, epidemiological data and clinical studies already show 
that omega-3 fatty acids can effectively treat depression [39]. Consuming 
omega-3 fatty acid dietary supplements that contain 1.5 to 2 g of EPA per 
day have been shown to stimulate mood elevation in depressed patients. 
However, doses of omega-3 higher than 3 g do not present better effects 
than placebos and may not be suitable for some patients, such as those tak-
ing anti-clotting drugs [40].

In addition to omega-3 fatty acids, vitamin B (e.g., folate), and magne-
sium defi ciencies have been linked to depression [9,13,14]. Randomized, 
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controlled trials that involve folate and B12 suggest that patients treated 
with 0.8 mg of folic acid/day or 0.4 mg of vitamin B12/day will exhibit 
decreased depression symptoms [9]. In addition, the results of several case 
studies where patients were treated with 125 to 300 mg of magnesium (as 
glycinate or taurinate) with each meal and at bedtime led to rapid recovery 
from major depression in less than seven days for most of the patients [14].

4.1.2 BIPOLAR DISORDER

A patient suffering from major depression may also present symptoms 
such as recurring episodes of debilitating depression, uncontrollable ma-
nia, hypomania, or a mixed state (a manic and depressive episode) which 
is clinically diagnosed as bipolar disorder [41]. Some biochemical abnor-
malities in people with bipolar disorder include oversensitivity to acetyl-
choline, excess vanadium, vitamin B deficiencies, a taurine deficiency, 
anemia, omega-3 fatty acid deficiencies, and vitamin C deficiency.

Bipolar patients tend to have excess acetylcholine receptors, which is 
a major cause of depression and mania [42,43]. Bipolar patients also pro-
duce elevated levels of vanadium, which causes mania, depression, and 
melancholy [44,45]. However, vitamin C has been shown to protect the 
body from the damage caused by excess vanadium. A double-blind, pla-
cebo controlled study that involved controlling elevated vanadium levels 
showed that a single 3 g dose of vitamin C decreases manic symptoms in 
comparison to placebo [45].

Taurine is an amino acid made in the liver from cysteine that is known 
to play a role in the brain by eliciting a calming effect. A defi ciency of this 
amino acid may increase a bipolar patient's manic episodes. In addition, 
eighty percent of bipolar sufferers have some vitamin B defi ciencies (of-
ten accompanied by anemia) [46]. The combination of essential vitamin 
supplements with the body's natural supply of lithium reduces depressive 
and manic symptoms of patients suffering from bipolar disorder [47].

Another well-known factor for mental disorders is that cells within 
the brain require omega-3 oils in order to be able to transmit signals that 
enable proper thinking, moods, and emotions. However, omega-3 oils are 
often present at very low levels in most Americans and bipolar sufferers 



Nutritional Therapies for Mental Disorders 97

[48]. Numerous clinical trials, including double-blind, placebo controlled 
studies have been performed which show that 1 to 2 grams of omega-3 
fatty acids in the form of EPA added to one's daily intake decreases manic/
depressive symptoms better than placebo (See Table 1).

Prescription lithium is in the form of lithium carbonate, and doses can 
be as high as 180 mg. It is these high doses that are responsible for most 
of lithium's adverse side effects. Some of the more common side effects 
include a dulled personality, reduced emotions, memory loss, tremors, or 
weight gain [5,6]. Another form of lithium called lithium orotate, is pre-
ferred because the orotate ion crosses the blood-brain barrier more easily 
than the carbonate ion of lithium carbonate. Therefore, lithium orotate can 
be used in much lower doses (e.g. 5 mg) with remarkable results and no 
side effects [49,50]. Clinical trials involving 150 mg daily doses of lithium 
orotate administered 4 to 5 times a week, showed a reduction of manic 
and depressive symptoms in bipolar patients [50]. In addition, lithium oro-
tate is available without a prescription, unlike lithium carbonate, which 
is considered a prescription drug by the Food and Drug Administration 
(FDA). Studies have also shown that the amino acid-derivative, taurine, 
as an alternative to lithium, blocks the effects of excess acetylcholine that 
contributes to bipolar disorder [51].

Numerous studies for bipolar disorder have been published that list 
specifi c lifestyle changes as well as amounts of dietary supplements that 
can be used to treat this disorder. A summary of these results is listed in 
Table 2.

4.1.3 SCHIZOPHRENIA

Schizophrenia is a mental disorder that disrupts a person's normal percep-
tion of reality. Schizophrenic patients usually suffer from hallucinations, 
paranoia, delusions, and speech/thinking impairments. These symptoms 
are typically presented during adolescence [52]. Disturbances in amino 
acid metabolism have been implicated in the pathophysiology of schizo-
phrenia. Specifically, an impaired synthesis of serotonin in the central ner-
vous system has been found in schizophrenic patients [53]. High doses 
(30 g) of glycine have been shown to reduce the more subtle symptoms 
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of schizophrenia, such as social withdrawal, emotional flatness, and apa-
thy, which do not respond to most of the existing medications [54-56]. An 
open-label clinical trial performed in 1996 revealed that 60 g of glycine 
per day (0.8 g/kg) could be given to schizophrenic patients without pro-
ducing adverse side effects and that this dose led to a two-fold increase 
in cerebrospinal fluid (CSF) glycine levels [55]. A second clinical study 
treated patients with the same dosage divided into 3 doses within 1 week. 
This form of glycine treatment led to an eight-fold increase in CSF glycine 
levels [56].

The most consistent correlation found in one study that involved the 
ecological analysis of schizophrenia and diet concluded that increased 
consumption of refi ned sugar results in an overall decreased state of mind 
for schizophrenic patients, as measured by both the number of days spent 
in the hospital and poor social functioning [57]. That study also concluded 
that the dietary predictors of the outcome of schizophrenia and prevalence 
of depression are similar to those that predict illnesses such as coronary 
heart disease and diabetes.

A Danish study showed that better prognoses for schizophrenic pa-
tients strongly correlate with living in a country where there is a high 
consumption of omega-3 fatty acids [58]. Eicosapentaenoic acid (EPA), 
which is found in omega-3 fi sh oils, has been shown to help depressive 
patients and can also be used to treat schizophrenia [41,42,59]. Further-
more, studies suggest that supplements such as the commercially available 
VegEPA capsule, when taken on a daily basis, helps healthy individuals 
and schizophrenic patients maintain a balanced mood and improves blood 
circulation [59-65].

The VegEPA capsule contains:

• 280 milligrams of EPA from marine omega-3 fish oil
• 100 milligrams of organic virgin evening primrose omega-6 oil
• 1 milligram of the anti-oxidant vitamin E
• An outer capsule made out of fish gelatine

For schizophrenic patients, docosahexaenoic acid (DHA) supplements 
inhibit the effects of EPA supplements so it is recommended that the pa-
tient only takes the EPA supplement, which the body will convert into the 
amount DHA it needs [59-65]. Double-blind, placebo controlled studies, 



100 Functional Foods

randomized, placebo controlled studies, and open-label clinical studies 
have all shown that approximately 2 g of EPA taken daily in addition to 
one's existing medication effectively decreases symptoms in schizophren-
ic patients [59,60,65].

4.1.4 OBSESSIVE-COMPULSIVE DISORDER

Obsessive compulsive disorder (OCD) is an anxiety disorder that causes 
recurring stressful thoughts or obsessions that are followed by compul-
sions, which are repeated in an uncontrollable manner as a means of re-
pressing the stressful thought [66]. It is well documented that selective 
serotonin reuptake inhibitors (SSRIs) help patients with OCD [67]. There-
fore, it is clear that nutrients which increase serotonin levels will reduce 
the symptoms of OCD. As discussed earlier, the amino acid tryptophan is a 
precursor to serotonin, and tryptophan supplements (which are better than 
5-Hydroxytryptophan) will increase serotonin levels and treat OCD [68].

A commercially available supplement called Amoryn has recently 
proven to help patients suffering from depression, anxiety, and OCD 
[69,70]. The main ingredient in Amoryn, St. John's wort, has been shown 
to help OCD patients better deal with their recurring thoughts and com-
pulsions. Two double-blind, placebo-controlled studies were recently per-
formed that compared the affects of a 900 mg daily dose of St. John's wort 
extract to 20 mg daily doses of Paroxetine (Paxil) or Fluoxetine; which 
are both SSRIs used to treat OCD. In comparison to patients taking Paxil, 
those who took the St. John's wort supplement showed a 57% decrease in 
OCD symptoms and were 47% less likely to exhibit side effects [69]. In 
comparison to patients taking Fluoxetine, consumption of the St. John's 
wort extract reduced 48% of OCD patient's symptoms [70]. These results 
clearly depict how the use nutritional supplements can be effective treat-
ments for mental disorders.

4.2 CONCLUSION

Here we have shown just a few of the many documented nutritional thera-
pies that can be utilized when treating mental disorders. Many of these 
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studies were done in the 1970s and 1980s, but were soon discontinued 
because they were underfunded. Nutritional therapies have now become 
a long-forgotten method of treatment, because they were of no interest to 
pharmaceutical companies that could not patent or own them. Instead, the 
companies that funded most clinical research spent their dollars inves-
tigating synthetic drugs they could patent and sell; these drugs however 
usually caused adverse side effects.

There is tremendous resistance to using supplements as treatments 
from clinicians, mostly due to their lack of knowledge on the subject. Oth-
ers rather use prescription drugs that the drug companies and the FDA 
researches, monitors and recalls if necessary. However, for some patients, 
prescription drugs do not have the effi cacy of nutritional supplements and 
they sometimes have far more dangerous side effects. So for clinicians to 
avoid these supplement therapies because of a lack of knowledge and un-
willingness to use treatments not backed by drug companies and the FDA, 
they are compromising their patients' recovery due to their own laziness 
or selfi shness.

Clinical studies that show the ability of a prescription drug to effective-
ly treat mental disorders will often argue that supplements as treatments, 
when unmonitored, are more risky than prescription drugs and may inef-
fectively treat a patient's symptoms. For example one study listed several 
methods of treatment, none of which include natural compounds, for OCD 
patients that include: megadoses of SSRIs, intravenous chlomipramine, 
oral morphine, deep brain stimulation, and functional neurosurgery [67]. 
Most of these treatments are invasive or unnatural and will inevitably cause 
severe side effects to the patient, whose symptoms will probably still reoc-
cur over time. Another example of the literature scaring clinicians away 
from supplement therapies is an article that warns patients about the dan-
gers of consuming high amounts of omega-3 fatty acids. This manuscript 
involves a patient who was taking approximately 10 times more than the 
recommended dose of omega-3 supplements [40]. Numerous studies have 
shown that up 2 grams of EPA (omega-3 fatty acid) taken daily is suffi cient 
for decreasing symptoms of several mental health disorders with no side 
effects. This publication with a megadose of omega-3 fatty acids stresses 
the importance of monitoring the consumption of supplements as well as 
prescribed drugs, preferably through regular consultations with a licensed 
health care professional.
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Proper medical diagnosis and a clear description of all possible treat-
ment options should always be the fi rst plan of action when treating mental 
disorders. However, the fi nal decision on whether or not to try nutritional 
supplements as a treatment must be based on the patient preferences. Now 
with consumers becoming more interested in natural and holistic thera-
pies, nutritional therapies have been well-received, and some studies are 
again underway in these areas. New well-designed clinical studies are be-
ing published daily on the positive effects of nutritional and supplement 
therapies on all types of disorders and diseases. It will take some time for 
clinicians to become educated on all the options available, but this is an 
important task that should not be ignored.

Those with infl uence in this fi eld should continue to examine natural 
treatments on the scientifi c level in order to increase the availability of 
grant money for this type of research. This will lead to a surge of research-
ers who will submit proposals for grants enabling laboratories to further 
investigate the hypothesis that proper nutrition contributes to better mental 
health.

Psychiatrists treating patients with mental disorders should be aware of 
available nutritional therapies, appropriate doses, and possible side effects 
in order to provide alternative and complementary treatments for their pa-
tients. This may reduce the number of noncompliant patients suffering 
from mental disorders that choose not to take their prescribed medications. 
As with any form of treatment, nutritional therapy should be supervised 
and doses should be adjusted as necessary to achieve optimal results.
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FRUCTOSE METABOLISM IN 
HUMANS: WHAT ISOTOPIC TRACER 
STUDIES TELL US

SAM Z SUN and MARK W EMPIE

CHAPTER 5

5.1 INTRODUCTION

Fructose has been a part of the human diet for many thousands of years, 
and it is found in highest concentrations in fruits and to a lesser degree 
in vegetables. Cane, beet, and corn sugars are produced industrially, and 
their use results in significant quantities of added sugars entering the diet, 
about half of which is fructose [1]. Cane and beet sugars are comprised of 
the disaccharide sucrose (glucose bonded to fructose) and are commonly 
called table sugar or simple sugar. Corn sugars come from corn starch, 
and mainly consist of high fructose corn syrup 55 (HFCS 55; 55% fruc-
tose-41% glucose), HFCS 42 (42% fructose-52% glucose), and corn syrup 
(glucose and oligoglucose with trace amounts of fructose). During the last 
several decades, the prevalence of obesity and metabolic syndrome has 
risen dramatically on a global basis, but more so in the U.S. population. 
Because the prevalence is chronologically and statistically correlated with 
the increase of added sugar intakes, particularly HFCS in the U.S. (HFCS 
is not consumed significantly outside the U.S.), some have proposed the 
intake of HFCS or fructose as a free monosaccharide may be a cause of 
various adverse health consequences [2]. Conventional clinical trials and 
ecological studies have been conducted to assess the hypotheses, but not 
all results are found to be supportive. Conventional studies often cannot 
reveal details of interconnecting metabolic pathways when testing fructose 
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or fructose-containing sugars, but they also cannot clearly distinguish a 
mechanistic cause associated with an observed physiological consequence 
linked to the sugar consumed. This is because the ordinary diet contains 
multiple forms of saccharides which are inter-convertible in the body and 
share many steps of the carbohydrate metabolism pathways.

Over the last decade, a series of controversies have arisen regarding 
fructose consumption. In 2004, a commentary was written hypothesizing 
that the “high” fructose content in HFCS was the cause of the obesity rise 
in America [3]. This was based on the association of the obesity prevalence 
rise with the replacement of cane and beet sugar by HFCS, even though 
the fructose content of these two sweetener sources is essentially the same. 
Later, several dietary studies using calorically high doses of fructose were 
published to investigate fructose modulation of leptin hormone status, 
with a suggestion that chronic changes in this hormone level could lead 
to weight gain [4,5]. However, other studies and evidence based reviews 
do not always support these fi ndings [6-13]. Recently, Welsh et al. [14] 
reported that the intake of added sugar has signifi cantly decreased between 
1999 and 2008 while the obesity prevalence has continued to rise. The cur-
rent view is that obesity is a matter of energy balance [15,16]. Next, the 
fructose moiety in sugars was hypothesized to cause high serum uric acid 
which could lead to the development of Type-2 diabetes [17]. There is cur-
rently no direct proof for a cause and effect relation of urate with diabetes, 
and NHANES data suggests no relation of serum urate with fructose in-
take at ordinary dietary consumption levels [18]. Then, another hypothesis 
has been raised that dietary fructose may potentially lead to Non Alcoholic 
Fatty Liver Disease (NAFLD) and augmented de-novo triglyceride syn-
thesis, based on an analysis of hormone regulated lipid pathways in the 
liver [19,20]. It is known that high dietary levels of fructose can increase 
serum triglycerides. However, all the factors linked to the development of 
fatty liver disease are not well understood and can include, insulin resis-
tance, infl ammation, fat re-deposition, abnormalities in control of reac-
tive oxygen species [21] and uncoupling proteins in mitochondria [22]. 
NAFLD is currently an important and actively researched fi eld relative to 
dietary sugar intakes.

Additionally, it is important to understand the practical signifi cance of 
testing an effect from a single sugar using an unrepresentative dose compared 
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to the true population sugar intake, a question which is currently under 
debate [23-26]. In many of the intervention studies involved with study-
ing the various hypotheses mentioned above, very high doses of sugars 
over short term were often applied, the study designs were more similar to 
toxicological studies, and the studies were only able to draw associative 
conclusions between applied dose and observed health-related outcomes 
in the subjects studied. The observed biological changes, although statisti-
cally signifi cant by a P-value ruling, were often only fl uctuations within 
normal ranges. These studies rarely measured actual development of dis-
ease or the intermediate metabolites characterizing mechanism-based re-
actions. To begin to prove true effect of a diet component, it is useful to 
study the component disposal through the common central pathways at 
the molecular level. These studies are facilitated and detailed by the use of 
isotope tracer labeled precursors, and this concept is the stimulus for this 
review.

The questions raised by the above hypotheses reach into the broader 
metabolome and fl uxome. Our understanding of the metabolism of glucose 
and fructose as separate sugars is founded upon many years of study, and 
detailed anabolic and catabolic pathways are known [27]. Recently, the ex-
tended metabolism of glucose and fructose has been reviewed by Tappy 
and Le [28]. Glucose and fructose carbons are utilized through the glycoly-
sis, gluconeogenesis, glycogenolysis, tricarboxylic acid (TCA) cycle, lac-
tate production (Cori cycle), pentose phosphate shunt, and lipid synthesis 
pathways in various physiological compartments to provide substrates for 
glycogen homeostasis, amino acids, other sugars, fats and energy (e.g. ATP). 
Glucose and fructose enter the metabolic pathways differently (Figure  1), 
with glucose being converted to 1,6-diphosphorylated fructose before be-
ing cleaved into the three carbon metabolic intermediates, dihydroxy ac-
etone phosphate and glyceraldehyde 3-phosphate. Absorbed fructose is only 
mono-phosphorylated before being cleaved into glyceraldehyde and dihy-
droxy acetone phosphate, which is the common intermediate with the glu-
cose pathway. Glucose utilization can be regulated before cleavage, whereas 
fructose is less regulated. This initial difference has prompted some to hy-
pothesize that, because fructose cleavage by-passes key feedback regulatory 
steps in the glucose metabolic pathway, this bypass may lead to increases 
of fatty acid synthesis, which may contribute to causes of obesity [4]. This 
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hypothesis relies on a simplifi ed metabolic pathway analysis and on studies 
using pure fructose in comparison to pure glucose, a situation which rarely 
occurs in the American diet [29,30].

In nature, fructose commonly occurs together with glucose, and com-
position values for some foods have been tabulated by the USDA on its 
website: http://www.nal.usda.gov/fnic/foodcomp/search/ . The metabo-
lism of food derived sucrose, fruit sugars, honey, and high fructose corn 
syrup, major sources of fructose and glucose in the diet, are currently 
under study, and the biological effects resulting from the use of experi-
mentally formulated mixtures of glucose and fructose are relevant to our 
understanding. The use of mixed sugars are more metabolically predictive 
of dietary consequences than that from single monosaccharides studied 
individually, as metabolism of each type of sugar is not independent from 
the other (discussed below). Metabolic interactions between glucose and 
fructose signifi cantly impact general sugar metabolism.

Owing to the complexity of fructose and glucose metabolism, conven-
tional feeding study approaches are usually less informative than isotope 
tracer studies for obtaining a clear picture of mechanisms for utilization 
of dietary fructose or glucose. It is known that carbon moieties in fructose 
and glucose can be inter-converted in the liver [31], and thus studying 
the disposal and metabolic effects of these dietary sugars with respect to 
one another is most defi nitively conducted using isotope-labeled sugars 
as tracers. A number of these isotopic tracer studies exist, and many are 
found in the literature dated before the year 2000. Although all pathways 
have not been completely studied for fructose disposal and metabolism 
under different physiological conditions, a signifi cant number of reports 
on fructose isotope tracer studies are published. In this work, we have 
reviewed fructose disposal and metabolism in humans based on isotope 
tracer studies to better understand from a molecular stand point fructose 
oxidation, fructose conversion into glucose, fructose conversion into lip-
ids, and fructose conversion into lactate.

5.2 METHOD

Pubmed and Scopus websites were searched using 2 or more key word 
combinations of fructose, glucose, sucrose, tracer, 13C, 14C, and isotope 
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with limitation of using human studies. When reviewing the metabolic 
fate of dietary fructose (including oxidation, glucose conversion, glyco-
gen synthesis, lipid conversion and lactate production), the data were ob-
tained from publications that met the following criteria: adult subjects, 
unbound or bound fructose studied, isotope-tracer used, in English, and 
with metabolic-related study purposes. In total, 34 papers met the criteria. 
Other conditions related to study design were not used as exclusion cri-
teria, such as subject fasting status, ways of fructose administration, and 
sample size. Many of the studies on fructose oxidation were conducted by 
researchers interested in exercise and athletic performance enhancement. 
In some studies, fructose ingestions were combined with glucose or with 
other nutrient intravenous infusion. Dose levels of fructose and admin-
istration methods (bolus or several small portions) also varied between 
studies. As a result, there is significant heterogeneity between studies and 
the protocol, and quality among the tracer studies cited in this review may 
not be similar. The expired CO2 recovery coefficients, correction factors 
(k factor) for the collection loss of expired CO2, were not identical in the 
studies investigating fructose oxidation. This may account for some of the 
observed variations in oxidation rates of ingested fructose [32].

The following sections will review what tracer studies tell us about 
the disposal and metabolism of dietary fructose as a single sugar or as a 
mixture with glucose, either bound or free. In this way, the origins and 
fate of specifi c carbons in these sugars may be determined in relation to 
their partition among metabolic pathways and how the presence of one 
sugar infl uences the metabolism of the other. In two sections, studies are 
included which use non-labeled fructose together with labeled pathway 
compounds to assess the impact of ingested fructose on metabolites or 
pool intermediates leading to alterations in relevant end points, such as 
glucose production or de novo lipogenesis. In this way, fructose carbons 
themselves are not followed, but broader anabolic responses affected by 
the fructose load can be measured. This isotopic method makes use of 
Mass Isotopomer Distribution Analysis (MIDA), a technique reviewed by 
Hellerstein and Neese (1999) [33]. Although these studies investigate a 
number of other important physiological parameters, we report here only 
the results which are directly measured by the tracer itself.
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5.2.1 FRUCTOSE ABSORPTION

To place the metabolism of labeled sugars in context, it is helpful to briefly 
discuss what is known about the uptake of fructose, glucose and sucrose 
from the gut, interdependencies, and entry into the circulation. These 
considerations should be taken into account when designing studies. A 
number of the studies discussed in this section do not use tracer labeled 
sugars, but are included to provide a comprehensive description. The ab-
sorption rate of fructose alone from the small intestine is slower than that 
of glucose. This is partly due to the differences in the absorption process 
between the two monosaccharides. Glucose is absorbed from the intestine 
into the plasma via more than one active glucose co-transporter protein. 
SGLT1 transports glucose from the intestinal lumen through the apical 
membrane into the intestinal epithelial cells. Exit from the epithelial cells 
through the basolateral membrane to the blood is facilitated by GLUT2. 
Fructose is absorbed at a slower rate from the lower part of duodenum and 
jejunum both passively and actively by the brush-border membrane trans-
porter 5 (GLUT-5) and transported into blood also by GLUT2 [34,35]. 
GLUT transporters are primarily made up of 13 multiple homologous pro-
teins (GLUT 1–12 and 14) and they are located throughout the body often 
exhibiting tissue specificities [36]. The capacity for fructose absorption in 
humans is not completely clear, but early studies suggested that fructose 
absorption is quite efficient, though it is less efficient than that of glucose 
or sucrose [34]. The slower absorption and prolonged contact time with 
the luminal intestinal wall would be expected to result in the stimulation 
of regulatory and satiety signals and release of hormones from enteroen-
docrine cells [37,38].

When fructose is consumed as the sole carbohydrate source, it can be 
incompletely absorbed, and as a result, produces a hyperosmolar environ-
ment in the intestine. A high concentration of solute within the gut lumen 
draws fl uid into the intestine which can produce feelings of malaise, stom-
achache or diarrhea [39], and results in decreased food intake. However, 
when glucose is also present, malabsorption is signifi cantly attenuated 
[40]. Riby et al. [34] compiled data from fi ve studies comparing glucose, 
fructose and mixtures of the two for degree of absorption, by measurement 
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of breath hydrogen as an indicator of malabsorption. Pure fructose alone 
produced dose-dependent evidence of malabsorption starting from 12 
gram ingestion loads, while glucose and sucrose individually produced no 
intolerance up to 50 gram ingestion loads. Incremental amounts of added 
free glucose to a 50 gram fructose load dose-dependently attenuated mal-
absorption symptoms, and at the equimolar mixture of the two (up to 100 
grams total sugars), no malabsorption was observed. Thus, how studies are 
designed to deliver the various sugars can have an impact on sugar uptake 
and appearance in the blood.

Sucrose is a valid comparison for glucose-fructose mixtures, as the 
disaccharide is cleaved by the enzyme sucrase into the mono sugars before 
being absorbed into the circulation. Comparison of sucrose absorption 
rates in 32 normal subjects with an equivalent amount of monosaccharide 
mixture containing glucose and fructose, infused intralumenally to avoid 
gastric hydrolysis, resulted in the similar absorption rates for each glucose 
and fructose component of the test [41]. In another study, type-2 diabetic 
patients were fed sucrose or HFCS with a background diet, resulting in 
plasma glucose AUC’s not being different between sucrose and the HFCS, 
nor were mean plasma insulin values [42]. It was also shown that mucosal-
to-serosal glucose fl ux was similar between sucrose and glucose + fructose 
mixture solution, but rates depended on sucrase and sodium-dependent 
glucose transport in an in vitro study [43]. Other comparison studies in 
normal men and women [44] and in diabetics [45,46] produced no differ-
ences in intestinal uptake between sucrose and honey (a glucose-fructose 
mixture). Thus, the body appears to handle oral free glucose-fructose mix-
tures or HFCS similarly as sucrose and that hydrolysis of sucrose does not 
appear to be rate limiting for uptake.

Once absorbed, glucose is delivered to the liver then to peripheral or-
gans for utilization, and its entrance into muscle and fat cells is insulin 
dependent. Fructose is primarily delivered to and metabolized in the liver 
for energy and for two and three carbon precursor production without de-
pendence on insulin. Bolus or divided doses of 50–150 g fructose produce 
plasma concentrations of 3–11 mg/dl of this sugar [47-52], while glucose 
can spike upwards of 150 mg/dl and more. Although little dietary fructose 
appears in the circulation, it can infl uence plasma glucose concentrations 
via sugar inter-conversion. In man, studies indicate fructose to glucose 
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conversion may occur to a highly signifi cant degree (reviewed below) and 
that this conversion occurs via the 3-carbon intermediate pathways. The 
extent of inter-conversion may be species dependent.

Key points: 1) Fructose is readily absorbed and its absorption is fa-
cilitated by the presence of co-ingested glucose. Sucrose, honey, 50:50 
glucose-fructose mixtures and HFCS all appear to be similarly absorbed. 
2) Fructose itself is retained by the liver, while glucose is mainly released 
into the circulation and utilized peripherally. And, 3) Plasma levels of 
fructose are an order of magnitude (10–50 folds) lower than circulating 
glucose, and fructose elicits only a modest insulin response. This lower 
glucose and insulin response by the body to fructose intake has been con-
sidered desirable for diabetic diets.

5.2.2 FRUCTOSE AND GLUCOSE METABOLIC FLUX

Fructose and glucose metabolic flux is briefly described in Figure  1. The 
important point of distinction between glucose and fructose metabolism 
resides in two areas. Absorbed fructose is extracted by, held, and pro-
cessed in the liver, with little fructose circulating in the blood stream or 
delivered to peripheral tissues. Absorbed glucose or that produced in the 
liver from fructose or other precursors is either metabolized in the liver or 
exported to the blood stream and further to extrahepatic tissues. Most ab-
sorbed fructose is cleaved in the liver into glyceraldehyde and dihydroxy 
acetone phosphate, and these trioses further go to glycerol phosphate and 
pyruvate metabolic pathways, respectively. With both fructose and glu-
cose, lactate conversion plays an important role in distributing carbohy-
drate potential energy between gluconeogenesis and acetyl CoA, with en-
try into the TCA cycle or use in lipid synthesis (Figure  1) [53,54]. Lactate 
discharge is also a means for fructose carbons to escape the liver and be 
transported to peripheral tissues. Fructose cleavage to glyceraldehyde can 
result in the production of glycerol via reduction. It was observed that 
blood glycerol concentration increased after fructose ingestion in exercise 
subjects [55,56]. The noted glycerol increases after fructose ingestion are 
either greater or similar compared with the values after glucose inges-
tion, and the produced glycerol can be oxidized for energy. However, the 
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metabolic balance between glycerol produced from fructose and central 
pathway trioses has not been clearly determined.

Given the complexity and interdependencies of energy metabolism and 
biochemical synthesis arising from sugars, consideration of the fl ux of car-
bons among these pathways is critical to understanding the health conse-
quences of consuming these nutrients. Single sugar distribution and fl uxes 
between pathways are not easily studied without isotopic labels. Classical-
ly, a limited number of metabolites are characterized in a study and some 
disposal points can be missed. More recently, a computational technique 
is being employed utilizing. Nuclear Magnetic Resonance (NMR) or mass 
spectral analyses of the 13C isotopomer distribution of metabolites, fol-
lowing administration of labeled precursors. These precursors may be uni-
formly labeled compounds or labeled at specifi c carbons, depending on 
the question to be answered. An empirical metabolic fl ux analysis profi le 
is generated which can be mathematically modeled without being con-
strained by physical chemistry rigor, as reviewed by Selivanoc and Lee 
[57,58]. This technique allows one to model metabolite fl uxes which may 
not be well characterized or understood from direct enzymatic or physi-
cal chemistry data. A second method is under development to mathemati-
cally model general metabolism and interdependencies of pathways using 
known thermodynamic free energy and kinetic constant parameters for 
each reaction in the pathway sequences [59], but there is currently insuf-
fi cient data to apply to fructose metabolism questions.

Each method has advantages and disadvantages, and likely the combi-
nation of both is needed for optimal predictive power. In the future, with 
these tools one should be able to predict outcomes from sugars supply as 
a function of the organism’s energy (ATP) status, oxidation/reduction po-
tential (NADH/NADPH) and nutrient dependent cofactors. Metabolic dif-
ferences among compartments and their interactions as a whole should be 
included. Experimentation should account for metabolome interactions, 
and study results should be interpreted carefully with respect to the experi-
mental conditions employed.

Key points: 1) Fructose is observed to enter all the pathways of dis-
posal as found for glucose glycolysis and the TCA cycle. 2) Three carbon 
intermediates provide a means for fructose to be released from the liver 
and to be utilized peripherally, which suggests that physiological effects 
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observed should be integrated with the co-effect and metabolic fl uxes aris-
ing from all sugars using these pathways.

5.2.3 METABOLIC FATE OF DIETARY FRUCTOSE

The following reviews the data as presented in the papers. As depicted in 
Figure  1, the interdependence of metabolic pathways of fructose and glu-
cose can influence the flow of metabolites and their temporal appearance 
as other compounds. Thus, in discussing the disposal of fructose carbons, 
e.g. through oxidation, one cannot accurately distinguish if the labeled 
CO2 arose directly from the fructose itself, or from fructose which had 
undergone conversion to neoformed glucose, neoformed lactate, or other 
neoformed compounds. Where the conversions occur, these metabolites 
can be readily transported out of the liver to other tissues, altering the tem-
poral appearance of metabolites. Further complicating the analysis, some 
studies used fructose labeled with 13C at different positions of its carbon 
backbone, uniformly labeled fructose, or 13C naturally enriched fructose. 
The different labeling may also influence the appearance of the isotope 
tracer in various metabolites. Using uniformly labeled fructose would lim-
it the potential complications from different labeling positions on isotope 
tracer appearance in its metabolites. It should also be noted that most of 
the tracer studies described in the following sections are short-term dietary 
studies (monitored periods shorter than 8 hours) and may not reflect longer 
term effects of fructose, such as on de novo lipogenesis, VLDL TG pro-
duction, or other metabolic specificities.

5.2.4 FRUCTOSE OXIDATION

Multiple studies have been conducted to observe how much fructose and 
other sugars can be oxidized following ingestion. Table  1 summarizes 
fructose and other sugar oxidation data reported from tracer studies in 
humans under different experimental designs. In all, 19 relevant studies 
were found which met the inclusion criteria of this review. The first 4 
studies cited in Table  1 used resting subjects with fructose ingestion levels 
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from 0.5-1.0 g/kg body weight (bw). Within the study monitoring peri-
ods, the ingested fructose was oxidized from 30.5% to 59%. The study 
by Chong and colleagues [48] showed fructose was oxidized faster than 
glucose (30.5% vs 24.5%). This effect may be due to less regulation of 
phosphorylation for fructose or to a wider tissue distribution of glucose. 
Oxidation rates increase as the dose increases but would be attenuated by 
its rate of absorption when intake amounts are large. Delarue et al. [49] 
indicated when the fructose administration dose increased from 0.5 to 1 g/
kg bw, the oxidation amount of fructose correspondingly increased, such 
that a similar percent of the given fructose dosage was oxidized (56% and 
59%, respectively). However, there is a difference in oxidation rates be-
tween normal and diabetic subjects, in that normal subjects could more ef-
ficiently oxidize fructose than type-2 diabetics (38.5% vs 31.3% of given 
dosage) [52].

The other studies in the Table  1 were conducted under conditions of 
exercise where workloads corresponded to 50-75% of max VO2 uptake. 
The oxidized amounts of ingested fructose ranged from 37.5% to 62.0%. 
Except in one study [60] which showed that fructose and glucose had simi-
lar oxidation rates (38.8% and 40.5%, respectively), the other studies all 
observed that glucose was oxidized faster than fructose under the exercise 
conditions [47,50,55,56,61-65]. A very interesting phenomenon noted is 
that when fructose and glucose are ingested together (including fructose-
containing sucrose), the oxidation rates of the mixed sugars were faster 
than that of either one of them ingested alone at the same dosage. Adopo 
et al. reported that, given 100 g fructose, glucose, or fructose + glucose, 
73.6% of the mixed sugars were oxidized while the data of fructose and 
glucose were 43.8% and 48.1% as ingested separately [61]. The series of 
studies by Jentjens and colleagues [66-69] also reported that fructose plus 
glucose or sucrose plus glucose consumed together were oxidized faster 
than glucose alone.

A summary of the sugar oxidation data is shown in Figure  2. The data 
of obese or diabetic subjects are not included in this fi gure. In non-exer-
cise subjects, the mean of the oxidized fructose amount was 45.0% ± 10.7 
(mean ± SD, range 30.5-59%) of ingested dose within a period of 3–6 hours. 
Under exercise conditions, this mean was 45.8% ± 7.3 (mean ± SD, range 
37.5-62%) within 2–3 hours. When fructose and glucose are ingested in 
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TABLE 1: Oxidation of Dietary Fructose, Glucose, and Other Sugars in Tracer Studies(1)

Subjects Exercise Hours Sugar dosage (g) Tracer Oxidation Reference

9 M No 6 0.9 fru/kg bw 13C-fru(L1) 42.9%
 [70](2)

9 F No 6 0.9 fru/kg bw 13C-fru 43%

8 M + 6 F No 6 0.75 glu/kg bw 13C-glu(L1) 24.5%
 [48]

8 M + 6 F No 6 0.75 fru/kg bw 13C-fru(L1) 30.5%

M + 3 F No 6 0.5 fru/kg bw 13C-fru(L2) 56%
 [49](2)

3 M + 3 F No 6 1.0 fru/kg bw 13C-fru 59%

4 M + 4 F No 3 0.9 fru/kg bw 13C-fru(L3) 38.5%
 [52](2)

7 obese F No 3 0.9 fru/kg bw 13C-fru 34.9%
8 type-2 
(4 M) No 3 0.9 fru/kg bw 13C-fru 31.3%

10 M yes 2 0.6 malt/min 13C-glu(L4)

81.7% 
(0.49 g/
min)

 [82]

10 M yes 2
0.3 fru + 0.6 
malt/min 13C-fru(L4)

62.0% 
(0.18 g/
min)

10 M yes 2
0.5 fru + 0.6 
malt/min 13C-fru

54.0% 
(0.27 g/
min)

10 M yes 2
0.7 fru + 0.6 
malt/min 13C-fru

52.0% 
(0.36 g/
min)

6 M Yes 2 100 galactose
13C-
galactose(L1) 23.7%

 [60]

6 M Yes 2 100 fru 13C-fru(L1) 38.8%

6 M Yes 2 100 glu 13C-glu(L1) 40.5%

6 M yes 2 100 fru 13C-fru(L1) 43.8%
 [47]

6 M yes 2 100 glu 13C-glu(L1) 48.1%

6 M yes 2
100 fru + 120 
sucr 13C-fru

42.0% 
(42 g)
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Subjects Exercise Hours Sugar dosage (g) Tracer Oxidation Reference

6 M yes 2
100 glu + 120 
sucr 13C-glu

50.2% 
(50.2 g)

18 M yes 2 1.33 fru/kg bw 13C-fru(L1)
36.7% 
(35.7 g)

 [62]

18 M yes 2 1.33 glu/kg bw 13C-glu(L1)
57.2% 
(56.1 g)

6 M yes 2 100 fru 13C-fru(L1) 45.8%
 [61](2,3)

6 M yes 2 100 glu 13C-glu(L1) 58.3%

6 M yes 2 50 fru + 50 glu
13C-
fru + 13C-glu 73.6%

6 M yes 3 150 fru 13C-fru(L2) 38.0%
 [50]

6 M yes 3 150 glu 13C-glu(L2) 54.0%

5 M yes 2 1.33 fru/kg bw 13C-fru(L4)
51.0% 
(49 g)

 [65]

5 M yes 2 1.33 glu/kg bw 13C-glu(L4)
60.4% 
(58 g)

5 M3 yes 2 1.33 fru/kg bw 13C-fru
37.5% 
(36 g)

5 M3 yes 2 1.33 glu/kg bw 13C-glu
58.3% 
(56 g)

6 M yes 2 1.33 fru/kg bw 13C-fru(L4)
54.0% 
(53 g)

 [64](3)

6 M yes 2 1.33 glu/kg bw 13C-glu(L4)
72.0% 
(70 g)

6 M yes 2 100 fru 13C-fru(L4) 54%
 [55]

6 M yes 2 100 glu 13C-glu(L4) 67%

7 M yes 3 140 fru 13C-fru(L4) 56%
 [63](3)

7 M yes 3 140 glu 13C-glu(L4) 75%

10 M yes 2 1.0 fru/kg bw 13C-fru(L2)
43.0% 
(30 g)

 [56]

TABLE 1: Cont.
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Subjects Exercise Hours Sugar dosage (g) Tracer Oxidation Reference

10 M yes 2 1.0 glu/kg bw 13C-glu(L2)
37.1% 
(26 g)

8 M yes 2
0.5 fru + 1.0 glu/
min

13C-
fru + 13C-
glu(L2)

72.7% 
(1.09 g/
min)

 [68](3,4)

8 M yes 2 1.5 glu/min 13C-glu

50.7% 
(0.76 g/
min)

8 M yes 2 1.2 sucr/min 13C-sucr(L1)

78.3% 
(0.94 g/
min)

 [67](4)

8 M yes 2 1.2 glu/min 14C-glu(L1)

58.3% 
(0.70 g/
min)

8 M yes 2
0.6 sucr + 0.6 
glu/min

13C-su-
cr + 14C-glu

70.8% 
(0.85 g/
min)

9 M yes 2.5 1.8 glu/min 13C-glu(L2)

53.3% 
(0.96 g/
min)

 [69](4)

9 M yes 2.5
0.6 sucr + 1.2 
glu/min

13C-
sucr + 13C-
glu(L2)

62.2% 
(1.12 g/
min)

9 M yes 2.5
0.6 malt + 1.2 
glu/min

13C-
malt + 13C-
glu(L2)

52.2% 
(0.94 g/
min)

8 M yes 2 1.8 glu /min 14C-glu(L1)

38.7% 
(0.75 g/
min)

 [66](4)

8 M yes 2
0.6 fru + 1.2 glu/
min

13C-
fru + 14C-
glu(L1)

64.4% 
(1.16 g/
min)

(1): hours = study monitoring hours, fru = fructose, glu = glucose, sucr = sucrose, 
malt = maltose; bw = body weight; M = male, F = female; type-2 = type-2 diabetes. In the 
reference column, (2) = with glucose infusion. (3) = non-fasting subjects. (4) = oxidation 
data of the 2nd hour or the last 1.5 hours. In the column of “Tracer”, superscripted 
L1 = labeled uniformly, L2 = naturally enriched, L3 = labeled at position 1, and L4 = 13C 
position not indicated.

TABLE 1: Cont.



124 Functional Foods

combination, either as fructose plus glucose, as sucrose, or as sucrose plus 
one of the 2 mono-sugars, the mean oxidized amount of the mixed sugars 
increased to 66.0% ± 8.2 (mean ± SD, range 52.2-73.6%). The oxidation 
data of glucose alone is 58.7% ± 12.9 (mean ± SD, range 37.1-81.0%).

Key points: 1) A signifi cant amount of ingested fructose is oxidized by 
the body to produce energy. 2) Under resting conditions, fructose may be 
preferentially or similarly utilized to produce energy as glucose, and un-
der exercise, glucose appeared to be more preferentially used to produce 
energy by the body. 3) When fructose and glucose are ingested together, 
the mixed sugars will be oxidized signifi cantly faster than either one of the 
sugars ingested alone. And, 4) Fructose metabolism could be very differ-
ent between normal and obese/diabetic subjects. A potential consideration 
with these oxidation studies is that with shorter time frames of measure-
ment or incomplete oxidation and with only partial labeling, position of 
the isotope label can infl uence the rate of appearance of the isotope in the 
exhaled carbon dioxide (CO2). Temporal isotope appearance in CO2 can be 
altered if some of the fructose carbons are not completely oxidized in the 
time frame of measurement due to diversion to non-oxidative pathways.

5.2.5 FRUCTOSE-GLUCOSE CONVERSION

The disposal pathway for fructose is not solely by direct oxidation, as some 
absorbed fructose will be converted to glucose. A number of studies have 
determined the extent of the conversion, which can only be clearly done 
using tracers. Table  2 tabulates the data from various studies with different 
experimental conditions. Tran and colleagues [70] studied the conversion 
of fructose to glucose as compared between men and women. After a 3 
times ingestion of a fructose-containing beverage (3x0.3 g/kg bw), 37.4% 
of the fructose was converted to glucose in men during 6 hours. This val-
ue is significantly higher than the conversion rate of 28.9% observed in 
women. Similarly, using an equal fructose dosage, Paquot et al. [52] noted 
the conversion percent from fructose to glucose was 36.4% in 8 normal 
subjects (4 M + 4 F), which is comparable with Tran’s data. However, the 
conversion proportion appeared to be lower in obese and diabetic subjects 
(29.5% and 30.2%, respectively). In a dosing study monitored over a period 
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of 6 hours, using 0.5 and 1 gram/kg bw, the conversion from fructose to 
glucose was reported to be 54% and 50.7% of given dosages, respectively 
[49]. Surmely et al. [71] infused fructose at 3 mg/kg bw per minute for 
the first 3 hours, followed by doubling the infusion dosage for the next 
3 hours. It was noted that the subsequent higher infusion dose level some-
what slowed the fructose conversion percentage, 22% and 28% for high 
and low dose levels respectively. Under exercise conditions, Lecoultre et 
al. [51] reported that 29% of ingested fructose (96 g) is converted to glu-
cose when a steady state of carbohydrate flux was reached (1.7-2 hrs from 
the beginning of study). With repeated administration to achieve a high 
dose level and under exercise, Jandrian et al. [50] reported that 55-60% of 
circulating glucose comes from fructose conversion during the latter half 
of the monitoring period. This data is similar to that observed by Delarue 
et al. [49] who reported the amount of glucose synthesized from fructose 
was 57% of overall glucose appearance in the circulation after an inges-
tion of fructose at dosage of 1 g/kg bw, while the subjects were not under 
exercise. These data suggest that 41% ±10.5 (mean ± SD, range 29-54%) 
of fructose can be converted to glucose within 2–6 hours after ingestion 
in normal non-exercise subjects. This conversion may be lower in women 
compared to men, and obese and diabetic subjects may also have lower 
conversion capability.

For the conversion from dietary fructose to glycogen, data are very 
limited. Nilsson et al. [72] reported that a signifi cantly higher amount of 
glycogen was determined in the liver (274.6 mmol glycosyl unit per kg 
wet tissue) after fructose infusion than that (76.2 mmol glycosyl unit) after 
glucose infusion; and no difference of glycogen increase in muscle was 
noted (23.0 and 24.4 mmol glycosyl units per kg after fructose and glucose 
infusions, respectively). Another fructose infusion study (non-exercise) by 
Dirlewanger et al. [73] noted that fructose stimulates total glucose out-
put, glucose cycling and intrahepatic UDP galactose turnover, which was 
used as a marker for increased glycogen synthesis. Blom and colleagues 
[74] reported that dietary fructose could be about half as effi cient as glu-
cose or sucrose to replenish muscle glycogen after exercise. In that study, 
healthy young subjects exhaustively exercised on bicycle ergometers, and 
ingested 0.7 g/kg bw of fructose, glucose, or sucrose divided in 3 doses. 
The rates of glycogen synthesis in muscle corresponding to each sugar 
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treatment were observed as 0.32, 0.58, and 0.62 mmol/kg per hour, re-
spectively. The data indicate that energy status plays a role in how the 
body handles fructose distribution and conversion to glycogen. A more 
recent study reported that a part of dietary fructose was converted to 
glycogen based on surge of blood 13C-glucose concentration following 
a glucagon administration after 4 hours of 13C-labeled fructose intake 
(0.72 g/kg-bw) [75].

Although it was reported that a significant amount of fructose in 
the circulation could be used to produce glycogen in liver via first 
conversion to glucose, no isotope tracer studies were found to di-
rectly quantitate 13C-carbons from dietary fructose incorporated into 
glycogen in humans. Considering that most of absorbed fructose is 
extracted and metabolized in liver, the data from the fructose infusion 
studies noted above may not be representative for orally administered 
fructose.

Lastly, a number of studies using labeled glucose have examined how 
dietary fructose loads affect glucose production and disposal [76-78]. In 
these three studies, 6,6-deuterium labeled glucose was infused as a glu-
cose metabolism tracer into male subjects after a 4–7 day fructose feeding, 
with fructose representing >25% energy in the diet. Results indicated that 
hepatic glucose production in normal subjects did not change [76], or had 
no effect on whole-body insulin-mediated glucose disposal [78]. Using a 
2-step hyperinsulinemic euglycemic clamp, healthy offspring of Type 2 
diabetics fed a high fructose diet exhibited higher fasting hepatic glucose 
levels compared to controls [77].

Key points: 1) Fructose is converted to glucose to variable extents, 
depending on exercise condition, gender, and health status. This intercon-
version occurs at the triose phosphate intersection of the glucose-fructose 
pathways. 2) A portion of fructose is incorporated into glycogen after con-
version to glucose, but the extent is not known. 3) Fructose feeding has 
an effect on hepatic glucose production and whole body glucose disposal. 
And, 4) Fructose may be processed differently in obese population or pop-
ulation with higher diabetes risk.
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5.2.6 FRUCTOSE-LACTATE CONVERSION

Another significant and perhaps underappreciated metabolic pathway 
of dietary fructose is its conversion to lactate. Earlier tracer studies ob-
served that blood lactate concentration was increased after fructose or 
fructose + glucose ingestion compared to that after glucose ingestion alone 
[56,66,68,79,80]. It was also observed that sucrose ingestion also caused 
a higher blood lactate response than did glucose [67,81]. However, no de-
tailed data were reported to clarify how much of the ingested fructose was 
converted into the lactate in these studies.

Recently, Lecoultre et al. [51] conducted a tracer study in 7 men while 
under exercise. Within 100 minutes, 96 g fructose with 144 g glucose were 
co-ingested. The lactate conversion from 13C-labeled fructose was calcu-
lated using the parameters between 100 and 120 minutes when steady state 
of carbohydrate fl ux was assumed. As a result, 28% of fructose ingested 
was converted to lactate (35 micromol/kg-bw/min). Most of the converted 
lactate (25/28 or 89.3%) from fructose was oxidized mainly by working 
skeletal muscle (31 micromol/kg-bw/min). The non-oxidative fructose 
disposal was 0.52 grams per minute accounting for about 40% of the fruc-
tose ingested. The rate of appearance of glucose from fructose conversion 
was 19.8 micromol/kg-bw/min or 29% of the fructose dose. The authors 
also indicated that the increased lactate production and oxidation would 
be an essential explanation of faster oxidation of fructose + glucose co-
ingested than glucose ingested alone.

In the tracer study by Rowland and colleagues [82], blood lactate con-
centration changes were compared in 10 men under exercise using oral 
test solutions of 13C-labeled glucose + 14C-labeled fructose (at 0.6 g/min 
glucose + 0, 0.3, 0.5, or 0.7 g/min fructose). During the 2-hour study pe-
riod and compared to glucose alone, plasma lactate amount increased 31% 
and 24% under the glucose + fructose ingestions at 0.6 + 0.5 g/min and 
0.6 + 0.7 g/min, respectively. However, the study did not indicate conver-
sion percentage from the labeled fructose or glucose dosages.

Key points: 1) Clearly, a signifi cant amount of fructose can be convert-
ed to lactate, but quantitative metabolic data of dietary fructose to lactate 
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conversion is very limited. The effects of fructose dose, administration 
method, physical activity, and subject characteristics on fructose-lactate 
metabolism remain to be further studied. 2) Labeling patterns of isotope 
tracer in fructose will have an infl uence on the measured isotope appear-
ance in lactate, if the studied sugar is not uniformly labeled.

5.2.7 FRUCTOSE-LIPIDS CONVERSION

A significant number of clinical studies have been performed to investi-
gate the influence of fructose intake on blood triglyceride (TG) concentra-
tions. However, tracer studies aimed at revealing metabolic conversion 
from labeled fructose carbons to TG are extremely limited. In contrast 
to the conversion from fructose to glucose, the metabolic pathway from 
fructose to TG conversion can be much more complicated due to the com-
plex distribution and diversity of blood lipid compositions in the body. De 
novo lipogenesis from sugars can occur in the liver and end up as pack-
aged VLDL TG and/or as intrahepatocellular lipids. There are currently 
no convenient methods to quantitate overall DNL and intrahepatic lipid 
deposition. The fractional contribution of sugars to de novo lipogenesis 
and VLDL TG are commonly determined using tracer enrichment data of 
blood samples. The time periods of liver de novo lipogenesis from sug-
ars and the factors influencing it are not completely understood, and are 
impacted by the concentrations and tracer characteristics of the various 
substrates drawn from lipid precursor pools. De novo lipogenesis may also 
occur in adipose tissue or muscles, but there are no adequate methods 
available to quantitate it. A more expansive discussion of de novo lipo-
genesis and methodological considerations is an appropriate subject for a 
separate review.

Perhaps because of these diffi culties, only two tracer studies were 
found that investigated conversion of labeled dietary fructose carbons into 
plasma lipids. Chong et al. [48] studied the effect of fructose on postpran-
dial lipidemia in fourteen adults (8 men) who were orally administrated 
13C-labeled fructose or 13C-labeled glucose at a dose of 0.75 g/kg bw, 
together with an 2 H-labeled oil mix (85% palm oil and 15% sunfl ower oil) 
at 0.5 g/kg bw. Blood lipid changes were monitored in a 6-hour period. It 
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was observed that plasma TG concentration rose more signifi cantly after 
fructose ingestion (from baseline 1240 μmol/L (≈110 mg/dl) to its plateau 
of 2350 μmol/L (≈208 mg/dl)) than that after glucose ingestion (from base-
line 1240 μmol/L to its plateau of 1700 μmol/L(≈150 mg/dl)). However, 
the concentration increases of 13C-enriched TG-fatty acids and TG-glyc-
erol from the labeled fructose in the Sf 20–400 lipid fraction (including 
VLDL) were very small within the monitoring period. The plateau value 
of 13C-palmitate concentration was about 0.022 μmol/L (≈0.002 mg/dl), 
13C-myristate was about 0.0015 μmol/L (≈0.0001 mg/dl), and 13C-TG-
glycerol was about 1.4 μmol/L (≈0.124 mg/dl), suggesting that fructose 
carbons were not substantially transferred into plasma TG molecules dur-
ing the time period monitored. The authors indicated that the lipogenic 
potential of fructose seems to be small, since the results showed that only 
0.05% and 0.15% of fructose were converted to de novo fatty acids and 
TG-glycerol at 4 hour, respectively. The reported data should be viewed 
in the context of the 4-hour time period and whether further conversion 
would be observed at extended times was not illustrated. It was observed 
by Vedala and colleagues [83], using labeled fatty acids, acetate and glyc-
erol as precursors, that a meaningful portion of de novo synthesized tri-
glyceride would appear in blood at later times, and rates of this delayed se-
cretion were signifi cantly different among normal, hypertriglyceridemic, 
and diabetic subjects. However, this study did not specifi cally measure 
fructose conversion using labeled sugars.

In another study, Tran et al. [70] reported that 13C-labeled fructose 
consumption at 3x0.3 g/kg body weight caused a small but signifi cant in-
crease of 13C-enrichment in VLDL palmitate in 8 men compared with 
that found in 9 women (no increase) during a 6-hour monitoring period. 
However, compared to baselines, plasma TG and non-esterifi ed fatty acid 
concentrations decreased 5.3% and 32.9% in men and 3.3% and 24.4% in 
women, respectively. The data indicate that the conversion from fructose 
to fatty acid occurred, however, no blood lipid concentrations increased. 
Although the authors reported that 42.9% and 43% of the ingested fruc-
tose was oxidized and 37.4% and 28.9% was converted into glucose in 
men and women during the 6-hour monitoring period, conversion rate 
or percent from fructose into fatty acid or triglyceride was not reported. 
This study also noted that men processed dietary fructose differently than 



132 Functional Foods

women, and the given fructose lowered postprandial plasma lipids. It was 
discussed that although fructose is a potent lipogenic substrate, the ob-
served fat synthesis arising from fructose carbons appeared to be quanti-
tatively minor compared with other pathways of fructose disposal, but it 
may nevertheless have a signifi cant impact on plasma and tissue lipids. 
In this same study, respiratory quotient (RQ) measurements found differ-
ences between genders, with male subjects increasing their RQ by 3% and 
females maintaining theirs. This data suggest that the increase of blood TG 
frequently observed in men compared to women after high dose fructose 
ingestion could be due to fat sparing during energy utilization.

There are several studies which used labeled acetate, administered by 
intravenous infusion as a precursor of lipid synthesis, to assess the fruc-
tose stimulation of de novo lipogenesis (DNL). This technique uses the 
approach of Mass Isotopomer Distribution Analysis (MIDA) to estimate 
the infused subunit (acetate) appearance in newly synthesized fatty acids 
and further predict the effect of dietary fructose on fractional DNL. The 
advantages and limitations of the method were well reviewed by Heller-
stein in 1996 [84]. Parks et al. [85] investigated the infl uence of fructose-
containing drinks on blood lipid changes using infused 13C-acetate. Six 
healthy subjects were randomly administrated 86 grams (mean) of glu-
cose, glucose + fructose (50:50) or glucose + fructose (25:75) in drinks by 
a crossover-designed trial. Four hours after fructose ingestion, a standard 
lunch was consumed. Compared to glucose, more palmitate synthesis in 
triglyceride-rich lipoprotein (TRL) TG was noted after fructose-containing 
drinks, but not after the lunch. No signifi cant differences were observed 
for TRL-TG concentrations between glucose and fructose-containing 
drink arms after baseline correction. Plasma TG concentration was de-
creased after glucose preload and stayed constant after fructose-containing 
drink preloads. Following the lunch, TG concentrations increased for all 
treatments. The authors reported that the after lunch TG-AUC data from 
fructose-containing drink treatments were signifi cantly larger than that of 
glucose drink treatment. However, this AUC data was calculated over the 
entire study time period. Due to the negative TG rise during the glucose 
preload phase, the difference between the glucose and fructose arms was 
accentuated.
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Similarly, in Stanhope and colleagues’ study [86], 13C-labeled acetate 
infusion was used to measure fractional DNL in a 10-week intervention in-
volving 18 overweight or obese subjects consuming either glucose (n = 8) 
or fructose beverages (n = 10) delivering 25% of daily energy. The per-
cent changes of fractional hepatic DNL were not signifi cantly different 
from baseline following 9-week glucose consumption for both fasting and 
postprandial measurements. In the fructose beverage group, the percent 
changes of fractional hepatic DNL were also not signifi cantly different 
between baseline and following 9-weeks for fasting data, but were signifi -
cantly increased for postprandial data (2-7% during 11-hour monitoring). 
The actual amount of the DNL was not reported.

Faeh et al. conducted a shorter term crossover study using a 6-day inter-
vention [78]. Seven men were fed hypercaloric (+800-1000 kcal/d) diets, 
with the additional 25% of energy provided through a fructose solution. 
Fractional hepatic DNL was measured via 13C-labeled acetate infusion. 
The % changes from baseline for plasma TG and hepatic DNL were found 
to be signifi cantly increased for the hypercaloric fructose diet compared 
to isocaloric control diets. The authors noted that the results could not 
truly differentiate the effects of the high-fructose intake per se and that of 
the total carbohydrate energy overfeeding. This study also found that fi sh 
oil added to the diets containing fructose attenuated this hyperlipidemic 
response somewhat [78].

Clearly, the 3 studies discussed above [78,85,86] assess effects of di-
etary fructose with or without over energy intakes on the utilization of ac-
etate in the circulation, which is designed to feed directly into lipid synthe-
sis. In humans, acetate concentrations in blood are fairly low. As indicated 
in the Human Metablome Database [87], normal blood concentrations of 
acetate are 41.9 ± 15.1 (SD) μmol/L in adults aged 18 years and over. For 
earlier data, Richards et al. [88] reported in 1976 that the normal value of 
blood acetate was 25 ± 2 μmol/L. Beyond alcohol consumption, common 
dietary intakes have no or limited infl uence on blood acetate concentration 
[89,90]. In the studies of Parks, Stanhope, and Faeh, acetate was constant-
ly infused at 0.5-0.55 g/hr (about 7000 μmol/hr) for 25, 26 and 9.5 hours, 
respectively. Although the data of blood acetate concentration were not 
reported in those studies, it would be important to determine whether the 
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acetate infusion signifi cantly raised blood acetate concentrations such that 
this could have a meaningful impact on metabolic response to the fruc-
tose challenge. The coexistence of the infused acetate and intermediate 
metabolites of fructose, including regulatory elements of citrate, malate, 
and lactate, could prime the pathway of DNL. As detailed above, dietary 
fructose (up to 25% of daily energy and 3 g/day-kg in these studies) can 
metabolically be converted into lactate and further result in blood lactate 
concentration increases. Beynen and colleagues’ hepatic cell study [91] 
indicated that lactate and acetate both stimulate fatty acid synthesis, and 
lactate can induce activation of acetyl-CoA carboxylase, a key enzyme for 
fatty acid synthesis. Thus, the meaning of stimulation of de novo lipogen-
esis observed from use of infused intermediate metabolite tracer and its 
interaction with the sugars studied should be considered carefully, along 
with the study methodologies being validated for the dosage of infused 
tracer. Additionally, how the infused acetate can truly represent intrahepa-
tocellular acetyl-CoA pool is another key point to be clarifi ed.

Key points: 1) The above tracer studies indicate the complex re-
lationship between dietary fructose and lipid synthesis. The observed 
increases in plasma TG and DNL in these studies can arise from both 
increased lipid synthesis and decreased lipid clearance, and the rela-
tive contributions were not addressed in any detail. And, 2) The intake 
levels, health status, and gender of subjects are all important factors in-
fl uencing sugar-lipid relationships. The infl uence of fructose consump-
tion on plasma lipids and de novo lipogenesis remains controversial 
and understudied.

5.2.8 INFLUENCE OF EXOGENOUS SUGARS ON 
UTILIZATION OF ENDOGENOUS ENERGY SOURCES

After sugar ingestion, body utilization of energy sources will change. As 
exogenous carbohydrate is used as a fuel source, the oxidation rates of 
stored energy, typically, endogenous carbohydrates and fat, will decrease. 
The extent of the decrease is usually driven by ingested sugar type, in-
take amount, and status of body energy need (such as vigorous exercise 
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or screen watching). Under exercise, glucose is more likely to be prefer-
entially oxidized than fructose, and this scenario will go in the opposite 
direction under a resting state. Although data are limited related to de-
tailed shifting of energy sources under different conditions, some stud-
ies using subjects under exercise may provide a basic concept of energy 
source shifting after sugar ingestion. Jentjens and colleagues conducted a 
series of studies [66-69,80] using exercise subjects under somewhat com-
parable conditions, and reported some data related to the energy source 
shifting. The subjects were given drinks containing glucose, sucrose, glu-
cose + fructose, or glucose + sucrose at dosage 0 (control), 1.2, 1.5, 1.8, or 
2.4 g/min and under exercise workloads around 50% VO2 max uptake. 
For controls (0 gram of sugar intake), the oxidation rates of fat and en-
dogenous carbohydrate were between 0.77-0.95 g/min and 1.43-1.85 g/
min, respectively. Compared to the control, glucose-containing drinks de-
creased fat oxidation rates by 21.6-41.7% (calculated based on reported 
data) and endogenous carbohydrate oxidation rates by 8.5-31.5%, except 
that one of the 5 studies noted endogenous carbohydrate oxidation rates 
increased (3.8% for medium and 14.1% for high glucose intake). For 
fructose-containing drink arms, either for glucose + fructose, sucrose, or 
glucose + sucrose, the fat oxidation rates were lowered by 19.5-47.4% and 
endogenous carbohydrate oxidation rates were lowered by 13.0-31.6%. 
These percent decreases appeared to be positively correlated to the sugar 
intake levels and the ratios of fructose in the mixed sugar drinks. The other 
two studies [60,79] with similar settings as Jentjens and colleagues’ work 
also reported comparable data of decreasing fat and endogenous carbohy-
drate oxidation after sugar preloads.

Key points: 1) Together with other sugar inter-conversion data and the 
RQ data of Tran et al. [70], the shifting of energy sources after sugar inges-
tion may indicate that the utilization of exogenous and endogenous energy 
is closely regulated according to the energy balance of body. 2) Beyond 
specifi c health and physiological conditions, physical activity, over energy 
consumption, dietary macronutrient composition, and other lifestyle fac-
tors would also play critical roles in the body’s utilization of dietary sug-
ars. In view of these factors, how energy is quantitatively balanced with 
fructose loading is an area yet to be delineated.
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5.3 SUMMARY

Figure  3 summarizes the major metabolic fates of dietary fructose based 
on the data obtained from the reviewed isotope tracer studies. The mean 
oxidation rate of dietary fructose was 45.0% (ranged 30.5-59%) of ingest-
ed doses in normal subjects within a period of 3–6 hours. With exercise 
conditions, the mean oxidation rate of fructose came to 45.8% (ranged 
37.5-62%) within 2–3 hours. When fructose was ingested together with 
glucose, the mean oxidation rate of the mixed sugars increased to 66.0% 
(ranged 52.2-73.6%) under similar exercise conditions. Secondly, the 
mean conversion rate from fructose to glucose was 41% (ranged 29-54%) 
of ingested dose in 3–6 hours after ingestion in normal non-exercise sub-
jects. This value may be higher in subjects under exercise. The conversion 
amount from fructose to glycogen remains to be further clarified. Thirdly, 
at short time periods (≤ 6 hours), it appeared that only a small percent of 
fructose carbons enter the pathway of liponeogenesis after fructose in-
gestion. The hyperlipidemic effect of dietary fructose observed in both 
tracer and non-tracer studies may involve other metabolic mechanisms 
and this could relate to energy source shifting and lipid sparing. Lastly, 
fructose can be catabolized into lactate and cause an increase of blood lac-
tate concentrations. Approximately a quarter of ingested fructose could be 
converted into lactate within a few of hours and this is a means to release 
fructose-derived carbons from the liver for extrahepatic utilization. Even 
though the reviewed tracer studies may not be fully representative of real-
life diets and the obtained data are limited, this review provides a basic 
outline how fructose is utilized after it is consumed by humans.
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CHAPTER 6

VITAMIN C IN HUMAN HEALTH 
AND DISEASE IS STILL A MYSTERY? 
AN OVERVIEW

K. AKHILENDER NAIDU

6.1 HISTORICAL PERSPECTIVE

The sea voyager/sailors developed a peculiar disease called scurvy when 
they were on sea. This was found to be due to eating non-perishable items 
and lack of fresh fruits and vegetables in their diet. A British naval Physi-
cian, Lind [1] documented that there was some substance in citrus fruits 
that can cure scurvy. He developed a method to concentrate and preserve 
citrus juice for use by sailors. British Navy was given a daily ration of 
lime or lemon juice to overcome ascorbic acid deficiency. Ascorbic acid 
was first isolated from natural sources and structurally characterized by 
Szent-Gyorgyi, Waugh and King [2,3]. This vitamin was first synthesized 
by Haworth and Hirst [4]. Currently ascorbic acid is the most widely used 
vitamin supplement through out the world.

6.2 SOURCES OF ASCORBIC ACID

Ascorbic acid is widely distributed in fresh fruits and vegetables. It is pres-
ent in fruits like orange, lemons, grapefruit, watermelon, papaya, straw-
berries, cantaloupe, mango, pineapple, raspberries and cherries. It is also 
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found in green leafy vegetables, tomatoes, broccoli, green and red pep-
pers, cauliflower and cabbage.

Most of the plants and animals synthesize ascorbic acid from D-glu-
cose or D-galactose. A majority of animals produce relatively high levels 
of ascorbic acid from glucose in liver (Fig 1).

However, guinea pigs, fruit eating bats, apes and humans can not syn-
thesize ascorbic acid due to the absence of the enzyme L-gulonolactone 
oxidase. Hence, in humans ascorbic acid has to be supplemented through 
food and or as tablets.

Ascorbic acid is a labile molecule, it may be lost from foods during 
cooking/processing even though it has the ability to preserve foods by vir-
tue of its reducing property. Synthetic ascorbic acid is available in a wide 
variety of supplements viz., tablets, capsules, chewable tablets, crystalline 
powder, effervescent tablets and liquid form. Buffered ascorbic acid and 
esterfi ed form of ascorbic acid as ascorbyl palmitate is also available com-
mercially. Both natural and synthetic ascorbic acid are chemically iden-
tical and there are no known differences in their biological activities or 
bio-availability.

6.3 CHEMISTRY OF ASCORBIC ACID

L-ascorbic acid (C6H8O6) is the trivial name of Vitamin C. The chemi-
cal name is 2-oxo-L-threo-hexono-1,4-lactone-2,3-enediol. L-ascorbic 
and dehydroascorbic acid are the major dietary forms of vitamin C [5]. 
Ascorbyl palmitate is used in commercial antioxidant preparations. All 
commercial forms of ascorbic acid except ascorbyl palmitate are soluble 
in water. L-ascorbic acid and its fatty acid esters are used as food addi-
tives, antioxidants, browning inhibitors, reducing agents, flavor stabiliz-
ers, dough modifiers and color stabilizers. Ascorbyl palmitate has been 
used for its greater lipid solubility in antioxidant preparations. In foods, 
pH influences the stability of ascorbic acid. It exhibits maximal stability 
between pH 4 and 6 [5]. Cooking losses of ascorbic acid depend on degree 
of heating, surface area exposed to water, oxygen, pH and presence of 
transition metals.
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FIGURE 1: Biosynthesis of L-Ascorbic acid in animals
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6.4 CATABOLISM OF ASCORBIC ACID

Ascorbic acid present in foods is readily available and easily absorbed 
by active transport in the intestine [6]. Most of it (80–90%) will be ab-
sorbed when the in take is up to 100 mg/day, whereas at higher levels of 
intake (500 mg/day) the efficiency of absorption of ascorbic acid rapidly 
declines. Ascorbic acid is sensitive to air, light, heat and easily destroyed 
by prolonged storage and over processing of food.

Ascorbic acid being a water soluble compound is easily absorbed but it 
is not stored in the body. The average adult has a body pool of 1.2–2.0 g of 
ascorbic acid that may be maintained with 75 mg/d of ascorbic acid. About 
140 mg/d of ascorbic acid will saturate the total body pool of vitamin C 
[7]. The average half life of ascorbic acid in adult human is about 10–20 
days, with a turn over of 1 mg/kg body and a body pool of 22 mg/kg at 
plasma ascorbate concentration of 50 μmol/ L [8,9]. Hence ascorbic acid 
has to regularly supplemented through diet or tablets to maintain ascorbic 
acid pool in the body.

The major metabolites of ascorbic acid in human are dehydroascorbic 
acid, 2,3-diketogulonic acid and oxalic acid (Fig 2). The main route of 
elimination of ascorbic acid and its metabolites is through urine. It is ex-
creted unchanged when high doses of ascorbic acid are consumed. Ascor-
bic acid is generally non-toxic but at high doses (2–6 g/day) it can cause 
gastrointestinal disturbances or diarrhea [10,11]. The side effects are gen-
erally not serious and can be easily reversed by reducing intake of ascorbic 
acid. Furthermore, there is no consistent and compelling data on serious 
health effects of vitamin C in humans [11].

A defi ciency of ascorbic acid leads to scurvy. It is characterized by 
spongy swollen bleeding gums, dry skin, open sores on the skin, fatigue, 
impaired wound healing and depression [13]. Scurvy is of rare occurrence 
nowadays due to adequate intake ascorbic acid through fresh vegetables 
and fruits and or supplementation as tablets.

6.5 DIETARY RECOMMENDATIONS OF ASCORBIC ACID

The new average daily intake level that is sufficient to meet the nutritional 
requirement of ascorbic acid or recommended dietary allowances (RDA) 
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FIGURE 2: Catabolism of Ascorbic acid

for adults (>19 yr) are 90 mg/day for men and 75 mg/day for women 
[14]. Consumption of 100 mg/day of ascorbic acid is found to be sufficient 
to saturate the body pools (neutrophils, leukocytes and other tissues) in 
healthy individuals. Based on clinical and epidemiological studies it has 
been suggested that a dietary intake of 100 mg/day of ascorbic acid is as-
sociated with reduced incidence of mortality from heart diseases, stroke 
and cancer [15]. However, stress, smoking, alcoholism, fever, viral infec-
tions cause a rapid decline in blood levels of ascorbic acid.

Smoking is known to increase the metabolic turnover of ascorbic acid 
due to its oxidation by free radicals and reactive oxygen species generated 
by cigarette smoking [16]. It has been suggested that a daily intake of at 
least 140 mg/day is required for smokers to maintain a total body pool 
similar to that of non-smokers consuming 100 mg/day [17]. Based on lat-
est literature reports, it has been recommended that the RDA for ascorbic 
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acid should be 100–120 mg/day to maintain cellular saturation and opti-
mum risk reduction of heart disease, stroke and cancer in healthy individu-
als [18]. There is no scientifi c evidence to show that even very large doses 
of vitamin C are toxic or exert serious adverse health effects [11,19]. Fur-
thermore, the panel on dietary antioxidants and related compounds sug-
gested that in vivo data do not clearly show a relationship between excess 
vitamin C intake and kidney stone formation, pro-oxidant effects, excess 
iron absorption [20].

6.6 PHYSIOLOGICAL FUNCTIONS OF ASCORBIC ACID

The physiological functions of ascorbic acid are largely dependent on the 
oxido-reduction properties of this vitamin. L-ascorbic acid is a co-factor 
for hydroxylases and monooxygenase enzymes involved in the synthesis 
of collagen, carnitine and neurotransmitters [21]. Ascorbic acid acceler-
ates hydroxylation reactions by maintaining the active center of metal ions 
in a reduced state for optimal activity of enzymes hydroxylase and oxy-
genase.

Ascorbic acid plays an important role in the maintenance of collagen 
which represents about one third of the total body protein. It constitutes 
the principal protein of skin, bones, teeth, cartilage, tendons, blood ves-
sels, heart valves, inter vertebral discs, cornea and eye lens. Ascorbic acid 
is essential to maintain the enzyme prolyl and lysyl hydroxylase in an 
active form. The hydroxylation of proline and lysine is carried out by the 
enzyme prolyl hydroxylase using ascorbic acid as co-factor. Ascorbic acid 
defi ciency results in reduced hydroxylation of proline and lysine, thus af-
fecting collagen synthesis.

Ascorbic acid is essential for the synthesis of muscle carnitine 
(β-hydroxy butyric acid). [22]. Carnitine is required for transport and 
transfer of fatty acids into mitochondria where it can be used for energy 
production. Ascorbic acid acts as co-factor for hydroxylations involved 
in carnitine synthesis. Further, ascorbic acid acts as co-factorfor the en-
zyme dopamine-β-hydroxylase, which catalyzes the conversion of neu-
rotransmitter dopamine to norepinephrine. Thus ascorbic acid is essential 
for synthesis of catecholamines. In addition, ascorbic acid catalyzes 
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other enzymatic reactions involving amidation necessary for maximal 
activity of hormones oxytocin, vasopressin, cholecystokinin and alpha-
melanotripin [23].

Ascorbic acid is also necessary for the transformation of cholesterol to 
bile acids as it modulates the microsomal 7 α-hydroxylation, the rate limit-
ing reaction of cholesterol catabolism in liver. In ascorbic acid defi ciency, 
this reaction becomes slowed down thus, resulting in an accumulation of 
cholesterol in liver, hypercholesterolemia, formation of cholesterol gall 
stones etc [24].

6.7 ASCORBIC ACID AND IRON

Ascorbic acid is known to enhance the availability and absorption of iron 
from non-heme iron sources [25]. Ascorbic acid supplementation is found 
to facilitate the dietary absorption of iron. The reduction of iron by ascor-
bic acid has been suggested to increase dietary absorption of non-heme 
iron [26]. It is well known that in the presence of redox-active iron, ascor-
bic acid acts as a pro-oxidant in vitro and might contribute to the formation 
of hydroxyl radical, which eventually may lead to lipid, DNA or protein 
oxidation [27]. Thus, ascorbic acid supplementation in individuals with 
high iron and or bleomycin-detectable iron (BDI) in some preterm infants 
could be deleterious because it may cause oxidative damage to biomol-
ecules [28-31]. However, no pro-oxidant effect was observed on ascorbic 
acid supplementation on DNA damage in presence or absence of iron [32].

6.8 ASCORBIC ACID IN HEALTH AND DISEASE

6.8.1 ASCORBIC ACID AND COMMON COLD

The most widely known health beneficial effect of ascorbic acid is for the 
prevention or relief of common cold. Pauling [33] suggested that inges-
tion of 1–2 g of ascorbic acid effectively prevents/ ameliorate common 
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cold. The role of oral vitamin C in the prevention and treatment of colds 
remains controversial despite many controlled trials. Several clinical trails 
with varying doses of ascorbic acid showed that ascorbic acid does not 
have significant prophylactic effect, but reduced the severity and dura-
tion of symptoms of cold during the period of infection. Randomized and 
non-randomized trials on vitamin C to prevent or treat the common cold 
showed that consumption of ascorbic acid as high as 1.0 g/day for sev-
eral winter months, had no consistent beneficial effect on the incidence 
of common cold. For both preventive and therapeutic trials, there was a 
consistent beneficial but generally modest therapeutic effect on duration 
of cold symptoms. There was no clear indication of the relative benefits of 
different regimes of vitamin C doses. However, in trials that tested vitamin 
C after cold symptoms occurred, there was some evidence of greater ben-
efits with large dose than with lower doses [34].

There has been a long-standing debate concerning the role of ascorbic 
acid in boosting immunity during cold infections. Ascorbic acid has been 
shown to stimulate immune system by enhancing T-cell proliferation in 
response to infection. These cells are capable of lysing infected targets by 
producing large quantities of cytokines and by helping B cells to synthe-
size immunoglobulins to control infl ammatory reactions. Further, it has 
been shown that ascorbic acid blocks pathways that lead to apoptosis of 
T-cells and thus stimulate or maintain T cell proliferation to attack the 
infection. This mechanism has been proposed for the enhanced immune 
response observed after administration of vitamin C during cold infections 
[35].

6.8.2 ASCORBIC ACID AND WOUND HEALING

Ascorbic acid plays a critical role in wound repair and healing/regeneration 
process as it stimulates collagen synthesis. Adequate supplies of ascorbic 
acid are necessary for normal healing process especially for post-operative 
patients. It has been suggested that there will be rapid utilization of ascor-
bic acid for the synthesis of collagen at the site of wound/ burns during 
post-operative period [36]. Hence, administration of 500 mg to 1.0 g/day 
of ascorbic acid are recommended to accelerate the healing process [8].
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6.8.3 ASCORBIC ACID AND ATHEROSCLEROSIS

Lipid peroxidation and oxidative modification of low density lipoproteins 
(LDL) are implicated in development of atherosclerosis [37]. Vitamin C 
protects against oxidation of isolated LDL by different types of oxidative 
stress, including metal ion dependent and independent processes [38]. Ad-
dition of iron to plasma devoid of ascorbic acid resulted in lipid peroxida-
tion, whereas endogenous and exogenous ascorbic acid was found to in-
hibit the lipid oxidation in iron-over loaded human plasma [39]. Similarly, 
when ascorbic acid was added to human serum supplemented with Cu2+, 
antioxidant activity rather than pro-oxidant effects were observed [40].

Ascorbic acid is known to prevent the oxidation of LDL primarily by 
scavenging the free radicals and other reactive oxygen species in the aque-
ous milieu [41]. In addition, in vitro studies have shown that physiological 
concentrations of ascorbic acid strongly inhibit LDL oxidation by vascular 
endothelial cells [42]. Adhesion of leukocytes to the endothelium is an 
important step in initiating atherosclerosis. In vivo studies have demon-
strated that ascorbic acid inhibits leukocyte-endothelial cell interactions 
induced by cigarette smoke [43,44] or oxidized LDL [45]. Further, lipo-
philic derivatives of ascorbic acid showed protective effect on lipid-perox-
ide induced endothelial injury [46].

A number of studies have been carried out in humans to determine the 
protective effect of ascorbic acid supplementation (500–100 mg/day) on 
in vivo and ex vivo lipid peroxidation in healthy individuals and smoker. 
The fi ndings are inconclusive as ascorbic acid supplementation showed a 
reduction or no change in lipid peroxidation products [10,47-50]. In this 
context, it is important to note that during ex vivo LDL oxidation studies, 
water soluble ascorbic acid is removed during initial LDL isolation step 
itself. Therefore, no change in ex vivo would be expected [15]. Overall, 
both in vitro and in vivo experiments showed that ascorbic acid protects 
isolated LDL and plasma lipid peroxidation induced by various radical or 
oxidant generating systems. However, a recent report demonstrated that 
large doses of exogenous iron (200 mg) and ascorbic acid (75 mg) pro-
moted the release of iron from iron binding proteins and also enhanced in 
vitro lipid peroxidation in serum of guinea pigs. This fi nding supports the 
hypothesis that high intake of iron along with ascorbic acid could increase 
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in vivo lipid peroxidation of LDL and therefore could increase risk of ath-
erosclerosis [51]. However, Chen et al., [52] demonstrated that ascorbic 
acts as an antioxidant towards lipids even in presence of iron over load in 
in vivo systems.

Numerous studies have looked at the association between ascorbic acid 
intake and the risk of developing cardiovascular disease (CHD). A large 
prospective epidemiological study in Finnish men and women suggested 
that high intake of ascorbic acid was associated with a reduced risk of 
death from CHD in women and not in men [53]. Similarly, another study 
showed that high intake of ascorbic acid in American men and women 
appeared to benefi t only women [54,55]. A third American cohort study 
suggested that cardiovascular mortality was reduced in both sexes by vita-
min C [56]. In the UK, a study showed that the risk of stroke in those with 
highest intake of vitamin C was only half that of subjects with the lowest 
intake and no evidence suggestive of lower rate of CHD in those with 
high vitamin C intake [57]. However, a recent meta analysis on the role of 
ascorbic acid and antioxidant vitamins showed no evidence of signifi cant 
benefi t in prevention of CHD [58]. Thus, no conclusive evidence is avail-
able on the possible protective effect of ascorbic acid supplementation on 
cardiovascular disease.

6.8.4 ASCORBIC ACID AND CANCER

Nobel laureate Pauling and Cameron advocated use of high doses of 
ascorbic acid (> 10 g/day) to cure and prevent cold infections and in the 
treatment of cancer [34,59]. The benefits included were increased sense 
of well being/ much improved quality of life, prolongation of survival 
times in terminal patients and complete regression in some cases [60-62]. 
However, clinical studies on cancer patients carried out at Mayo Clinic 
showed no significant differences between vitamin C and placebo groups 
in regard to survival time [63]. Cameron and Pauling [23] believed that 
ascorbic acid combats cancer by promoting collagen synthesis and thus 
prevents tumors from invading other tissues. However, researchers now 
believe that ascorbic acid prevents cancer by neutralizing free radicals be-
fore they can damage DNA and initiate tumor growth and or may act as 
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a pro-oxidant helping body's own free radicals to destroy tumors in their 
early stages [64-66].

Extensive animal, clinical and epidemiological studies were carried 
out on the role of ascorbic acid in the prevention of different types of can-
cers. A mixture of ascorbic acid and cupric sulfate signifi cantly inhibited 
human mammary tumor growth in mice, while administered orally [67]. 
Ascorbic acid decreased the incidence of kidney tumors by estradiol or di-
ethylstilbesterol in hamsters due to decrease in the formation of genotoxic 
metabolites viz., diethylstilbesterol-4'-4"-qunione [68]. Ascorbic acid and 
its derivatives were shown to be cytotoxic and inhibited the growth of a 
number of malignant and non-malignant cell lines in vitro and in vivo [69-
72]. Ascorbic acid has been reported to be cytotoxic to some human tumor 
cells viz., neuorblastoma [73], osteosarcoma and retinoblastoma [74]. A 
number of ascorbic acid isomers/ derivatives were synthesized and tested 
on tumor cell lines. Roomi et al., 1998 [75] demonstrated that substitution 
at 2- or 6- and both at 2,6-positions in ascorbic acid have marked cytotox-
icity on malignant cells. Ascorbate-6-palmitate and ascorbate-6-stearate, 
the fatty acid esters of ascorbic acid were found to be more potent inhibi-
tors of growth of murine leukemia cells compared to ascorbate 2-phos-
phate, ascorbate 6-phosphate and or ascorbate 6-sulfate respectively [75].

Among ascorbic acid derivatives, fatty acid esters of ascorbic acid viz., 
ascorbyl palmitate and ascorbyl stearate have attracted considerable inter-
est as anticancer compounds in view of their lipophilic nature as they can 
easily cross cell membranes and blood brain barrier [76]. Ascorbic acid 
and ascorbyl esters have been shown to inhibit the proliferation of mouse 
glioma and human brain tumor cells viz., glioma (U-373) and glioblasto-
ma (T98G) cells and renal carcinoma cells [77-79]. Ascorbyl stearate was 
found to be more potent than sodium ascorbate in inhibiting proliferation 
of human glioblastoma cells [80]. Ascorbyl-6-O-palmitate and ascorbyl-
2-O-phosphate-6-O-palmitate also showed anti-metastatic effect by inhib-
iting invasion of human fi brosarcoma HT-1080 cells through matrigel and 
pulmonary metastasis of mouse melanoma model systems [81].

Numerous reports are available in literature on cytotoxic and anti-
carcinogenic effect of ascorbic acid and its derivatives in different tumor 
model systems. However, the molecular mechanisms underlying the an-
ti-carcinogenic potential of ascorbic acid are not completely elucidated. 
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Recently, Naidu et al [80] demonstrated that ascorbyl stearate inhibited 
cell proliferation by interfering with cell cycle, reversed the phenotype 
and induced apoptosis by modulation of insulin-like growth factor 1-re-
ceptor expression in human brain tumor glioblastoma (T98G) cells. They 
also studied the effect of ascorbyl stearate on cell proliferation, cell cycle, 
apoptosis and signal transduction in a panel of human ovarian and pan-
creatic cancer cells. Treatment with ascorbyl stearate resulted in concen-
tration-dependent inhibition of cell proliferation and also clonogenicity of 
ovarian/ pancreatic cancer cells [82,83]. The anti-proliferative effect was 
found to be due to the arrest of cells in S/G2-M phase of cell cycle, with in-
creased fraction of apoptotic cells. The cell cycle perturbations were found 
to be associated with ascorbyl stearate induced reduction in the expression 
and phosphorylation of IGF-I receptor, while the expression of EGFR and 
PDGFR remained unchanged. These changes were also associated with 
activated ERK1/2 but late reduction in AKT phosphorylation. Overexpres-
sion of IGF-I receptor in OVCAR-3 cells had no protective effect, how-
ever ectopic expression of a constitutively active AKT2 did offer protec-
tion from the cytotoxic effects of ascorbyl stearate. In conclusion, ascorbyl 
stearate-induced anti-proliferative and apoptotic effects in ovarian cancer 
were found to be mediated through cell cycle arrest and modulation of the 
IGF-IR and PI3K/AKT2 survival pathways [83].

A plethora of epidemiological studies were carried out to fi nd out 
the association of ascorbic acid with various types of cancers including 
breast, esophageal, lung, gastric, pancreatic, colorectal, prostate, cervical 
and ovarian cancer etc. The results were found to be inconclusive in most 
types of cancers except gastric cancer [84]. One of the most consistent epi-
demiological fi ndings on vitamin C has been an association with high in-
take of ascorbic acid or vitamin C rich foods and reduced risk of stomach 
cancer. Considerable biochemical and physiological evidence suggests 
that ascorbic acid functions as a free radical scavenger and inhibit the for-
mation of potentially carcinogenic N-nitroso compounds from nitrates, ni-
trite in stomach and thus offer protection against stomach cancer [85-87].

Low intake of ascorbic acid and other vitamins was associated with an 
increased risk of cervical cancer in two of three studies reported [88-91]. 
This relationship needs further study because the results suggest that other 
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nutrients including vitamin E, carotenoids, retinoic acid either individ-
ually or in synergy with ascorbic acid may impart a protective effect 
against various cancers. Current evidences suggest that vitamin C alone 
may not be suffi cient as an intervention in the treatment of most active 
cancers, as it appears to be preventive than curative. However, vitamin 
C supplementation has shown to improve the quality of life and extend 
longevity in cancer patients, hence it could be considered as an adjuvant 
in cancer therapy.

Dehydroascorbic acid, the oxidized form of ascorbic acid was shown 
to cross the blood brain barrier by means of facilitative transport and was 
suggested to offer neuroprotection against cerebral ischemia by augment-
ing antioxidant levels of brain [92].

6.9 CONTROVERSIES ON HEALTH BENEFITS OF ASCORBIC 
ACID

6.9.1 DOES ASCORBIC ACID ACTS AS ANTIOXIDANT OR 
PRO-OXIDANT?

Vitamin C is an important dietary antioxidant, it significantly decreases 
the adverse effect of reactive species such as reactive oxygen and nitro-
gen species that can cause oxidative damage to macromolecules such as 
lipids, DNA and proteins which are implicated in chronic diseases includ-
ing cardiovascular disease, stroke, cancer, neurodegenerative diseases and 
cataractogenesis [93].

As shown in Table 2, ascorbic acid is a potent water soluble antioxidant 
capable of scavenging/ neutralizing an array of reactive oxygen species 
viz., hydroxyl, alkoxyl, peroxyl, superoxide anion, hydroperoxyl radicals 
and reactive nitrogen radicals such as nitrogen dioxide, nitroxide, per-
oxynitrite at very low concentrations [15]. In addition ascorbic acid can 
regenerate other antioxidants such as α-tocopheroxyl, urate and β-carotene 
radical cation from their radical species [94]. Thus, ascorbic acid acts as 
co-antioxidant for α-tocopherol by converting α-tocopheroxyl radical to 
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α-tocopherol and helps to prevent the α-tocopheroxyl radical mediated 
peroxidation reactions [95].

AH- + Fe 3+ → A• - + Fe2+ + H+

AH- + Cu2+  → A• - + Cu+ + H+

H2O2 + Fe2+ → HO• + Fe3+ + -OH
H2O2 + Cu+ → HO• + Cu2+ + -OH
LOOH + Fe2+  → LO• + Fe3+ + -OH
LOOH + Cu+  → LO + Cu+ + -OH
HO•, LO•  → Lipid peroxidation

Adapted from Carr and Frei [15]
These radical species are highly reactive and can trigger lipid peroxi-

dation reactions. Thus the question arises whether vitamin C acts as a pro-
oxidant in in vivo conditions? The answer appears to be "no" as though 
these reactions occur readily in vitro, its relevance in in vivo has been a 
matter of debate concerning ready availability of catalytically active free 
metal ions in vivo [94]. In biological systems, iron is not freely available, 
but it is bound to proteins like transferrin, hemoglobin and ferretin. Mo-
bilization of iron from these biomolecules may be required before it can 
catalyze lipid peroxidation. Further, the concentration of free metal ions in 
in vivo is thought to be very low as iron and other metals are sequestered 
by various metal binding proteins [94]. Another factor that may affect pro-
oxidant vs antioxidant property of ascorbic acid is its concentration. The in 
vitro data suggest that at low concentrations ascorbic acid act as a pro-ox-
idant, but as an antioxidant at higher levels [96]. Moreover, a recent report 
demonstrated that large doses of exogenous iron (200 mg) and ascorbic 
acid (75 mg) promote the release of iron from iron binding proteins and 
also enhance in vitro lipid peroxidation in serum of guinea pigs. This fi nd-
ing supports the hypothesis that high intake of iron along with ascorbic 
acid could increase in vivo lipid peroxidation of LDL and therefore could 
increase risk of atherosclerosis [52]. However, another study demonstrat-
ed that in iron-overloaded plasma, ascorbic acid acts as an antioxidant and 
prevent oxidative damage to lipids in vivo [97].
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6.9.2 IS ASCORBIC ACID HARMFUL TO CANCER PATIENTS?

Agus et al [98] have reported that the tumor cells contain large amounts 
of ascorbic acid, although the role of ascorbic acid in tumors is not yet 
known. They have established that vitamin C enters through the facilita-
tive glucose transporters (GLUTs) in the form of dehydroascorbic acid, 
which is then reduced intracellularly and retained as ascorbic acid. It is 
speculated that high levels of ascorbic acid in cancer cells may interfere 
with chemotherapy or radiation therapy since these therapies induce cell 
death by oxidative mechanism. Thus, ascorbic acid supplementation might 
make cancer treatment less effective because, ascorbic acid being a strong 
antioxidant may scavenge or neutralize the oxidative stress induced by 
chemotherapy in cancer patients. However, more studies are needed to 
understand the role of ascorbic acid in tumors cells and the speculative 
contraindication of ascorbic acid for cancer chemotherapy.

6.9.3 DOES ASCORBIC ACID CAUSE CANCER ?

Recently, it has been reported that lipid hydroperoxide can react with 
ascorbic acid to form products that could potentially damage DNA, sug-
gesting that it may form genotoxic metabolites from lipid hydroperoxides 
implicating that ascorbic acid may enhance mutagenesis and risk of can-
cer. Lee et al [99], demonstrated that ascorbic acid induces decomposition 
of lipid hydroperoxide (13-(S)-hydroperoxy-(Z,E)-9,11-octadecadienoic 
acid;(13-HPODE) in presence of transition metals to DNA-reactive bi-
functional electro-philes namely 4-oxo-2-nonenal, 4,5-epoxy-2(E)-dece-
nal and 4-hydroxy-2-nonenal. 4-oxo-2-nonenal being a genotoxin can re-
act with DNA bases to form mutations [100] or apoptosis [101].

Thus, the above process can give rise to substantial amounts of DNA 
damage in vivo. However there are many questions, which need to be 
considered before we accept the hypothesis that ascorbic acid can cause 
cancer by producing genotoxic metabolites from lipids. The hydroperox-
ides formed through lipid peroxidation reaction are rapidly reduced to 
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aldehydes by a number of enzymes. Further, ascorbic acid being a strong 
antioxidant effectively inhibits the formation of lipid peroxides as ascorbic 
acid forms the fi rst line of antioxidant defense mechanism in human plas-
ma. The formation of lipid hydroperoxides occur only after ascorbic acid 
has been exhausted. Hence, interaction of ascorbic acid and hydroperoxide 
may not arise in human plasma. Recently, high intracellular vitamin C 
was reported to prevent oxidation-induced mutations in human cells [102]. 
Thus, the physiological relevance of these results is yet to be established 
in in vivo experiments.

6.10 CONCLUSION

Ascorbic acid is one of the important and essential vitamins for human 
health. It is needed for many physiological functions in human biology. 
Fresh fruits, vegetables and also synthetic tablets supplement the ascorbic 
acid requirement of the body. However, stress, smoking, infections and 
burns deplete the ascorbic acid reserves in the body and demands higher 
doses of ascorbic acid supplementation. Based on available biochemical, 
clinical and epidemiological studies, the current RDA for ascorbic acid is 
suggested to be 100–120 mg/day to achieve cellular saturation and opti-
mum risk reduction of heart diseases, stroke and cancer in healthy individ-
uals. In view of its antioxidant property, ascorbic acid and its derivatives 
are widely used as preservatives in food industry. Many health benefits 
have been attributed to ascorbic acid namely antioxidant, anti-atherogenic 
and anti-carcinogenic activity. Lately some of these beneficial effects of 
ascorbic acid are contradicted. The relation between ascorbic acid and 
cancer is still a debatable as the molecular mechanism underlying anti-
carcinogenic activity of ascorbic acid is not clearly elucidated. Regarding 
the pro-oxidant activity of vitamin C in presence of iron, there is compel-
ling evidence for antioxidant protection of lipids by ascorbic acid both 
with and without iron co-supplementation in animals and humans. Current 
evidences also suggest that ascorbic acid protects against atherogenesis 
by inhibiting LDL oxidation. The data on vitamin C and DNA damage are 
conflicting and inconsistent. However, more mechanistic and human in 
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TABLE 1: Ascorbic acid content in selected foods

Fruits mg/100 g edible portion
Banana 8–16
Apple 3–30
Mango 10–15
Pineapple 15–25
Cherry 15–30
Papaya 39
Orange 30–50
Grape fruit 30–70
Lemon 40–50
Strawberry 40–70
Currant black 150–200
Rose hips 250–800
Vegetables
Onion 10–15
Tomato 10–20
Egg plant 15–20
Radish 25
Spinach 35–40
Cabbage 30–70
Cauliflower 50–70
Broccoli 80–90
Coriander 90
Brussels sprout 100–120
Pepper 150–200
Parsley 200–300

Adapted from Johnson et al  [12]

vivo studies are warranted to establish the beneficial claims on ascorbic 
acid. Thus, though ascorbic acid was discovered in 17th century, the role 
of this important vitamin in human health and disease still remains a mys-
tery in view of many beneficial claims and contradictions.
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TABLE 2: Reactive species scavenged by ascorbic acid

Chemical species Reaction rate (M-1s-1)
Reactive oxygen species
Hydroxyl radical 1.1 × 1010
Alkoxyl radical 1.6 × 109
Peroxy radical 1.2 × 106
Superoxide anion/ hydroperoxy radical 1.0 × 105
Reactive nitrogen species
Dinitrogen trioxide/dinitrogen tetroxide 1.2 × 109
Peroxynitrite/peroxynitrous acid 235
Antioxidant derived radicals
Alpha-tocopherol radical 2 × 105
Urate radical 1 × 106
Thiyl/sulphenyl radical 6 × 108

Adapted from Carr and Frei  [15]
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CHAPTER 7

7.1 BACKGROUND

As of the early 1970's, a reduction in consumption of eggs, a concentrated 
source of cholesterol (one yolk provides ~215 mg of cholesterol), had been 
widely recommended in an effort to lower blood cholesterol and reduce the 
risk of heart disease[1]. In 1973, the American Heart Association (AHA) 
guidelines specifically advocated exclusion of eggs from the diet, accom-
panying the advised cholesterol restriction[2]. More recent AHA guidelines 
no longer advise for or against egg or egg yolk consumption, admitting that 
there is a lack of scientific evidence for selecting a target level for dietary 
cholesterol[3]. This is partially due to individual differences in serum cho-
lesterol responses to dietary cholesterol. The recommended intake of daily 
dietary cholesterol continues to be 300 mg/day or less for healthy adults 
and less than 200 mg/day for persons with elevated cholesterol or heart dis-
ease[3]. Given the widespread nature of this recommendation, there is sur-
prisingly little evidence that egg consumption increases blood cholesterol 
levels, thereby increasing cardiovascular risk [4].

Data from recent studies show that consumption of one or two eggs 
per day, when part of a low fat diet, does not adversely affect the lipid 
profi le[5,6]. In fact, the preclusion of eggs from the diet may represent 
a potential reduction in overall dietary quality. As an inexpensive func-
tional food with an exceptional nutritional profi le [7,8], eggs are an excel-



170 Functional Foods

lent natural source of folate, ribofl avin, selenium, choline, vitamin B12, 
and fat-soluble vitamins A, D, E, and K. Eggs also provide high-quality, 
bioavailable protein [9,10] with little total fat. Compared to other animal 
protein sources, eggs contain proportionately less saturated fat, which has 
generally been recognized as a strong dietary determinant of elevated low-
density lipoprotein (LDL) levels and increased risk of coronary heart dis-
ease (CHD) [11] although this topic is not without controversy [12].

As a dietary substitute for eggs, egg substitute is comprised of 99% egg 
whites and provide 12 key vitamins and nutrients, including ribofl avin, 
B12, folate, and pantothenic acid, while excluding the cholesterol con-
tribution of the egg yolk [13]. Although nutritionally similar to eggs, egg 
substitute contains emulsifi ers, stabilizers, and artifi cial color and are on 
average three times as expensive as regular eggs.

Endothelial function refers to arterial vasomotor responses mediated 
predominantly by the release of nitric oxide (vasodilating), and endothelin 
(vasoconstricting) from the vascular endothelium [14,15], and plays an 
important role in the pathogenesis of atherosclerosis, hypertension, car-
diovascular disease, and diabetes [15-17]. Endothelial dysfunction cor-
relates strongly with both coronary disease and its risk factors [18,19] and 
reverses in response to risk modifi cation efforts [15,20-27]. Endothelial 
dysfunction has increasingly been viewed as an indicator of coronary 
risk[19], and its amelioration as an indicator of risk reduction [20,23].

The relationship of egg consumption to coronary outcomes depends not 
only on the cholesterol content of eggs themselves, but on the composi-
tion of the total diet. It is a common misconception that dietary cholesterol 
increases serum cholesterol which increases CHD risk [28,29]; however, 
research has failed to provide substantial evidence of this assumed rela-
tionship [30]. In our previous trial, daily ingestion of eggs did not produce 
adverse effects on cardiac risk, as indicated by endothelial function and 
lipid profi le, in healthy adults [31]. To the best of our knowledge, no study 
has ever compared the effects of egg versus egg substitute consumption 
on cardiovascular risk. Therefore, we performed a randomized cross-over 
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trial to assess the effects of egg or egg substitute consumption on endothe-
lial function and lipid panel in hyperlipidemic adults.

7.2 SUBJECTS AND METHODS

7.2.1 SUBJECTS

Forty adults (16 men and 24 women) with diagnosed hyperlipidemia were 
recruited from Southwestern Connecticut; largely through mass media 
print advertisements and posters. Eligible subjects were 35 years of age 
or older if they were male or post-menopausal and not currently using 
hormone replacement therapy if they were female. Additionally, eligible 
subjects were non-smokers, and hyperlipidemic as defined by serum to-
tal cholesterol >240 mg/dL, and/or LDL cholesterol >160 mg/dL, and/or 
a total cholesterol/HDL ratio >5.7. All ethnic and minority groups were 
equally eligible. Individuals with a current eating disorder, a restricted 
diet, diagnosed coronary disease, diabetes, or sleep apnea were excluded 
from the study. Additional exclusion criteria included the regular use of 
lipid-lowering medication, insulin or glucose sensitizing medication, va-
soactive medication or nutriceuticals, high dose vitamin E or C, and fiber 
supplements.

Individuals who responded to recruitment efforts (n = 172) were pre-
screened using a semi-structured telephone interview. Those who met ini-
tial screening criteria (n = 40) underwent a clinical screening evaluation 
(weight, height, body mass index (BMI), and blood pressure measurements) 
performed by a clinical research specialist, along with laboratory testing 
(fasting total cholesterol, HDL, LDL, and triglycerides levels) (Figure 1).

All participants provided informed consent and were compensated 
monetarily for their time. The study protocol was approved by the Institu-
tional Review Board (IRB) of Griffi n Hospital (Derby, CT).
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FIGURE 1: Flow of Participants through the Trial.
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7.2.2 STUDY DESIGN

This study was a randomized, single-blind crossover trial with investi-
gators blinded to treatment assignments. The trial consisted of an acute 
and a sustained phase. In the acute phase, 40 participants were randomly 
assigned to consume one of the two sequence permutations of a single 
dose of breakfast of three medium hardboiled eggs and a sausage/cheese 
breakfast sandwich (Table 1). In the sustained phase, participants were 
randomly assigned to one of the two sequence permutations of two me-
dium hardboiled eggs and 1/2 cup of egg substitute breakfast daily for six 
weeks. Randomization was conducted by the data manager using a SAS 
(SAS version 9.1; SAS Institute, Cary, NC) algorithm. Each treatment as-
signment was separated by a four-week washout period. The study partici-
pants fasted overnight before undergoing endothelial function assessment. 
Due to the obvious dietary makeup of each treatment assignment, it was 
not possible to blind participants to their assignment; however, the ultraso-
nographer was strictly blinded to participants' treatment assignment.

7.2.3 OUTCOME MEASURES

7.2.3.1 ENDOTHELIAL FUNCTION ASSESSMENT

The brachial artery reactivity studies (BARS) methodology employed is 
comparable to those of other leading labs[16,32-36], and is described in 
"Guidelines for ultrasound assessment of endothelial-dependent flow-me-
diated vasodilation of the brachial artery"[16]. Participants were required 
to lie at rest in the quiet, temperature-controlled, softly lit room for at least 
15 minutes before scanning was initiated. The baseline diameter of the 
brachial artery was measured from two-dimensional ultrasound images 
using a high frequency, 10-15 MHz, vascular ultrasound transducer (So-
nos 4500; Phillips Medical Systems, Andover, MA). Arterial flow-veloci-
ty was measured by means of a pulsed Doppler signal at a 70° angle to the 
vessel, with the range gate in the center of the artery. Flow was determined 
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by multiplying the arterial cross-sectional area (πr2) by the Doppler flow 
velocity. The timing of each image frame with respect to the cardiac cycle 
was determined with simultaneous ECG gating during image acquisition 
via the high-quality mainframe ultrasound system. The arterial diameter 
was measured at a fixed distance from an anatomical marker, such as a bi-
furcation, with ultrasonic calipers. Measurements were taken from the an-
terior to the posterior "m" line in diastole. The brachial artery was imaged 
at a location 3-7 cm above the antecubital fossa in the longitudinal plane. 
A segment with clear anterior and posterior intimal interfaces between the 
lumen and vessel wall was selected for continuous 2D gray scale imaging. 
The transmit (focus) zone was set to the depth of the near wall because of 
difficulty in differentiating the near from the far wall "m" line (the inter-
face between media and adventitia)[16,33]. Images were acquired on vid-
eotape and magnetic optical disk for evaluation and analysis subsequent 
to the examination. Diameter was obtained from m-line to m-line, over a 
consistent segment of vessel at least 10-15 mm in length.

TABLE 1: Composition of the Breakfasts in the Acute Phase
Nutrition Content Sausage & Cheese 3 Medium Eggs
Calories (kcal) 310 189
Calories from fat (Kcal) 260 118
Fat (gm) 29 13
Saturated fat (gm) 12 4
Sodium (mg) 720 185
Protein (g) 13 17
Calories from protein (kcal) 52 66
Carbohydrate (g) 0 1

To create a fl ow stimulus in the brachial artery, a sphygmomanometer 
cuff was placed on the upper arm proximal to the transducer. A baseline 
blood fl ow and diameter were acquired. Arterial occlusion was created by 
cuff infl ation to 50 mm Hg above the systolic blood pressure. The cuff re-
mains infl ated for 5 minutes. This causes ischemia and consequent dilation 
of downstream resistance vessels via auto-regulatory mechanisms[16]. 
Cuff defl ation induces a brief high-fl ow state through the brachial artery 
(reactive hyperemia) to accommodate the dilated resistance vessels. The 
resulting increase in shear stress causes the normal brachial artery to dilate. 
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A pulsed Doppler signal was obtained within 15 seconds of cuff release to 
assess hyperemic velocity, and a longitudinal image of the artery was re-
corded continuously from 20 seconds to 2 minutes after cuff defl ation. All 
images were coordinated with a continuous ECG monitor and obtained at 
end-diastole. The resultant coeffi cient of intra observer reliability was 0.9.

Flow-mediated dilation (FMD) was measured as the percent change in 
brachial artery diameter from pre-cuff infl ation to 60-seconds post-cuff re-
lease. In addition to brachial diameter at 60 seconds post-cuff release, fl ow 
after cuff defl ation within the fi rst 15 seconds was used as an indicator of 
stimulus strength, hyperemic fl ow being the stimulus for endothelial reac-
tivity. To account for potential variability in stimulus strength, FMD was 
divided by fl ow at 15 seconds[16]. post-cuff defl ation to create a stimulus-
adjusted response measure[31,37,38].

7.2.3.2 LIPID PROFILE

Serum was drawn for lipid assessments about twenty minutes prior to en-
dothelial function assessment. The lipid profile was determined as fol-
lows: Total cholesterol (Tchol), triglycerides (TRIG), and high-density 
lipoprotein (HDL) were obtained by direct measurements. Very-low-den-
sity lipoprotein (VLDL) and low-density-lipoprotein (LDL) were obtained 
by calculation: VLDL = TRIG/5; and LDL = Tchol - (VLDL + HDL) [39].

7.2.3.3 BODY WEIGHT

Body weight was measured for all study participants at the beginning and 
end of the sustained phase. Body weight was measured to the nearest 0.5 
pound using a balance-type medical scale. Participants were measured in 
the morning, unclothed with the exception of undergarments.

7.2.3.4 BLOOD PRESSURE

Blood pressure was determined with the use of the Datascope Accutorr 
Plus automatic digital blood pressure device (Datascope Corp, Mahwah, 
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NJ) with the participant supine after a 5-min period of rest. Both systolic 
and diastolic pressures were calculated as the mean value of 2 readings 5 
minutes apart. All measurements were obtained by one investigator.

7.2.4 STATISTICAL ANALYSIS

Statistical analysis was conducted using SAS software (Version 9.1, SAS 
Institute, Cary, NC). A two-tailed p-value of ≤ 0.05 was considered statis-
tically significant. Two-way repeated measures ANOVA, with treatment 
and time as the main effects, were performed to compare treatment-specif-
ic outcome measures responses, accounting for time differences. Within-
treatment effects for outcome measures were assessed using paired t-tests. 
The combined effect of independent variables (age, blood pressure, LDL, 
BMI and treatment sequence) and treatment assignment on all outcome 
measures was assessed with generalized linear modeling. All analyses of 
endpoints were based on the intention-to-treat principle.

Sample size was predicated on 80% power to detect a minimal differ-
ence of 3.5% change in FMD between the egg and egg substitute treat-
ments at six weeks. A two-tailed alpha level of 0.05 was set with an allow-
ance for 10% attrition and noncompliance.

7.3 RESULTS

Forty hyperlipidemic participants participated in this study. Sixty percent 
of the participants were female. Participants ranged in age from 35 to 77 
years, with a mean age of 60 years (Table 2). Four participants dropped out 
of the study after the acute phase. One participant dropped out because the 
participant was unwilling to consume eggs or egg substitute daily for six 
weeks, another dropped out because of relocation to another state, and two 
dropped out because they started using lipid lowering medication (statin).
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TABLE 2: Demographic and Baseline Characteristics
Variable Values Range
Gender
Female 24 (60%)
Male 16 (40%)
Race
White 39 (97.5%)
African American 1 (2.5%)
Age (years) 59.9 ± 9.6 35 to 77
Brachial Artery Diameter (mm) 4.0 ± 0.8 2.8 to 5.4
Systolic Blood Pressure (mmHg) 131.4 ± 15.7 94 to 173
Diastolic Blood Pressure (mmHg) 73.0 ± 12.6 45 to 105
Framingham 10-years Risk (%) 6.6 ± 5.8 1 to 30
Body Mass Index (kg/m2) 28.7 ± 4.7 20.4 to 38.4
Weight (kg) 76.3 ± 21.8 45 to 105

Values are mean ± SD except otherwise stated

7.3.1 ACUTE PHASE

After a single dose of eggs, endothelial function did not change from 
baseline as compared to sausage and cheese ( p = 0.99). Accounting for 
the strength of the stimulus that determines vasodilatations (SARM), our 
fi ndings on endothelial function persisted (Table 3.)

7.3.2 SUSTAINED PHASE

Daily consumption of egg substitute for six weeks improved endothelial 
function relative to egg consumption ( p < 0.01). These findings persisted 
controlling for the variation of the strength of the stimulus that causes the 
vasodilatation (Table 4.)
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TABLE 3: Acute Phase: Mean change in Outcome Measures after Treatment Assignment

Variable Egg (n = 40)
Sausage & Cheese 
(n = 40) p-value

Baseline Brachial Artery 
Diameter (mm) 4.0 ± 0.8 4.0 ± 0.7 0.79*
Flow Mediated Dilatation (%)
Baseline 5.9 ± 4.6 5.2 ± 3.6 0.45*
Post-prandial 6.3 ± 5.3 5.6 ± 4.5
Change 0.4 ± 1.9 (P = 0.22) 0.4 ± 2.4 (P = 0.34) 0.99
Adjusted change† 0.3 ± 2.1 (P = 0.46) 0.4 ± 2.1 (P = 0.31) 0.84
Stimulus adjusted response 
measure
Baseline 0.10 ± 0.12 0.06 ± 0.06 0.05*
Post-prandial 0.08 ± 0.09 0.07 ± 0.06

Change
-0.02 ± 0.11 
(P = 0.31) 0.00 ± 0.08 (P = 0.89) 0.35

Values are mean ± SD; p-value obtained from ANOVA for repeated measurements except 
otherwise stated; Change = Post-prandial - Baseline; *p-value obtain from Student's 
t-test; p-values in parenthesis indicate within-group p-values; † obtained from generalized 
linear models, controlling for age, blood pressure, LDL and BMI

Daily consumption of egg substitute for six weeks signifi cantly low-
ered total cholesterol as compared to egg consumption ( p < 0.01) and also 
lowered LDL as compared to egg consumption ( p = 0.01). However, daily 
consumption of egg substitute for six weeks did not signifi cantly lowered 
total cholesterol to HDL ratio as compared to egg consumption ( p = 0.38).

Daily consumption of egg or egg substitute for six weeks did not show 
signifi cant increase in BMI as compared to egg consumption (p = 0.56)

7.4 DISCUSSION

Our findings in this study expand on existing evidence that short-term egg 
consumption does not adversely affect endothelial function, in a popula-
tion not previously examined: hyperlipidemic adults. Moreover, we ob-
served that consuming eggs daily did not unfavorably influence serum 
cholesterol or other measures of the lipid profile. While the subjects dem-
onstrated impaired endothelial function at baseline (i.e. relative to healthy 
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TABLE 4: Sustained Phase: Mean Change in Outcome Measures after Six Weeks of 
Treatment

Variable Egg (n = 36)
Egg substitute 
(n = 36) p-value

Endothelial Function
Flow Mediated Dilatation (%)
Baseline 5.6 ± 3.9 5.8 ± 3.9 0.78
6 Weeks 5.3 ± 4.1 6.9 ± 4.0
Change -0.1 ± 1.5 (P = 0.80) 1.0 ± 1.2 (P < 0.01) <0.01
Adjusted change† -0.2 ± 1.3 (P = 0.35) 0.9 ± 1.4 (P < 0.01) < 0.01
Stimulus adjusted response 
measure
Baseline 0.08 ± 0.10 0.06 ± 0.06 0.39
6 Weeks 0.08 ± 0.11 0.09 ± 0.09

Change 0.01 ± 0.05 (P = 0.54)
0.03 ± 0.06
(P < 0.01) 0.07

Lipid Panel
Total Cholesterol (mg/dL)
Baseline 244 ± 24 244 ± 24 1.00
6 Weeks 239 ± 27 227 ± 27
Change -5 ± 21 (P = 0.10) -18 ± 18 (P < 0.01) < 0.01
Low Density Lipoprotein (mg/dL)
Baseline 168 ± 17 168 ± 17
6 Weeks 165 ± 24 154 ± 24
Change -2 ± 19 (P = 0.30) -14 ± 20 (P < 0.01) 0.01
High Density Lipoprotein (mg/dL)
Baseline 52 ± 15 52 ± 15 1.00
6 Weeks 51 ± 14 50 ± 13
Change -1 ± 11 (P = 0.53) -2 ± 10 (P = 0.15) 0.63
Triglycerides (mg/dL)
Baseline 132 ± 52 132 ± 52 1.00
6 Weeks 118 ± 47 116 ± 50
Change -14 ± 37 (P = 0.02) -18 ± 43 (P = 0.03) 0.83
Total Cholesterol to High Density 
Lipoprotein Ratio
Baseline 5.0 ± 1.3 5.0 ± 1.3 1.00
6 Weeks 5.0 ± 1.2 4.8 ± 1.3

Change -0.06 ± 0.66 (P = 0.54)
-0.21 ± 0.82 (P = 
0.11) 0.38

Body composition
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Variable Egg (n = 36)
Egg substitute 
(n = 36) p-value

Weight (kg)
Baseline 81 ± 19 81 ± 19 1.00
6 Weeks 82 ± 18 82 ± 18
Change 0.4 ± 2.3 (P = 0.33) 0.7 ± 2.4 (P = 0.08) 0.52
Body Mass Index (kg/m2)
Baseline 29.2 ± 4.5 29.2 ± 4.5 1.00
6 Weeks 29.3 ± 4.3 29.5 ± 4.5
Change 0.2 ± 0.8 (P = 0.13) 0.4 ± 0.9 (P = 0.04) 0.56

Values are mean ± SD; p-value obtained from ANOVA for repeated measurements except 
otherwise stated; p-values in parenthesis indicate within-group p-values; *p-value obtain 
from student ttest; Change = 6 Weeks - Baseline; † obtained from generalized linear 
models, controlling for age, blood pressure, LDL and BMI

TABLE 4: Cont.

endothelial function), the acute induction of endothelial dysfunction by 
the test meal high in saturated fat was not observed. Egg substitute, which 
is made from 99% egg whites, is lower in calories relative to whole eggs, 
lacks cholesterol and fat, and is fortified with vitamins, also lowered cho-
lesterol and triglyceride levels. In addition, egg substitute led to a decrease 
in LDL and significantly improved endothelial function, as compared to 
sustained egg consumption. To the best of our knowledge, this is the first 
study to provide evidence that egg or egg substitute consumption does not 
adversely affect endothelial function in hyperlipidemic adults.

The acute phase fi ndings were consistent with those of the sustained 
phase. Single, acute doses of egg did not adversely affect endothelial func-
tion. The sausage and cheese breakfast sandwich, designed to demonstrate 
acute dysfunction in the endothelium, surprisingly also did not adversely 
affect endothelial function. This fi nding is consistent with the prior study 
of egg ingestion in healthy adults conducted at our lab[31], but is at odds 
with the reported literature. This may be explained by differences in gas-
tric transit times for different types of food [31]. Future studies should 
evaluate postprandial brachial artery dilation at different time points to 
assess the effect of time. Several studies have examined FMD serially over 
time following meal ingestion[40,41].
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While rich in cholesterol, eggs are also nutritious. Data from NHANES 
III reveal that egg consumption is an important nutritional contribution to 
the average American diet, providing a relatively inexpensive source of 
amino acids and essential fatty acids[9]. Eggs provide arginine, a precur-
sor to nitric oxide, which in turn plays a central role in endothelial func-
tion[42]. Endothelial function is an arterial vasomotor response mediated 
predominantly by the release of nitric oxide (vasodilating), and endothelin 
(vasoconstricting) from the vascular endothelium[26]. This system plays 
an important role in the pathogenesis of atherosclerosis, cardiovascular 
disease, and other chronic diseases[19,43].

The relative importance of dietary cholesterol to cardiovascular risk, 
and the association between dietary and serum cholesterol, are both sub-
ject to ongoing debate[44-46]. The association between dietary cholesterol 
and coronary events and mortality is generally positive but rather weak, 
and derived largely from ecological and prospective cohort studies with 
variable follow-up[47-50]. In most of these studies, it is diffi cult to de-
termine the effects of cholesterol independent of dietary fat. One large 
prospective cohort followed U.S. male physicians for over 20 years. The 
study monitored egg consumption and documented new cases of heart 
failure during follow-up. Results failed to fi nd a correlation between oc-
casional egg consumption and heart failure, although an increased risk 
of heart failure was related to participants who reported consuming more 
than one egg per day[49]. Another study found no impact of egg intake 
on cardiovascular risk, specifi cally stroke, ischemic stroke, and coronary 
artery disease. However, Nakamura et al demonstrated signifi cant corre-
lation with serum cholesterol concentrations in women consuming more 
than two eggs per day [51]. In a recent study by Djoussé et al, egg con-
sumption was associated with increased risk of diabetes [52]. Djoussé et 
al also linked egg consumption to increased mortality and even more so in 
diabetics [53]. Overall, scientifi c studies of the relationship between egg 
consumption, cardiovascular disease and mortality[30,54], have thus been 
somewhat inconsistent.

Little, if any, epidemiological evidence exists supporting a direct link 
between egg consumption and cardiovascular disease or mortality risk. 
Previous studies have shown weak positive associations between intake 
of dietary cholesterol and serum cholesterol, while others failed to fi nd 
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any association[30]. Hu and colleagues analyzed data from two large co-
horts, the Health Professional Follow-Up Study and the Nurses' Health 
Study, to assess the effect of egg consumption on cardiovascular events 
and deaths[47]. After a mean of 8 years of follow-up, no overall signifi cant 
association was observed between egg consumption and risk of CHD in 
both males and females. Hu et al [47] also reported that the relative risk of 
CHD was the same whether the participants consumed less than, or more 
than, one egg per week.

While our study provides valuable data regarding egg ingestion in hy-
perlipidemic adults, it is not without limitations. The study's small sample 
size almost entirely derived from one community in Southwestern Con-
necticut may limit the generalization these of results. Furthermore, the 
duration of egg consumption during this study limits the ability to pre-
dict the long-term effects. Variables potentially confounding the correla-
tion between nutrient intakes and endothelial responses included physical 
activity, vasoactive medication use, and genetic factors. Unmeasured or 
inaccurately measured dietary intake data could also have confounded re-
sults. Three-day food diaries, used to track dietary intake, did not indicate 
any signifi cant unintended changes in overall dietary pattern, although 
changes in diet or behavior that were not captured may have impacted 
fi ndings. Adjustment for potential confounders was managed through ap-
plication of strict eligibility criteria, randomization, and crossover design. 
Also of note, the intended provocation of endothelial dysfunction by a 
single meal high in saturated fat failed to demonstrate a deleterious effect. 
Finally, endothelial function was measured only one time after treatment 
assignments and not monitored for a prolonged time.

7.5 CONCLUSIONS

In light of the persistent uncertainties and lack of observational evidence 
regarding the effects of egg consumption on serum cholesterol and cardiac 
risk, the application of this methodology and technology in further studies 
is appropriate, and very much needed. Short of a randomized controlled 
trial of egg consumption and cardiovascular events, endothelial function 
testing offers one of the best available means to evaluate the role of egg 
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ingestion on cardiac risk. To date, the evidence generally mitigates against 
an association between moderate egg consumption and increased cardiac 
risk. Further testing in at-risk samples, including individuals with estab-
lished coronary disease, is now justified to clarify the place of eggs in a 
judicious and heart-healthy diet.
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CHAPTER 8

8.1 BACKGROUND

Obesity and overweight have reached epidemic proportions in the U.S. 
and increasingly around the world [1,2]. A number of studies have sug-
gested that protein is the most satiating macronutrient and promotes the 
retention of lean body mass. Meals with increased protein to carbohydrate 
ratios have been demonstrated to increase satiety and decrease food intake 
[3,4] by comparison to standard protein intake. Increased protein intake 
results in both improved weight loss and improved maintenance of weight 
loss [5,6]. Therefore, protein-enriched or supplemented meal replace-
ments have found their way into weight management practice.

There has been some concern that the long-term use of high protein diets 
may damage liver function, renal function, or reduce bone density [7,8]. 
While there are studies of the effects of increased intake of animal protein 
in the diet, protein-enriched meal replacements have not been evaluated in 
comparison to standard meal replacements in terms of effects on liver func-
tion, renal function, and bone mineral density in free-living populations.

Meal replacement (MR) is an important strategy in designing struc-
tured diets for weight management due to their simplicity, low cost, and 
convenience of protein-enriched meal replacement shakes by comparison 
to fast food meals [5,9,10]. Noakes et al [11] have shown that meal 
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replacements are as effective as structured weight-loss diets. MR simpli-
fi es the weight loss plan by replacing one or two meals a day with a prod-
uct of defi ned nutrient and calorie content. MR leads to increased weight 
losses over twelve weeks compared to simply restricting the intake of fa-
vorite food, and weight losses have been shown to be maintained for up to 
4 years with the inclusion of one MR per day [12]. The present study was 
designed to recommend isocaloric weight management programs through 
the inclusion of either a protein or a carbohydrate supplement to a standard 
meal replacement powder to make either a standard or protein-enriched 
meal replacement.

8.2 METHODS

The study protocol was approved by the University of California Los An-
geles Institutional Review Board. Healthy volunteers were recruited by 
public advertisement. Subjects over 30 years of age with a body mass in-
dex (BMI) between 27 to 40 kg/m2, and in good health by history, physical 
examination, and basic laboratory screening (complete blood count, serum 
chemistries, liver panel, and lipid panel) were selected for the study. Sub-
jects with type 2 diabetes or glucose intolerance were excluded as were 
individuals, who regularly drank more than one alcoholic beverage daily.

One hundred men and women who met the selection criteria were ran-
domly assigned to either the HP (high protein) or SP (standard protein) 
treatment. This was a single-blinded study. Subjects were randomized in a 
1:1 manner to either HP or SP diet using a computerized random propor-
tion model.

Caloric intake to achieve weight loss was based on a 500 Kcal defi cit 
of the participants' estimated resting metabolic rate as determined by body 
composition analysis by DEXA. Diet plans were individualized per sub-
ject by the research dietitian. Subjects were instructed to add to their meal 
replacements a set number of scoops of either protein or carbohydrate 
from powder canisters labeled as either A or B. The protein powder was 
measured with a calibrated scoop and subjects were instructed regarding 
how many scoops to use for their particular meal plan. Participants in the 
HP group received a diet plan that provided 2.2 grams of protein per kg of 
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LBM while the diet for the SP group provided 1.1 grams of protein per kg 
of LBM. The meal energy macronutrient composition in the HP group was 
approximately 30% protein, 30% fat, and 40% carbohydrate. The macro-
nutrient composition in the SP diet was approximately 15% protein, 30% 
fat, and 55% carbohydrate. Both groups received the same isocaloric MR 
(Formula 1, Herbalife Intl., Los Angeles) with either a protein supplement 
for the HP group (Performance Protein Powder, Herbalife Intl., Los Ange-
les) or a carefully matched carbohydrate placebo containing maltodextrin 
and fl avoring for SP group.

Instructions were provided for preparation of the MR. Subjects were ad-
vised to consume one MR in place of a meal and the other as a snack daily 
for 12 weeks, then one MR a day for an additional 40 weeks. All participants 
met individually with a registered dietitian at baseline for dietary instruc-
tion, and at week 2, month 1, 2, 3, 6, 9 and 12 to provide counseling and fol-
low-up. Qualitative food logs including the servings of macronutrients and 
meal replacements were collected and reviewed with subjects at each visit. 
Participants were weighed and protein powder meal replacement products 
were dispensed at each visit. Subjects were given general advice for increas-
ing their activity level with a goal of 30 minutes of aerobic exercise per day.

8.2.1 BODY WEIGHT

Subjects were weighed at each visit (Detecto-Medic; Deteco-Scales; 
Brooklyn, NY) while wearing no shoes after an overnight fast. Height was 
measured with a stadiometer (Detecto-Medic; Deteco-Scales; Brooklyn, 
NY) at week 0. BMI was calculated as weight (kg)/height squared (m).

8.2.2 BIOCHEMISTRY

Blood samples after >10 hours of overnight fasting were collected at 
months 0, 3, 6, and 12 for measurement of lipid profiles, electrolytes, liver 
and renal function tests. Twenty-four hour urine samples were collected 
at baseline and week 52 for urinary urea nitrogen, creatinine, calcium, 
phosphate excretions.
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Plasma cholesterol was determined using standard enzymatic meth-
ods. Reagents, standards and calibrators were purchased from Pointe 
Scientifi c (Lincoln Park, MI). The HDL or alpha cholesterol is derived 
from the measurement on the supernatant following the precipitation of 
apo B containing lipoproteins with Heparin and MnCl2. The so-called 
LDL or beta lipoprotein cholesterol is estimated from these data using 
the Friedewald equation. All other tests were completed at Ronald Rea-
gan Medical Center clinical laboratory using standard methods. Urinary 
urea nitrogen was measured with an enzymatic method of Talke and 
Schubert [13].

8.2.3 BONE DENSITY

Bone density was measured at baseline and 12 months by Dual Energy 
X-ray Absorptiometry by a Lunar Prodigy DEXA (GE Medical Systems, 
Waukesha, Wisconsin).

8.2.4 STATISTICAL ANALYSIS

All variable transformations and statistical analyses were performed using 
SAS version 9.2 [14]. We evaluated effectiveness of the subject random 
allocation by comparing patient characteristics and baseline measure-
ments of the two study groups using t-tests (for continuous variables) and 
Chi-square tests (for categorical variables).

We computed t-tests within each treatment group using matched pair 
Analysis of Variance (ANOVA). Univariate and multivariate Repeated 
Measures ANOVA described within subject effects of changes over time 
for the total study sample; between treatment group effects; and changes 
over time by treatment group interactions. Because outcome data was not 
available for participants who dropped out of the study, we did not con-
duct intention to treat analysis. All data are presented as means ± standard 
deviation of the mean (SD).
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8.3 RESULTS

100 obese men and women were randomly assigned to either a HP or SP 
MR diet plan. Fifteen subjects withdrew from the study within the first 
week after randomization due to inability to comply with the meal plan (6 
in the HP group and 9 in the SP group) and those subjects were excluded 
from data analysis. Fifteen more subjects (9 in the HP group and 6 in the 
SP group) dropped out of the study during the 12 month trial due to loss 
of follow-up and personal reasons. No subject suffered any severe adverse 
event. Seventy subjects, (thirty-five subjects in each group) completed the 
12-month study. Subject characteristics in the two treatment arms at base-
line were not significantly different (Table 1). Mean age was 49.4 ± 11.0 
years. Mean BMI at baseline was 34.43 ± 6.36 for HP group and 32.57 ± 
4.10 kg/m2  for SP group.

TABLE 1: Baseline characteristics of study participants
Characteristic HP (N = 44) SP (N = 41)
Demographic
Women, No. (%) 36 (81.8) 26 (63.4)
Age, mean (SD) 48.9 11.8) 49.7 (9.1)
Race, No. (%)

Asian 4 (9.1) 1 (2.4)
Black 9 (20.5) 8 (19.5)
Caucasian 26 (59.1) 28 (68.3)
Hispanic 4 (9.1) 2 (4.9)
Others 1 (2.2) 2 (4.9)

Weight Factors, mean (SD)
Body Weight, kg 93.5 (14.0) 92.7 (15.9)
BMI, kg/m2 34.7 (6.8) 34.3(10.3)

All values are mean ± SD. Subjects who dropped out of the study after randomization were 
excluded. There were no significant differences between groups. HP: high protein group; 
SP: standard protein group.
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8.3.1 WEIGHT LOSS

Subjects were weighed at baseline, 2 weeks, and monthly thereafter. Base-
line body weight was not significantly different between these two groups. 
Both groups lost significant amounts of weight at 12 months (4.29 ± 5.90 
kg; SP -4.66 ± 6.91 kg, p < 0.01). (Figure 1) After controlling for base-
line weight, gender, and time period, there was no significant difference 
between the two treatment groups. For both dietary groups, BMI was sig-
nificantly lower at 12 months (HP = -1.53 ± 2.17; SP = -1.77 ± 2.89 kg/
m2). There were no significant differences in BMI changes between the 
two dietary groups.

FIGURE 1: Body weight change in 12 months. Mean ± SD. Subjects in HP and SP group 
both lost significant amount weight in 12 months compared with baseline. Open square: 
baseline, black square: month 12, *P < 0.01 compared with baseline
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8.3.2 CHOLESTEROL, HDL, LDL, TRIACYLGLYCEROL

There were significant reductions in total cholesterol for the HP group at 
3 months (-15.20 ± 35.84 mg/dL, p < 0.05) and 6 months (-10.47 ± 30.46 
mg/dL, p < 0.05) but not for the SP group (-4.98 ± 25.14; -9.31 ± 30.26 
mg/dL, p > 0.05). The LDL concentration was significantly lowered at 3 
months and 6 months ( -7.74 ± 21.92; -7.83 ± 23.06 mg/dL, p < 0.05) for 
the HP group but not for SP group. There was significant elevation of HDL 
at month 6 for HP group only (2.53 ± 7.45 mg/dL, p < 0.05). The triacylg-
lycerol concentration was reduced significantly only for the HP group at 3 
months (-29.73 ± 58.22 mg/dL, p < 0.05). The difference between the two 
groups was not significant for any of the parameters. (Table 2)

TABLE 2: Blood lipid concentrations

Cholesterol (mg/dL)
Triacylglycerol 
(mg/dL) LDL (mg/dL) HDL (mg/dL)

HP SP HP SP HP SP HP SP

Baseline
198.85 ± 
311.00

203.04 ± 
39.08

136.07 ± 
105.61

115.16 ± 
55.57

116.88 ± 
35.92

128.07 ± 
36.28

54.34 ± 
13.82

52.00 ± 
10.56

Month 3
184.93 ± 
272.00*

196.68 ± 
36.36

106.24 ± 
52.66*

113.59 ± 
63.17

108.88 ± 
36.54*

121.29 ± 
36.36

54.83 ± 
15.11

52.73 ± 
11.19

Month 6
190.71 ± 
279.00*

195.05 ± 
38.38*

116.74 ± 
74.19

106.64 ± 
52.44

111.73 ± 
26.79 *

119.74 ± 
34.86 *

56.47 ± 
15.47 *

53.95 ± 
11.77

Month 12
188.33 ± 
292.00

201.24 ± 
37.60

119.33 ± 
53.41

109.42 ± 
63.78

132.07 ± 
34.09

125.33 ± 
32.78

54.63 ± 
13.48

54.00 ± 
11.48

All values are mean ± SD. There were no significant differences between groups. HP, high 
protein group; SP, standard protein group. * p < 0.05 compare with baseline

8.3.3 LIVER FUNCTION

All subjects had normal ranges of AST, ALT, bilirubin, and alkaline phos-
phatase at baseline. All those markers remained in the normal range and 
did not change significantly through the study (Table 3). No subject had 
any liver markers out of the normal range during any time of the study.
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TABLE 3: Liver function tests

ALT (U/L) AST (U/L)
Alkaline Phospha-
tase (U/L)

Total Billirubin 
(mg/dL)

HP SP HP SP HP SP HP SP

Baseline
27.07 ± 
13.97

28.84 ± 
15.00

25.2 ± 
11.44

23.33 ± 
13.00

66.2 ± 
37.00

71.88 ± 
41.00

0.75 ± 
0.26

0.77 ± 
0.40

Month 3
25.4 ± 
7.51

28.53 ± 
15.00

24.23 ± 
7.30

24.39 ± 
16.00

69.64 ± 
39.00

72.85 ± 
18.58

0.75 ± 
0.20

0.82 ± 
0.20

Month 6
24.87 ± 
11.22

27.23 ± 
16.00

24.26 ± 
14.00

23.44 ± 
5.17

69.89 ± 
19.13

72.21 ± 
17.78

0.80 ± 
0.25

0.83 ± 
0.30

Month 12
24.1 ± 
12.00

26.91 ± 
14.23

23.00 ± 
13.00

23.76 ± 
14.00

71.48 ± 
40.00

69.18 ± 
18.65

0.76 ± 
0.36

0.84 ± 
0.40

All values are mean ± SD. There were no significant differences between groups. HP, high 
protein group; SP, standard protein group

8.3.4 RENAL FUNCTION

No significant differences were found when comparing 12 month mean 
concentrations of serum creatinine, urea nitrogen and urine nitrogen and 
creatinine clearance within the groups and between the groups (Table 4). 
Urinary protein excretion significantly increased in the SP group but not 
in the HP group at month 12 (HP: 27.18 ± 105.33, mg/24 hours, p = 0.410; 
SP: 54.82 ± 83.35 mg/24 hours, p = 0.02). There was not any difference 
between the groups.

TABLE 4: Renal function, calcium, phosphate excretion and bone mineral density.
HP SP
Baseline Month 12 Baseline Month 12

Serum Creatinine (mg/dL) 0.82 ± 0.20 1.13 ± 1.85 0.87 ± 0.20 0.82 ± 0.18
Serum urea nitrogen (mg/dL) 12.37 ± 3.06 14.13 ± 5.77 12.14 ± 3.77 11.97 ± 3.73
Creatinne Clearance (mL/min) 129.78 ± 60.06 138.69 ± 40.39 116.89 ± 44.43 116.89 ± 42.84
Urine urea nitrogen (g/24 hr) 10.91 ± 4.49 12.22 ± 4.64 10.89 ± 4.73 9.58 ± 3.95
Urine Calcium (mg/24 hr) 184.68 ± 119.10 153.46 ± 77.07 25.2 ± 103.60 23.33 ± 75.74
Urine Protein (mg/24 hr) 141.25 ± 71.23 158.55 ± 88.82 114.39 ± 38.25 180.00 ± 86.56*
Bone mineral density (g/cm2) 1.00 ± 0.00 1.04 ± 1.19 1.03 ± 0.17 1.01.00 ± 0.03

All values are mean ± SD. There were no significant differences between groups. HP, high 
protein group; SP, standard protein group. *p < 0.05 compare with baseline
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8.3.5 BONE MINERAL DENSITY

No significant differences (p > 0.05) were observed at 12 months in total 
bone mineral density within-group or between groups (Table 3).

8.4 DISCUSSION

In this study, the energy deficit meal plan including meal replacements re-
sulted in significant weight loss typical of meal replacement plans in both 
groups [15]. Since there was no run-in period, early dropouts were signifi-
cant but 70 out of 85 subjects were retained after that point of the study. 
Because both diets were isocaloric the amounts of weight loss were the 
same enabling a meaningful comparison of the effects of the dietary inter-
vention on liver function, renal function, and bone density in an outpatient 
setting. No special efforts were made to assess compliance which could 
be considered a limitation of the study. Compliance with diets is known to 
decrease on an outpatient basis and is an unmeasured effect that may ac-
count for the lack of findings of adverse events in our study. Nonetheless, 
this was a practical applied test of the issue as it would be encountered in 
people undertaking a weight management regimen.

Concerns that diets high in protein may have deleterious effects on re-
nal function were not supported by the results of this study. There was no 
difference in creatinine clearance with either dietary pattern during weight 
reduction over one year. A previous study also reported that creatinine 
clearance was not altered by dietary protein in the context of weight loss 
while nitrogen balance was more positive in subjects who consumed a 
high protein diet than in those who consumed a high carbohydrate diet 
[16]. Skov et al [8] assessed changes in renal function by measuring the 
glomerular fi ltration rate (GFR) during high-protein and high-carbohy-
drate diets over a 6-month period and found that the high protein diet had 
no adverse effects on kidney function. More recently, Knight et al. deter-
mined whether protein intake infl uences the rate of renal function change 
in women prospectively studied over an 11-year period [7]. The Nurses' 



196 Functional Foods

Health Study evaluated 1624 enrolled women between the ages of 42 to 68 
years in 1989 who provided blood samples in 1989 and 2000. Ninety-eight 
percent of women were white, while 1% were African American. In multi-
variate linear regression analyses, high protein intake was not signifi cantly 
associated with change in estimated GFR in women with normal renal 
function (defi ned as an estimated GFR ≥ 80 mL/min per 1.73 m2).

It has been suggested that a high protein diet may generate acidosis 
because of the presence of ketone bodies in the blood promoting calcium 
mobilization from bone to buffer the blood and maintain pH. This could 
promote urinary calcium loss [17,18]. There were no deleterious effects of 
increased protein intake at 2.2 g/kg LBM on markers of bone turnover in 
our study. In a 12- week study [19], a high protein diet increased the bone 
turnover markers while calcium excretion was decreased by 0.8 mmol/d. 
Evidence also indicates that high protein intake particularly higher animal 
protein intake is associated with decreased bone loss in older persons [20].

The trend of reduction in urinary calcium in this study was also un-
usual because dietary protein metabolism is associated with increased 
urinary calcium [21]. The high vegetable consumption with both dietary 
patterns may prevent this because high vegetable intakes have been shown 
to decrease urinary calcium [22]. An increase in calcium excretion was 
observed with the consumption of a high protein diet in the study by John-
ston et al [16] which stated that this was due to the high calcium content of 
the high protein diet in their study. However, we did not observe this high 
protein pattern in which dietary calcium was very high.

Non-alcoholic fatty liver disease (NAFLD) is now the most common 
liver disease and is strongly linked to obesity and metabolic syndrome 
[23]. In middle aged women in the UK, Liu and colleagues [24] found 
that the relative risk of liver cirrhosis increased by 28% for every 5 unit 
increase in BMI above 22.5 in each stratum of alcohol consumption and 
estimated 17% of incident or fatal liver cirrhosis is attributable to excess 
body weight. Hart and colleagues [25] also show that being overweight or 
obese and drinking alcohol has a synergistic effect, which amplifi es the 
insult to the liver and greatly increases the risk of liver related morbidity 
and mortality. Therefore, it is important to demonstrate that an effective 
weight management program does not elevate liver function tests and add 
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insult to the liver. In this study, there were no adverse effects on liver func-
tion tests at either level of protein intake.

The one-year duration of the study may have led to reduced compli-
ance to the meal plans. The study subjects met for a total of 8 sessions 
with our dietitian. These sessions were designed to support and encour-
age participants to follow the meal plan including the MR. At each visit, 
qualitative food logs for macronutrients and meal replacement were col-
lected and reviewed. While we did not measure biochemical compliance, 
the overall weight loss we observed suggest relatively good compliance to 
our meal plans.

Noakes et al [19] reported that subjects with high serum triacylglycerol 
(>1.5 mmol/L) lost more fat mass with the high protein diet than with the 
high carbohydrate diet and suggesting a variation in responsiveness to diet 
based on other metabolic factors such as the presence of insulin resistance 
which was not measured in the current study.

As in many outpatient diet interventions long-term compliance is un-
dercut by some unmeasured factors likely unrelated to the demonstrated 
satiety effects of added protein. Therefore, the expected effects on in-
creased weight loss resulting from a high protein diet were not seen in 
this study. In our previous study, protein-enriched meal led to increased 
fat mass loss based on bioelectrical impedance analysis in spite of simi-
lar overall weight loss as the standard protein meal plan over 12 weeks 
[26]. The use of MR may have been the major infl uence on the weight 
loss by simplifying their weight loss efforts so that the power of the MR 
intervention may have obscured the difference between the weight losses 
of subjects using protein-enriched meal plans by comparison to standard 
meal plans [5].

The Institute of Medicine (IOM) of the National Academy of Sciences 
[27] has set acceptable macronutrient distribution ranges for carbohydrate 
(45%-65% of energy), protein (10%-35% of energy), and fat (20%-35% of 
energy; limit saturated and trans fats). These proportions provide a range 
broad enough to cover the macronutrient needs of most active individuals, 
but specifi c carbohydrate and protein recommendations are also typically 
made based on a g/kg body weight formula. These ranges are 5 to 12 g of 
carbohydrate/kg body weight and 1.2 to 1.8 g/kg body weight for protein 
depending on the level of physical activity. Clearly, for both the HP and SP 
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group dietary protein intakes were within this recommended range for pro-
tein intake. Therefore, our research can only be applied to structured meal 
plans using protein-enriched shakes for their ability to increase satiety and 
should not be interpreted as a blanket endorsement of very high protein 
diets popular with some athletes exceeding the IOM recommendations by 
including pure protein supplements, high fat animal meats or other sources 
of organic acids and hidden fat which could adversely affect liver func-
tion, renal function, or bone density.

8.5 CONCLUSIONS

In summary, both the HP and SP diets resulted in the expected weight loss 
typical of an MR diet plan in free-living individuals at 12 months. Both 
diets were well tolerated, sustainable, and did not result in any adverse 
effects. There were no changes of liver function, renal function or bone 
mineral density based on routine clinical assessments.
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CHAPTER 9

9.1 INTRODUCTION

Functional and organic foods are both segments of the food market in Eu-
rope and have been growing constantly within the last decade [1]. Where-
as organic food covers the entire manner of production [2,3], functional 
food describes nutrition and/or health related product attributes [4,5]. Both 
foods are labeled and the labels send quality and/or health related messag-
es that point towards high quality food and/or extra health benefi ts [6,7]. 
Although consumers perceive these messages in both types of foods [8,9], 
they are associated differently. Furthermore, the conceptual background 
of functional and organic food is different with respect to quality concepts 
[10,11], which refl ect the difference in the underlying paradigms of these 
two different food segments [12]. The aim of this paper is to analyze the 
similarities and differences of functional and organic food in order to de-
termine if the concept of functional food supports or contradicts organic 
food production. The work was done among members of the international 
association Food Quality and Health (FQH).
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9.2 ORGANIC FOOD IN EUROPE

The market of organic food is constantly growing [13]. In 2009, the Euro-
pean turnover of the organic food market was 18.4 billion Euros, wherein 
Germany and France have the highest turnover of organic foods (in total 
5.8 billion Euros and 3 billion Euros, respectively [14]), while the highest 
market shares were reached in Denmark with 7.2 percent of the total food 
turnover, followed by Austria with 6 percent [14]. In Europe, consumers 
buy organic food because they expect that it is “good” for their health, has 
less impact on the environment and the production respects animal welfare 
principles [15–18]. Results from scientifi c investigations on the quality 
of the food focus on organic versus non-organic production method com-
parisons. Process measurements (e.g., impact on environment) indicate 
less impact on environmental issues measured by Life-Cycle-Assessment 
[19–22]. Comparisons based on food constituents showed lower levels of 
residues in organic foods [23–25] but had no consistent answer related 
to nutrients and health related compounds [26]. Recent reviews on veg-
etables, fruits and milk showed signifi cantly higher amounts of bioactive 
compounds in the organic food products [27,28]. The compounds found 
at a higher level in organic food are, for example, defense related second-
ary metabolites in fruits and vegetables and poly-unsaturated fatty acids 
(PUFAs) in milk. The effect of those compounds on health is still a matter 
of controversy [29–31]. Therefore expected health benefi ts can only be 
claimed on the basis of models [28].

Organic agriculture is defi ned as a “holistic production management 
system” [3], which takes into account soil, plant and animal health by ap-
plying natural methods and working in natural cycles [2,32]. Agricultural 
products should be further processed in order to maintain the “organic 
integrity and vital qualities” of the product in all stages [2,3]. Biological 
and mechanical methods should be applied in food production “opposed 
to using synthetic materials” [3]. The production of organic food has been 
regulated in Europe since 1991 with the actual regulations Nr. 834/2007 
and 889/2008. Organic food products are labeled with a standard Euro-
pean logo. According to the EC regulations, processing should be done 
with care and all kinds of synthetic substances used during processing 
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should be kept to a small number compared with non-organic food pro-
duction [33,34]. Primary production, as well as processing and retailing, is 
certifi ed according to the EC-regulations. Furthermore, import from third 
countries is regulated according to the European organic requirements and 
should guarantee the same quality of organic food as under EC regulation 
834/2007.

Kahl et al. [35] analyzed the different guidelines and regulations relat-
ing to organic food quality issues and concluded that the quality of the 
food is described according to process issues, rather than concrete product 
attributes. Even so, one goal of organic food production is high quality of 
the products [2] as well as maintenance of their “true nature” during the 
production process [2]. Kahl et al. [10] identifi ed health and sustainability 
as underlying goals in organic food production. Furthermore, they defi ned 
a combination of process and product aspects necessary for the defi nition 
of organic food quality. This is supported by results from consumer sur-
veys [17,36,37]. The conceptual background refers to a system approach 
that considers the food as a whole rather than just the sum of its constitu-
ents. Therefore, one of the major future challenges for organic food quality 
research is to develop systemic tools for food evaluation.

9.3 FUNCTIONAL FOOD IN EUROPE

The European market for functional food is constantly growing [4,7]. The 
UK has the highest turnover of functional foods, reaching 3.3 billion Euros 
followed by Germany (3.02 billion Euros) and France (1.8 billion Euros). 
The main factor for market success is high quality, wherein a “holistic 
health image” of the product increases the market success [7]. Consumers 
buy functional food, because they believe it is healthy, while functional 
ingredients known by the consumers stimulate more market success than 
ingredients not well known to the general public (e.g., PUFAS versus se-
lenium). Moreover, perceived relevance infl uences the willingness to buy 
products with health claims [38].

Diplock et al. [11] presented a fi rst scientifi c concept of functional food 
in Europe. Functional food should contribute significantly either to 
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enhancing health and well being or reducing risk of diseases. Functional 
foods can be divided into three categories according to the nature of the 
functional ingredients:

• natural food containing high levels of the functional ingredient or with high 
functionality;

• food to which functional ingredients were added or removed;
• food in which the nature of functional ingredients has been changed.

Functional food is not specifi cally regulated in Europe; neither does 
a uniform label exist. However, there are EC-regulations that cover this 
part of the food market: Firstly, the general food regulation in Europe 
(178/2002). This regulation describes the basic quality and safety re-
quirements of European consumers and protects consumers against 
fraud. When the food is changed in its molecular structure or consists of 
ingredients not previously on the European market, the food falls under 
the European Novel Food Regulation (258/97). The most important reg-
ulation regarding functional food in Europe is the Health Claim Regula-
tion from 2006 (1924/2006). All marketing referring to possible health 
implications of food is prohibited, unless the Commission, after recom-
mendation by the European Food Safety Agency (EFSA), has authorized 
a defi ned and substantiated health claim through scientifi c evidence. Un-
til 2011 only a few hundred health claims were authorized [39]. EFSA 
does not allow health claims for vegetables and fruits in general and for 
their processed products (e.g., apple juice). Furthermore, health claims 
cannot be made for fruits or vegetables due to a specifi c functional in-
gredient in the fruit or vegetable [39]. The main reason is that the food 
consumption patterns will be responsible for the potential health effect 
rather than specifi c varieties or amounts of the fruits and vegetables. 
Health claims are only authorized for processed products with one or 
more specifi c compounds and their evidenced effects on human health. 
Therefore it is still a major challenge for scientifi c research to identify 
and test the functionality of food compounds [4,5] and to make this in-
formation available to consumers [40].



9.4 SIMILARITIES AND DIFFERENCES

Both organic and functional foods intend to offer high quality products 
to the European consumer with added value related to health. Whereas 
functional food offers human health specifi c targets, organic food intends 
to combine the health of the consumer and the health of environment, ani-
mals and society. Both are defi ned as food according to the European food 
regulation (EC 178/2002). Claims relating to positive health effects, which 
should be labeled to inform the consumer, are regulated for both food 
segments under EC-regulation 1924/2006. Therefore in general, studies 
showing scientifi c evidence for a proposed health benefi t must be carried 
out. Whereas for functional food a specifi c compound or food attribute 
can be tested (different levels of the compound in question), it is diffi cult 
to prove this in organic food, wherein the whole food instead of constitu-
ent parts has to be compared (what should the placebo be?). Organic and 
functional foods are both labeled. Functional food is labeled according to 
the potential positive human health function or product attribute (when 
authorized by EFSA). Here, specifi c claims are formulated for different 
products. Organic food is labeled according to the process of production 
by different labeling schemes [6] but there is also a standard European 
organic logo [41]. The effects of organic food are not limited to human 
health, but are also claimed to work on society and the environment (soil, 
plants, animals, atmosphere, etc.). For the marketing of functional food 
as well as organic food, consumer knowledge of the label or the specifi c 
product attributes is necessary [42–45].

One of the reasons that the European market for functional food is 
behind the US and Japanese markets may be due to the distrust of the 
consumers [1]. Consumers often do not believe in the additional health 
benefi t, which may justify the higher price for these products [1]. Bech-
Larsen and Scholderer [7] identifi ed a paradox, wherein consumers on the 
one hand do not believe in these added values but on the other hand they 
feel unsupported by detailed research results. This paradox may become 
even sharper after the last decisions of the Commission (following EFSA 
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recommendations), which restricts food claims to food products where 
substantial scientifi c evidence exists for a benefi cial effect, based on single 
constituents or attributes.

Consumers believe that organic food has positive effects on health, 
environment and animal welfare [1,15,17], although only the production 
process is regulated, not the effects (e.g., levels of health related constitu-
ents). Eden [8] investigated consumers’ awareness of organic and func-
tional food. The study underlines that organic food is associated with 
naturalness, whereas functional food is associated with scientifi cally and 
technologically complicated processes. When consumer behavior is ana-
lyzed, the decision to buy organic food tends to be emotional, whereas 
there seems to be a rational decision process in buying functional food 
[46,47]. Furthermore, some organic consumers do not accept specially 
highlighted functions of food [9,43]. The question whether or not func-
tional foods would compete with organic foods still cannot be addressed 
because of a lack of study material. Stolz et al. [42] indicate that conven-
tional food with a communicated additional benefi t will compete with the 
conventional counterpart, not the organic one.

When the underlying paradigms of functional versus organic food are 
analyzed, they seem to refl ect the different visions of the European Knowl-
edge-Based Bio-Economy [12]. Whereas functional food, being part of the 
dominant industrial life science vision, connects food quality with decom-
posability, organic food connects food production with integral product 
integrity. Allaire and Wolf [48] identifi ed these divergent socio-technical 
paradigms as a re-arrangement of food constituents versus a holistic qual-
ity view recognizable by consumers. Whereas functional food is focused 
on product related attributes represented by single constituents or func-
tions, organic food also takes sustainability of the process of production 
into account.

9.5 CONCLUSIONS

Based on this review of recent literature we conclude that the concept 
of functional food does not support organic food production in Europe. 



Based on consumer behavior and the organic regulation, it seems full of 
contradictions. Although organic and functional foods can be grouped 
together with respect to the naturally increased levels of health related 
compounds, such as PUFAs and polyphenols, there will hardly be any 
health claims possible, as we discussed, with respect to the experimental 
design and recent decisions of the Commission. When food ingredients 
are added or changed in organic foods, it should be done within the frame 
of the European organic regulation, which is very strict. Only a few food 
additives are permitted so far and health related compounds such as bio-
active compounds, antioxidants, etc. are not included (with the exception 
of vitamin C for specifi c purposes). Organic food may lose its “natural” 
image for consumers if producers follow the technological approach of 
re-designing food, as is done for functional foods. From their viewpoint, 
organic food derived from nature by a naturally sound agricultural system 
already contains all substances needed for human health and respects the 
health of the environment and society along the food chain. A key chal-
lenge for scientifi c research in both areas is the identifi cation and valida-
tion of relevant indicators and parameters for the process (only organic) 
and product aspect (organic as well as functional) [10]. Furthermore, food 
seems to be the fundamental unit in nutrition and not only single constitu-
ents [49]. Health studies testing the effect of functional as well as organic 
food need approaches that refl ect the dynamic reaction of a very complex 
system [50].

REFERENCES

1. The Nielsen Company. Organics and functional foods: A global Nielsen consum-
er report. Technical Report. Available online: http://pt.nielsen.com/documents/
tr_0710_OrganicsFood.pdf (accessed on 3 July 2012).

2. Council Regulation (EC) No 834/2007. Available online: http://eur-lex.europa.eu/
LexUriServ/ LexUriServ.do?uri=OJ:L:2007:189:0001:0023:EN:PDF (accessed on 
3 July 2012).

3. Guidelines for the Production, Processing, Labelling and Marketing of Organically 
Produced Foods (GL 32-1999); Codex Alimentarius: Rome, Italy, 2010; Adopted 
1999, Revisions 2001, 2003, 2004 and 2007, Amendments 2008, 2009 and 2010.

Functional Food and Organic Food Are Competing 207

http://pt.nielsen.com/documents/tr_0710_OrganicsFood.pdf
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2007:189:0001:0023:EN:PDF


208 Functional Foods

4. Kaur, S.; Das, M. Functional foods: An overview. Food Sci. Biotechnol. 2011, 20, 
861–875.

5. Roberfroid, M.B. What is beneficial for health? The concept of functional food. 
Food Chem. Toxicol. 1999, 37, 1039–1041.

6. Janssen, M.; Hamm, U. Product labelling in the market for organic food: Consumers 
preferences and willingness-to-pay for different organic certification logos. Food 
Qual. Pref. 2012, 25, 9–22.

7. Bech-Larsen, T.; Scholderer, J. Functional foods in Europe: Consumer research, 
market experiences and regulatory aspects. Food Sci. Technol. 2007, 18, 231–234.

8. Eden, S. Food labels as boundary objects: How consumers make sense of organic 
and functional foods. Public Underst. Sci. 2011, 20, 179–194.

9. Mesias, F.J.; Martinez-Carrasco, F.; Martinez, J.M.; Gaspar, P. Functional and or-
ganic eggs as an alternative to conventional production: A conjoint analysis of con-
sumer’ preferences. J. Sci. Food Agric. 2011, 91, 532–538.

10. Kahl, J.; Baars, T.; Bü gel, S.; Busscher, N.; Huber, M.; Kusche, D.; Rembialkowska, 
E.; Schmid, O.; Seidel, K.; Taupier-Letage, B.; Velimirov, A.; Zalecka, A. Organic 
food quality: A framework for concept, definition and evaluation from the European 
perspective. J. Sci. Food Agric. 2012, doi:10.1002/jsfa.5640.

11. Diplock, A.T.; Aggett, P.J.; Ashwell, M.; Bornet, F.; Fern, E.B.; Roberfroid, M.B. 
Scientific concepts of functional foods in Europe: Consensus document. Brit. J. 
Nutr. 1999, 81, 1–27.

12. Levidow, L.; Birch, K.; Papaioannou, T. Divergent paradigms of European Agro-
Food Innovation: The Knowledge-Based Bio-Economy (KBBE) as an R&D agenda. 
Sci. Technol. Human Values 2012, doi:10.1177/0162243912438143.

13. Sahota, A. Global Organic Food & Drink Market. Available online: http://www.fibl.
org/ fileadmin/documents/en/news/2011/sahota-2011-biofach-market.pdf (accessed 
on 3 July 2012).

14. OSEC Website. Available online: http://www.sippo.ch/internet/osec/en/home/im-
port/publications/food.-ContentSlot-98296-ItemList-61735-File.File.pdf/SIPPO_
Manual_18.04.2011_final.pdf (accessed on 3 July 2012).

15. Kriwy, P.; Mecking, R.-A. Health and environmental consciousness, costs of be-
haviour and the purchase of organic food. Int. J. Consumer Stud. 2012, 36, 30–37.

16. Pino, G.; Peluso, A.M.; Guido, G. Determinants of regular and occasional consum-
ers’ intentions to buy organic food. J. Consumer Aff. 2012, 46, 157–169.

17. Zagata, L. Consumers’ beliefs and behavioural intentions towards organic food. Evi-
dence from the Czech Republic. Appetite 2012, 59, 81–89.

18. Torjusen, H.; Sangstad, L.; O’Doherty-Jensen, K.; Kjaernes, U. European Consum-
ers’ Conceptions of Organic Food: A Review of Available Research; Project Report 
4-2004 for National Institute for Consumer Research: Oslo, Norway, 2004.

http://www.fibl.org/fileadmin/documents/en/news/2011/sahota-2011-biofach-market.pdf
http://www.sippo.ch/internet/osec/en/home/import/publications/food.-ContentSlot-98296-ItemList-61735-File.File.pdf/SIPPO_Manual_18.04.2011_final.pdf


19. Mondelaers, K; Aertsens, J.; van Huylenbroeck, G. A meta-analysis of the differ-
ences in environmental impacts between organic and conventional farming. Brit. 
Food J. 2009, 111, 1098–1119.

20. Gomiero, T.; Paolettia, M.G.; Pimentel, D. Energy and environmental issues in or-
ganic and conventional agriculture. Crit. Rev. Plant Sci. 2008, 27, 239–254.

21. Wood, R.; Lenzen, M.; Dey, C.; Lundie, S. A comparative study of some environ-
mental impacts of conventional and organic farming in Australia. Agric. Syst. 2006, 
89, 324–348.

22. Cederberg, C.; Mattsson, B. Life cycle assessment of milk production—A compari-
son of conventional and organic farming. J. Clean. Prod. 2000, 8, 49–60.

23. Lairon, D. Nutritional quality and safety of organic food: A review. Agron. Sustain. 
Dev. 2010, 30, 33–41.

24. Baker, P.B.; Benbrook, C.M.; Groth, E., III; Benbrook, L. Pesticide residues in con-
ventional, integrated pest management (IPM)-grown and organic foods: Insights 
from three US data sets. Food Addit. Contam. 2002, 19, 427–446.

25. Kouba, M. Quality of organic animal products. Livest. Prod. Sci. 2003, 80, 33–40.
26. Dangour, A.D.; Dodhia, S.K.; Hayter, A.; Allen, E.; Lock, K.; Uauy, R. Nutritional 

quality of organic foods: A systematic review. Am. J. Clin. Nutr. 2009, 90, 680–685.
27. Palupi, E.; Jayanegara, A.; Ploeger, A.; Kahl, J. Comparison of nutritional quality 

between conventional and organic dairy products: A meta-analysis. J. Sci. Food Ag-
ric. 2012, doi:10.1002/jsfa.5639.

28. Brandt, K.; Leifert, C.; Sanderson, R.; Seal, C.J. Agroecosystem management and 
nutritional quality of plant foods: The case of organic fruits and vegetables. Crit. 
Rev. Plant Sci. 2011, 30, 177–197.

29. Hollman, P.C.H.; Cassidy, A.; Comte, B.; Heinonen, M.; Richelle, M.; Richling, E.; 
Serafini, M.; Scalbert, A.; Sies, H.; Vidry, S. The biological relevance of direct anti-
oxidant effects of polyphenols for cardiovascular health in human is not established. 
J. Nutr. 2011, 141, 989–1009.

30. Hoefkens, C.; Sioen, I.; Baert, K.; de Meulenaer, B.; de Henauw, S.; Vandekinderen, 
I.; Devlieghere, F.; Opsomer, A.; Verbeke, W.; van Camp, J. Consuming organic ver-
sus conventional vegetables: The effect on nutrient and contaminant intakes. Food 
Chem. Toxicol. 2010, 48, 3058–3066.

31. Erdman, J.W., Jr.; Ford, N.A.; Lindshield, B.L. Are the health attributes of lyco-
pene related to IST antioxidants function? Archiv. Biochem. Biophys. 2009, 483, 
229–235.

32. IFOAM Basic Standards; International Federation of Organic Agriculture Move-
ments: Bonn, Germany, 2008.

Functional Food and Organic Food Are Competing 209



210 Functional Foods

33. Food Standards Agency. Current EU approved additives and their E numbers. Avail-
able online: http://www.food.gov.uk/safereating/additivesbranch/enumberlist (ac-
cessed on 3 July 2012).

34. EU Web site. Available online: http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?
uri=OJ:L:2008:250:0001:0084:EN:PDF (accessed on 3 July 2012).

35. Kahl, J.; van den Burgt, G.-J.; Kusche, D.; Bü gel, S.; Busscher, N.; Hallmann, E.; 
Kretzschmar, U.; Ploeger, A.; Rembialkowska, E.; Huber, M. Organic food claims 
in Europe. Food Technol. 2010, 3, 38–46.

36. Hjelmar, U. Consumers’ purchase of organic food products: A matter of convenience 
and reflexive practices. Appetite 2011, 56, 336–344.

37. Hughner, R.S.; McDonagh, P.; Prothero, A.; Shultz, C.J., II; Stanton, J. Who are 
organic consumers? A compilation and review of why people purchase organic food. 
J. Consumer Behav. 2007, 6, 94–110.

38. Dean, M.; Lampila, P.; Shepherd, R.; Arvola, A.; Saba, A.; Vassallo, M.; Claupein, 
E.; Winkelmann, M.; Lähteenmäki, L. Perceived relevance and foods with health-
related claims. Food Qual. Pref. 2012, 24, 129–135.

39. EU Web site. Available online: http://ec.europa.eu/nuhclaims/ (accessed on 3 July 
2012).

40. Sahidi, F. Neutraceuticals and functional foods: Whole versus processed foods. 
Trends Food Sci. Technol. 2009, 20, 376–387.

41. Janssen, M.; Hamm, U. The mandatory EU logo for organic food: Consumer percep-
tions. Brit. Food J. 2012, 114, 335–352.

42. Stolz, H.; Stolze, M.; Janssen, M.; Hamm, U. Preferences and determinants for or-
ganic, conventional and conventional-plus products—The case of occasional organ-
ic consumers. Food Qual. Pref. 2011, 22, 772–779.

43. Markosyan, A.; McCluskey, J.J.; Wahl, T.I. Consumer response to information about 
a functional food product: Apples enriched with antioxidants. Can. J. Agric. Econ. 
2009, 52, 325–341.

44. Verbeke, W.; Scholderer, J.; Lähteenmäki, L. Consumer appeal of nutrition and 
health claims in three existing product concepts. Appetite 2009, 52, 584–692.

45. Van Kleef, E.; van Trijp, H.C.M.; Luning, P. Functional foods: Health claim-food 
product compatability and the impact of health claim framing on consumer evalua-
tion. Appetite 2005, 44, 299–308.

46. Szakaly, Z.; Szente, V.; Köver, G.; Polereczik, Z.; Szigeti, O. The influence of life-
style on health behaviour and preference for functional food. Appetite 2012, 58, 
406–413.

47. Padel, S.; Foster, C. Exploring the gap between attitudes and behaviour: Under-
standing why consumers buy or do not buy organic food. Brit. Food J. 2005, 107, 
606–625.

48. Allaire, G.; Wolf, S.A. Cognitive representations and institutional hybridity in Agro-
food Innovation. Sci. Technol. Human Values 2004, 29, 431–458.

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:250:0001:0084:EN:PDF


Functional Food and Organic Food Are Competing 211

49. Jacobs, D.R.; Tapsell, L.C. Food, not nutrients, is the fundamental unit in nutrition. 
Nutr. Rev. 2007, 65, 439–450.

50. Huber, M.; Knottnerus, J.A.; Green, L.; van der Horst, H.; Jadad, A.R.; Kromhout, 
D. How should we define health? Brit. Med. J. 2011, doi: http://dx.doi.org/10.1136/
bmj.d4163.

This chapter was originally published under the Creative Commons Attribution License. Kahl, J., 
Załęcka, A., Ploeger, A., Bügel, S., and Huber, M. Functional Food and Organic Food Are Competing 
Rather Than Supporting Concepts in Europe. Agriculture 2012, 2(4), 316-324. doi:10.3390/agricul-
ture2040316.

http://dx.doi.org/10.1136/bmj.d4163


This page intentionally left blankThis page intentionally left blank



PART II

FUNCTIONAL FOODS: THE 
CONNECTION BETWEEN HEALTH 

AND FOOD SCIENCE



This page intentionally left blankThis page intentionally left blank



EXERCISE AND FUNCTIONAL FOODS

WATARU AOI, YUJI NAITO, and TOSHIKAZU YOSHIKAWA

CHAPTER 10

10.1 INTRODUCTION

Appropriate nutrition is essential for the proper performance of exercise. 
In particular, correct nutrition is critically important for improvement of 
athletic performance, conditioning, recovery from fatigue after exercise, 
and avoidance of injury. Although athletes need to eat a well-balanced 
basic diet, there are several nutritional factors that are difficult to obtain at 
a sufficient level from a normal diet since athletes require more nutrients 
than the recommended daily allowances. Thus, nutritional supplements 
containing carbohydrates, proteins, vitamins, and minerals have been 
widely used in various sporting fields, partly because these supplements 
are easily taken before, during, and/or after exercise. Several natural food 
components have also been shown to exert physiological effects, and some 
of them are considered to be useful (when ingested at high doses or con-
tinuously) for improving athletic performance or for avoiding the distur-
bance of homeostasis by strenuous exercise. Recently, food components 
with physiological actions have been called "functional foods" and the ef-
fects of such foods have been scientifically investigated. This article intro-
duces some functional foods, including basic nutrients, which have been 
demonstrated to have a beneficial influence on the physiological changes 
that occur during exercise.
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10.2 REPLENISHMENT OF WATER

Water is the main constituent of the human body, and it plays an essential 
role in circulatory function, chemical reactions involved in energy me-
tabolism, elimination of waste products, and maintenance of the body tem-
perature and plasma volume. When the body temperature rises due to the 
intense exercise or a high ambient temperature, sweating occurs in order to 
radiate heat [1-3], leading to the loss of a large amount of water and elec-
trolytes such as sodium. This loss of body fluid impairs thermoregulation 
and circulatory system, leading to a decline of athletic performance [4,5]. 
Therefore, to maintain homeostasis and athletic performance, replenish-
ment of water and electrolytes is essential before and during or after ex-
ercise. Generally, it is believed to be useful to drink isotonic fluid that 
contains electrolytes such sodium, potassium, and chloride at concentra-
tions close to those in body fluids. It has also been suggested that intake of 
hypotonic fluid may exert a similar or more rapid effect on replenishment 
of body water [6,7] because it is rapidly absorbed from the small intestine 
along an electrochemical gradient. Also, the sodium concentration (and 
the osmolality) of sweat is lower than that of extracellular fluid, so the 
loss of water with sweating is much greater than the loss of electrolytes, 
leading to an increase in the plasma osmotic pressure. On the other hand, 
replenishment of water alone is unlikely to maintain homeostasis of body 
fluid in prolonged exercise that produces high sweat rates. Taking in only 
water in prolonged exercise leads to hyponatremia and a decrease in the 
osmotic pressure of body fluids and inhibit the release of antidiuretic hor-
mone resulting in that water intake is suppressed and the urine output is 
increased (spontaneous dehydration) [8]. Latzka et al. [9] suggested that 
during prolonged exercise lasting longer than 90 minutes, fluid drink con-
taining electrolytes and carbohydrate, not water alone, should be consid-
ered to provide to sustain carbohydrate oxidation and endurance perfor-
mance. Furthermore, several studies have suggested that glycerol loading 
has been advocated as one of methods which prevent high temperature 
and dehydration in exercise [10,11]. Oral administration of 1.0–1.2 g/kg 
B.W. glycerol with water temporarily results in an increase of 300–700 ml 
body fluid [10,11] and improves endurance performance compared with 



Exercise and Functional Foods 217

placebo [12-14]. Glycerol acts as an osmolyte in body fluid, which would 
lead to an elevation of plasma osmolality [10]. Consequently, water reab-
sorption in the kidney is increased and urine excretion is decreased, which 
is considered as one of mechanisms of the effect.

10.3 IMPROVEMENT OF ENDURANCE

Energy consumed during exercise is mainly supplied by carbohydrates 
and lipids, so it is important for improvement of endurance to regulate the 
metabolism of these two substrates. During endurance exercise, glycogen 
(an energy substrate for muscle contraction) is gradually depleted, making 
it difficult to continue exercising. An effective way to improve endurance 
is to increase the glycogen stores in skeletal muscle and the liver before 
the commencement of exercise. When tissue glycogen stores are depleted, 
glycogen synthetase activity is transiently increased, leading to an in-
crease of glycogen storage by conversion from carbohydrates [15,16]. For 
instance, it has been reported that glycogen stores can be increased by 
eating a low-carbohydrate diet for 3 days from 6 days prior to competi-
tion, followed by a high-carbohydrate diet for the next 3 days, resulting 
in the storage of 1.5 times more glycogen than normal [17]. If citrate, 
which inhibits glycolysis, is taken concurrently with a high-carbohydrate 
diet, glycogen stores will be further increased due to the inhibition of gly-
colysis [18,19]. It is also important for athletes to replenish the glycogen 
stores during post-exercise training to provide sufficient energy for the 
next training session or competition. For rapid replenishment of glycogen 
stores, a high-carbohydrate diet can be effective [19,20]. Intake of protein 
along with carbohydrate can be more effective for the rapid replenishment 
of muscle glycogen after exercise compared with carbohydrate supple-
ments alone [21,22].

When prolonged exercise will be performed, such as a marathon, tak-
ing carbohydrates immediately before or during exercise is also an ef-
fective method of improving endurance. Under such conditions, it is 
desirable for the athlete to ingest monosaccharides or oligosaccharides, 
because these are rapidly absorbed and transported to the peripheral tis-
sues. On the other hand, intake of carbohydrates inhibits the degradation 
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of fat, which is another energy substrate, by stimulating insulin secretion 
[23,24]. This leads to impairment of energy production via lipid metabo-
lism and accelerates glycolysis as alternate energy production pathway. 
As a result, the consumption of muscle glycogen will increase, and the 
intramuscular pH will decrease due to increased lactic acid production, 
which may lead to impairment of muscle contraction. Therefore, it is nec-
essary to ingest carbohydrates that will not inhibit lipid metabolism. It 
has been suggested that supplements containing fructose, which cause less 
stimulation of insulin secretion and are unlikely to inhibit lipolysis, rather 
than common carbohydrates such as glucose and sucrose, may be better 
for improving endurance [25]. Furthermore, simultaneous intake of citrate 
can be expected to promote energy consumption from lipids through inhi-
bition of glycolysis [26]. This will spare glycogen and inhibit lactic acid 
production, so that the weakening of muscle contraction will be delayed. 
An amino acid, arginine, has been reported to modulate hormones that 
control the blood glucose level without inhibiting lipid metabolism, and 
to delay glycogen depletion during exercise [26,27]. Therefore, intake of 
both citrate and arginine along with carbohydrates that cause little stimula-
tion of insulin secretion before or during exercise may be an effective way 
to improve energy metabolism and to supply the optimum energy sources 
for prolonged exercise.

If there is a shift from predominantly glucose-based energy consump-
tion to lipid-based energy consumption, this may lead to improvement of 
endurance by maintaining glycogen stores and inhibiting the decrease of 
intramuscular pH that results from generation of lactate during exercise. 
Several authors have reported about various factors that can stimulate 
lipid metabolism, although there is insuffi cient evidence about their ef-
fi cacy. Carnitine is an intracellular enzyme that is required for fatty acid 
transport across the mitochondrial membrane into the mitochondria, and 
it promotes the β-oxidation of fatty acids [28,29]. Carnitine supplementa-
tion is expected to activate lipid metabolism in the skeletal muscles, and to 
also achieve the sparing of glycogen stores. In persons performing aerobic 
training, intake of 2–4 g of carnitine before exercise or on a daily basis 
was reported to increase the maximum oxygen consumption (anaerobic 
threshold) and also inhibited the accumulation of lactate after exercise 
[30,31]. The effect of caffeine on endurance has also been studied. 
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Caffeine inhibits phosphotidiesterase by promoting catecholamine re-
lease and increases hormone-sensitive lipase (HSL) activity, which leads 
to an increase of circulating free fatty acids and further improvement of 
endurance [32,33]. Capsaicin, obtained from hot red peppers, is likely to 
enhance fat metabolism by altering the balance of lipolytic hormones and 
promoting fat oxidation in skeletal muscle [34,35].

10.4 ENHANCEMENT OF MUSCLE STRENGTH

It is well known that the strength of a muscle is generally proportional 
to its cross-sectional area, and it is necessary to increase muscle bulk in 
order to enhance strength. Muscle tissue is mainly composed of proteins 
(such actin and myosin) and water, and it is important to increase the pro-
tein content by modulating protein metabolism when increasing muscle 
bulk. In other words, muscle bulk and strength can be increased by pro-
moting protein synthesis or by inhibiting protein degradation. Resistance 
exercise is aimed at increasing muscle bulk, and it enhances the secretion 
and production of growth hormone and various growth factors [36]. Thus, 
resistance exercise promotes protein synthesis and an increment of muscle 
mass more strongly compared with aerobic exercise. In order to maximize 
the effect of resistance exercise, it is important to maintain the muscular 
pool and blood levels of various amino acids that are substrates for the 
synthesis of muscle proteins. For this purpose, it is necessary to maintain a 
positive nitrogen balance by increasing the dietary protein intake. Several 
studies have shown that protein requirements of strength training athletes 
are higher than those of sedentary individuals [37-40]. The daily recom-
mended protein intake is estimated to be 1.4 – 1.8 g/kg for performing re-
sistance exercise when the intake of calories and carbohydrate is adequate 
[41,42] although 1.0 g/kg of protein is generally sufficient for endurance 
athletes excluding an elite minority [43]. It may be difficult to maintain 
such a high dietary protein intake, but ingestion of protein supplements 
can be effective. A wide variety of raw materials are utilized for the pro-
duction of powdered protein supplements, and products derived from soy 
beans, eggs, or whey (milk protein) are commercially available. All of 
these products contain a good balance of essential amino acids, and often 
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achieve an amino acid score of 100. In particular, whey protein is believed 
to be an ideal source for building muscles, since such protein is easily 
digested and absorbed, resulting in a rapid increase in the blood level of 
amino acids [44,45]. In addition, branched-chain amino acids and gluta-
mine, which promote the synthesis of muscle protein, have a high content 
in whey protein [44,46]. Not only the amount of protein intake, but also 
the timing of intake are important for building muscles efficiently. Eating 
a meal immediately after resistance exercise may contribute to a greater 
increase of muscle mass compared with ingesting a meal several hours 
later [47-49]. Also, intake of carbohydrates with protein can accelerate 
the synthesis of muscle protein via the actions of insulin, which increases 
protein synthesis and inhibits its catabolism [50,51].

In addition, it has been reported that the intake of amino acids and 
peptides is benefi cial. Free amino acids and peptides do not need to be 
digested, so rapid absorption can be expected. Amino acids are not only 
utilized for the synthesis of muscle protein, and some of these molecules 
also exert a variety of physiological effects. Attention has been focused 
on the effects of branched-chain amino acids (BCAAs), including valine, 
leucine, and isoleucine, which are known to have a relatively high content 
in both muscle proteins and food proteins [52]. Most amino acids are me-
tabolized in the liver, but BCAAs are metabolized in the muscles via spe-
cial processes [52,53]. BCAAs are utilized as energy substrates and their 
oxidation is enhanced during exercise by activation of branched-chain-α-
keto acid dehydrogenase (BCKDH) complex [54]. Furthermore, BCAAs 
modulate muscle protein metabolism to promote the synthesis and inhibit 
the degradation of proteins [54-56], resulting in an anabolic effect on the 
muscles. Glutamine has also been reported to promote muscle growth by 
inhibiting protein degradation [57-59]. It is the most abundant free amino 
acid in muscle tissue [60] and its intake leads to an increase of myocyte 
volume, resulting in stimulation of muscle growth [57-59]. Glutamine is 
also found at relatively high concentrations in many other human tissues 
and has an important homeostatic role [60]. Therefore, during catabolic 
states such as exercise, glutamine is released from skeletal muscle into 
the plasma to be utilized for maintenance of the glutamine level in other 
tissues [61]. Arginine is a precursor of nitric oxide and creatine, and its 
injection promotes the secretion of growth hormone [62,63], which may 
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lead to an increase of muscle mass and strength. Although the effect of oral 
arginine on protein synthesis is equivocal, recent studies have indicated 
that combined intake of arginine with other compounds improves exercise 
performance [64-66].

Various other food components have also been studied to determine 
their effects on muscle strength and mass. A meta-analysis of studies done 
between 1967 and 2001 supported the use of two supplements, creatine 
and β-hydroxy-β-methylbutyrate (βHMB), to augment lean body mass 
and strength when performing resistance exercise [67]. The human body 
contains more than 100 g of creatine, almost all of which is stored in the 
skeletal muscles as creatine phosphate. This is used to produce ATP by 
degradation to creatine under anaerobic conditions, so improvement of 
anaerobic metabolism can be expected by increasing the stores of cre-
atine. Intake of creatine also stimulates water retention and protein syn-
thesis [68,69]. It has been reported that the intake of ≥3 g/day of creatine 
increases the intramuscular content of creatine phosphate and improves 
endurance, especially during activities with a high power output (such as 
short distance running or resistance exercise), as well as improving muscle 
strength [70-72]. In addition, it has been reported that intake of creatine 
accelerates the increase of lean body mass and muscle strength during 
resistance training [72-74]. βHMB is a metabolite of the branched-chain 
amino acid leucine, and it increases muscle bulk by inhibiting the degra-
dation of protein via an infl uence on the metabolism of branched-chain 
amino acids [75,76]. It has been reported that intake of 1.5 to 3.0 g/day of 
βHMB for 3 to 8 weeks achieved a greater increase of muscle mass and 
power compared with the intake of placebo [77-79].

10.5 PREVENTION OF INJURY AND FATIGUE

Strenuous physical activity or unaccustomed exercise causes injury to the 
muscles, release of muscular protein, and muscle pain. The mechanism 
underlying delayed the muscle damage after intense physical activity is 
not fully understood, but it has been suggested that such delayed injury is 
due to an inflammatory reaction induced by phagocyte infiltration that is 
triggered by excessive mechanical stress [80,81], an increased intracellular 
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Ca2+ concentration [82,83], and oxidative stress [84]. There are several re-
ports which examined whether antioxidants attenuate the muscle damage 
since a significant increase of oxidative products is noted in the exercised 
muscles and in the blood in post-exercise parallel to other parameters of 
delayed-onset muscle damage. Oxidative injury after acute exercise can be 
prevented by the intake of antioxidants, such as vitamins C and E, carot-
enoids, or polyphenols, not only during exercise, but also on a daily basis 
[84-91]. In contrast, several studies have indicated that antioxidants do not 
affect muscle damage and the inflammatory response caused by strenu-
ous exercise [92-94]. One possibility on reason of the different results is 
that the effect of antioxidants is likely to be differences of exercise condi-
tions, such intensity of mechanical stress and oxygen uptake. Reactive 
oxygen species (ROS) could be related to initiation of the muscle damage. 
ROS are generated from mitochondria and endothelium during exercise 
via elevation of the oxygen uptake of myocytes and ischemia-reperfusion 
process, which leads to invasion of phagocytes into the muscles after ex-
ercise via redox-sensitive inflammatory cascade. Therefore, the inflam-
matory response may be inhibited if ROS production during exercise is 
decreased just in large contribution of ROS on the initiation of muscle 
damage such endurance prolonged exercise not resistance exercise. Ad-
ditionally, it would be better to take several antioxidants at the same time 
because different organelles are affected by each kind of antioxidant, such 
water-soluble or lipid-soluble compounds, and they can provide electrons 
to each other to prevent a change to pro-oxidant status.

Glucosamine and chondroitin are substances that protect the joints. 
Glucosamine is an amino acid synthesized in the body that is a compo-
nent of synovial fl uid, tendons, and ligaments in the joints. Chondroitin 
is mainly contained in cartilage, tendons, and the connective tissues of 
the skin, and plays an important role as a shock absorber due to its hygro-
scopic action. Supplementary oral intake of these substances is suggested 
to be effective for preventing or promoting recovery from osteoarthritis 
associated with exercise and aging [95,96] while the effect of supplemen-
tation in exercise is not clear.

There are various kinds of factors expressing fatigue condition induced 
by exercise such glycogen depletion and accumulation of lactic acid dur-
ing exercise, and hyperactivation of sympathetic nerve in post-exercise. 
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As mentioned above, recovery of glycogen storage in muscle is promoted 
by high-carbohydrate diet. At the same time, it is more effective to take a 
factor with an inhibitory effect on glycolysis such as citrate and consider 
the timing of carbohydrate intake. Also, lactate accumulation in muscle 
inhibits capacity of muscular contraction associated with pH decrease in 
muscle, which could be one of fatigue conditions. Thus, dietary supple-
mentation regulating production or clearance lactate may be effective. 
Dipeptides that are abundant in skeletal muscle, carnosine and anserine, 
are known to have a pH-buffering effect [97]. Supplementation of these 
dipeptides is also possible to inhibit the decline of intramuscular pH by 
exercise via the buffering action of these dipeptides [98-100].

10.6 MAINTENANCE OF IMMUNITY

It is generally believed that moderate exercise enhances immunocompe-
tence and is effective for the prevention of inflammatory diseases, infec-
tion, and cancer, while excessive physical activity leads to immunosup-
pression and an increase of inflammatory and allergic disorders [101-103]. 
Susceptibility to infections following excessive physical activity is as-
cribed to an increase in the production of immunosuppressive factors such 
as adrenocortical hormones and anti-inflammatory cytokines, leading to a 
decrease in the number and activity of circulating natural killer cells and 
T cells as well as a lower IgA concentration in the saliva [104]. There-
fore, athletes performing high-intensity training are exposed to the risk of 
impaired immunocompetence. Intake of carbohydrates during prolonged 
exercise at submaximal intensity attenuates the increase of plasma corti-
sol and cytokine levels after exercise, which could lead to the inhibition 
of immunosuppression [105-107]. Vitamin C and vitamin E have actions 
that promote immunity, and are essential for T cell differentiation and for 
maintenance of T cell function [104,108,109]. However, there is limited 
evidence about the effects of vitamins supplementation on immune func-
tion in relation to exercise. Glutamine is an important energy source for 
lymphocytes, macrophages, and neutrophils, and is also an essential ami-
no acid for the differentiation and growth of these cells [57,110]. Intense 
exercise decreases the plasma glutamine concentration and this may be 
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related to immunosuppression [111]. Castell et al. [112] reported that ath-
letes who ingested glutamine had a lower infection rate after a marathon 
compared with the placebo group. They also demonstrated that intake of 
glutamine resulted in an increase of the T-helper/T-suppressor cell ratio 
[113]. Furthermore, glutamine enhances the activity of intestinal entero-
bacteria and inhibits the production of cytokines involved in inflammation 
or immunosuppression [110].

10.7 CONCLUSION

Due to a social background that includes changes of dietary habits, an 
aging population, and increased medical costs, people have shown a 
growing interest in health and have come to expect complex and di-
verse actions of foods. In recent years, various food factors that ful-
fill such requirements have been evaluated scientifically to determine 
whether they are any physiological effects like prevention of diseases. 
In the sports market, a variety of functional foods are available, but 
among these functional foods, some have not clearly demonstrated 
any efficacy and others are advertised with inappropriate and exag-
gerated claims, so consumers are often confused. Some of the food 
components described in this article should be studied further because 
of differing views with regard to their efficacy in different reports. 
Furthermore, the effectiveness of the components may differ accord-
ing to gender, between individuals, and with the mode of ingestion, so 
that the optimum method of intake the quantity and quality of foods 
to be ingested, and the timing of their intake need to be established in 
accordance with the purpose of using each food or food component, af-
ter understanding the physiological changes by exercise. In the future, 
guidelines for the use and evaluation system of sports functional foods 
should be established with backing by clear scientific evidence related 
to the individual foods.
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TABLE 1:  Exercise and functional foods.
Physiological functions A B C

Replenishment of water Isotonic drinks

Hypotonic drinks

Glycerol

Improvement of endurance

High-carbohydrate

Citric acid

Arginine

Caffeine

Carnitine Capsaicine

Enhancement of muscle strength

Protein

BCAA

Creatine

β-HMB Glutamine Arginine

Prevention of muscle/joint injuries 
or fatigue

High-carbohydrate

Citric acid

Vitamins C and E

Carotenoids, 
Flavonoids

Carnosine, Anserine

Glucosamine

Chondroitin

Prevention of a decrease in 
immunocompetence Carbohydrate

Vitamins C and E

Glutamine

A: The factors in this group has been shown adequate scientific evidence.
B: The factors in this group has been shown suggestive evidence.
C: The factors in this group has been shown no evidence while possible to effective
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EFFECTS OF MICRONUTRIENT 
FORTIFIED MILK AND CEREAL FOOD 
FOR INFANTS AND CHILDREN: A 
SYSTEMATIC REVIEW
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and URS BRÜGGER

CHAPTER 11

11.1 BACKGROUND

Micronutrient (MN) deficiency is a common public health problem, spe-
cifically for infants and children, in many low and middle income coun-
tries. For example, anemia (caused by iron deficiency) or increased infec-
tion rates and mortality (exacerbated by vitamin A and zinc deficiency) 
are serious threats for child development [1]. The first two years of life 
represent a narrow time window, which is of outstanding importance for 
child development [2]. During this time period future growth and vulner-
able physiological capacities, such as cognitive function and motor devel-
opment, are determined. Even with optimum breastfeeding, these steps 
depend on a an adequate quantity and quality of complementary feeding, 
leading to an adequate MN supply [2]. Negative health consequences re-
sulting from suboptimal feeding, such as stunting (i.e. low height-for-age), 
are associated with higher morbidity and decreased function in later life 
[3].

Several strategies have been shown to be effective in resolving MN 
defi ciencies for different target groups and are proposed in recommenda-
tions and guidelines [4-6]: Food based approaches (e.g. spreads to increase 
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energy-density and MN content of food; MN powders for home fortifi -
cation with sprinkles) and MN supplementation (e.g. vitamin A capsules 
administered at defi ned intervals). In addition, fortifi cation of staple food 
(e.g. fortifi ed salt, fl our or oil) is widely used to resolve MN defi ciencies 
of general populations.

Fortifi ed complementary feeding after 6 months of age, in combina-
tion with continued breastfeeding [7], typically comprises milk or cereals 
products (e.g. porridge or gruel) for infants. This type of food, however, 
is often not covered by programs that provide fortifi ed staple food for the 
general population. Primary studies have assessed the effects of fortifi ed 
milk or cereals for infants and children [8,9] and some countries, such 
as Mexico, have introduced country wide food programs, where fortifi ed 
milk is one component [10]. However, the overall evidence of the effect of 
fortifi ed milk and cereals on children has not been systematically assessed.

Thus, we performed a Systematic Review to specifi cally assess the 
impact of micronutrient fortifi ed milk and cereal food on the health of 
infants and children compared to non-fortifi ed food in randomized con-
trolled trials.

11.2 METHODS

We performed our review in accordance with current guidelines for per-
forming [11,12] and reporting of systematic reviews [13] and established a 
scientific advisory board (see Acknowledgments for participating experts). 
A review study protocol was developed in advance, though not published.

According to our research question we defi ned the following inclu-
sion criteria: Population: Infants and children from 6 months to 5 years 
of age. While our primary focus was on age groups up to 2 years, we 
decided to set an upper age limit at 5 years, in order not to miss suitable 
studies with mixed age groups. Intervention: Micronutrient fortifi ed milk 
or cereal food. Control intervention: Non-fortifi ed food; additional other 
nutritional approaches, if such approaches were applied in the intervention 
and control group. Outcome: At least one of the following health related 
outcomes: surrogate measures (such as MN serum levels, hematological 
parameters), functional outcome (e.g. motor development), measures of 
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morbidity (such as disease rates) or mortality. Study designs: Randomized 
controlled trials of any follow-up time.

We excluded studies with infants and toddlers younger than 6 months 
[14] or applying infant formula [15], studies addressing adolescents or 
adult women, interventions based on supplementation, home fortifi ca-
tion, bare food based approaches, fortifi cation with components other than 
micronutrients, and studies testing absorption of MN. A priori, we also 
excluded studies with fortifi cation of staple food as provided for larger 
population groups to isolate the effect of fortifi ed milk and cereals.

TABLE 1: Medline electronic search strategy
Step Search Medline 1 Search Medline 2 Search Medline 3

1

"Infant 
Formula"[MeSH]a OR 
"Milk"[MeSH] "economics" [MeSH] nutrition disorders[MeSH]

2 fortif*[TIAB]b
"micronutrients" 
[MeSH] child* OR infant* OR toddl*[TIAB]

3 1 AND 2
"Nutrition 
Disorders"[MeSH] "cost*"[TIAB] OR "economics"[MeSH]

4 "Cereals"[MeSH] 1 AND 2 AND3 1 AND 2 AND 3

5 fortif*[TIAB] "cost*"[TIAB]

"india*"[TIAB] OR "pakistan*"[TIAB] 
OR "philippine*"[TIAB] OR 
"asia*"[TIAB] OR "africa*"[TIAB]

6 4 AND 5
"micronutrients"
[MeSH] 4 AND 5

7 3 OR 6
"nutrition 
disorders"[MeSH]  

8

child*[TIAB] OR 
infant*[TIAB] OR 
toddler*[TIAB] 5 AND 6 AND 7  

9 7 AND 8 4 OR 8  

Three Medline searches were performed and retrieved references were cumulated. As this 
review was part of a larger project that evaluates the economic effects of micronutrient 
fortification as well, we included also search terms such as “cost” and “economics”.
a MeSH: Medical Subject Heading.
bTIAB: Title/Abstract.

We systematically searched for studies using electronic databases 
(Medline [search strategy Table 1, Cochrane library; from 1966 to Feb-
ruary 2011; no language restriction). As this review was part of a larger 
project, that evaluates the economic effects of MN fortifi cation as well, we 
also included search terms such as “cost” and “economics”. We screened 



236 Functional Foods

reference lists of included papers and contacted experts in the fi eld for 
additional references. In addition, we screened homepages of relevant or-
ganizations (e.g. WHO, United Nations [World Food Programme, Unicef, 
Millennium Development Goals], The World Bank, Pakistan National Nu-
trition Survey; International Clinical Epidemiology Network [16]; Global 
Alliance for Improved Nutrition, GAIN [17]; The Micronutrient Initia-
tive [18]; Bill & Melinda Gates Foundation [19]). We also contacted a 
manufacturer (Nestlé) for further material and performed hand searches in 
relevant journals with developing countries issues (such as The Lancet). 
All references were stored in an EndNote X4 database (Thomson/ISI Re-
searchSoft Berkeley, CA, USA).

11.2.1 STUDY SELECTION AND DATA EXTRACTION

Three reviewers screened titles and abstracts for relevance and assessed 
potentially relevant studies for inclusion by full text. Teaching sessions 
were held in advance to improve conceptual consistency between re-
viewers. Disagreements were resolved by consensus meetings. If data 
of a specific population were published in several papers or if follow-up 
data were presented, we included each population only once. Using a pre-
defined form, data were extracted by one reviewer in an Excel database 
and checked independently by a second reviewer.

We extracted data on general study information (e.g. study region; 
length and completeness of follow up), study setting (e.g. level of popula-
tion recruitment), population details, intervention (e.g. daily amount of 
fortifi ed MN, determined as daily difference between intervention and 
control group; composition of MN; comparator food) and outcome (e.g. 
morbidity rates; hemoglobin levels [g/dl; conversion to g/L with factor 
10]).

One reviewer assessed risk of bias in individual studies with a com-
ponent approach exploring methodological quality on the study level (ad-
equate generation of random sequence, concealment of allocation, blind-
ing) as well as on the outcome level (incomplete outcome data due to 
attrition; selective outcome reporting) [12].
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11.2.2 STATISTICAL ANALYSIS

First, we calculated pooled estimates. For continuous variables we com-
puted weighted mean differences (WMD) and 95%-confidence intervals 
(CI). For example, for analysis of hemoglobin change we used the mean 
change in the intervention and in the control group and their pooled stan-
dard deviation (SD). If the sample size decreased during the study, we 
used the lower sample size at the end of the study. If mean hemoglobin 
change per group and SD were not reported, we calculated change as the 
difference of baseline and final values for intervention and control group 
and applied the SD of final values [20]. If 95%-CI of mean values were 
reported we converted them to SD assuming normal distribution [21]. To 
check results for robustness, we also calculated WMD for final hemoglo-
bin values of both study groups, as this data was reported more often. Due 
to considerable heterogeneity between trials, we applied a random effects 
model [22]. When authors reported only medians for continuous data (e.g. 
for ferritin levels), we did not include those data in the meta-analysis. For 
binary data, we calculated risk ratios and 95%-CI. Heterogeneity between 
trials was calculated with I2, that is the percentage of the total variation 
in estimated effects that is due to heterogeneity rather than chance (where 
values of 25% are assigned low, 50% moderate and 75% high) [23].

Second, we divided our dataset into pre-specifi ed subgroups to explore 
the infl uence of possible modifying factors on the outcome (fortifi ed milk 
vs. cereal food; high vs. low/middle-income countries; single- vs. dual/
multi-micronutrient fortifi cation strategy).

Third, we performed a meta-regression analysis weighted for the in-
verse of the variance of the outcome [12]. With this approach we evaluated 
the unique contribution of other a priori chosen independent factors on the 
most often reported outcome (dependent variable: hemoglobin level; inde-
pendent variables: hemoglobin levels before intervention; daily amount of 
fortifi ed MN; length of follow-up; completeness of follow-up).

For parametric and non-parametric tests P-values <0.05 were consid-
ered signifi cant. Analyses were performed using the STATA SE 9 software 
package (StataCorp. 2007. Stata Statistical Software, College Station, 
Texas, USA).



238 Functional Foods

11.3 RESULTS

11.3.1 DESCRIPTION OF INCLUDED STUDIES

Our searches retrieved 1153 potentially relevant studies (Figure 1). Eigh-
teen RCT [8-10,24-38] (n = 10 fortified milk; n = 8 fortified cereals) ful-
filled inclusion criteria and were included for our main analysis (Table 2).

These 18 trials comprised 5468 infants and children from different re-
gions (2 studies from Asia [8,37], 5 studies from Africa [9,33-36]; 5 Stud-
ies from South- and Middle-America [10,27,29,30,38]; 6 Studies from 
Europe [24-26,28,31,32]).

Study population sizes varied from n = 33 to n = 1120 participants 
(median 166; IQR 92 to 361). Most participants belonged to vulnerable 
groups and had been recruited from different settings (8 studies: medical 
or community care centers:, 7 studies: low income risk groups; 2 studies: 
general population of peri-urban and rural areas; 1 study: no information 
given). The most frequent exclusion criteria were chronic diseases, severe 
anemia, severe mal-/under-nutrition, and low birth weight. Mean age of 
participants ranged from 6 to 23 months at inclusion (upper age limit was 
3 years in one study [8]) and the sex ratio was well balanced. Mean hemo-
globin values of children at baseline varied between studies from 9.0 g/dl 
to 12.6 g/dl (median of study values: 11.1 g/dl). Follow up periods were 
generally short and did not exceed one year (mean follow up: 8.2 months; 
range: 2.3 to 12).

Fortifi ed milk was prepared with centrally processed fortifi ed milk 
powder in most of the studies. Fortifi ed cereals comprised centrally pro-
cessed weaning or complementary food, such as fortifi ed porridge, gruel 
or weaning rusk to prepare a pap. Iron was the most frequently used MN 
for fortifi cation (15 of 18 trials), followed by zinc (9 trials) and vitamin A 
(6 trials). Seven studies used a single-MN fortifi cation strategy (6 studies 
with iron only; 1 study with zinc only), two studies a dual- and 9 studies a 
multi-micronutrient (MMN) strategy (i.e. 3 or more MN, for example ad-
ditional fortifi cation with vitamin C and E, selenium, copper).
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TA

B
LE 2: D

etails of included studies for fortification of m
ilk and cereal food

Study
Population

Intervention
C

ontrol 
food

O
utcom

e
C

om
m

ent

A
uthor, year: 

B
row

n, 2007 
[29] D

esign: 
R

C
T

C
ountry: Peru Target population: 

periurban area; A
ge (m

ean; range): 
0.6; 0.5 to 0.7

years M
ales (%

): 
46 Exclusion criteria: risk of acute 
m

alnutrition; chronic diseases

C
ereals, fortified (porridge); 

single M
N

 strategy M
N

 
applied a: Zn Iron dosage b: 
n.a.c m

g/day; Iron com
-

pound d: n.a.

porridge, 
unfortified 
for zink

A
fter 0.5

year: plasm
a 

zinc; anthropom
etry; 

infections

B
oth groups recieved iron 

fortification and vitam
in 

supplem
ents, thus net inter-

vention w
as zinc fortification.

A
uthor, year: 

D
aly, 1996 

[31] D
esign: 

R
C

T

C
ountry: U

K
 (74%

 w
hite; 24%

 
A

fro-C
aribbean; 2%

 A
sian) Target 

population: poor innerurban A
ge 

(m
ean; range): 0.65; 0.5 to 0.7

years 
M

ales (%
): 47 Exclusion criteria: 

preterm
 at birth

M
ilk, fortified; m

ulti M
N

 
strategy M

N
 applied: Fe, 

V
itA

, other V
itam

ins, other 
M

N
 Iron dosage: 5.47

m
g/

day; Iron com
pound: no info

m
ilk, un-

fortified

A
fter 1

year: hem
a-

tological param
eters; 

anthropom
etry

Functional outcom
e w

as 
extracted from

 related paper 
W

illiam
s_1999 [39].

A
uthor, year: 

Faber, 2005 
[33] D

esign: 
R

C
T

C
ountry: South A

frica Target 
population: rural area, low

 socio-
econom

ic status, A
ge (m

ean; range): 
0.7; 0.6 to 0.9

years M
ales (%

): 
51 Exclusion criteria: birth w

eight 
<2500

g, severe anem
ia

C
ereals, fortified (porridge); 

m
ulti M

N
 strategy M

N
 ap-

plied: Fe, Zn, other V
itam

ins 
Iron dosage: 27.5

m
g/day; 

Iron com
pound: FeFu

porridge, 
unfortified

A
fter 0.5

year: hem
ato-

logical param
eters, serum

 
retinol, zinc; grow

th; 
m

otor developm
ent

Population baseline charac-
teristics only for infants w

ho 
com

pleted the study.

A
uthor, year: 

G
ibson, 2011 

[35] D
esign: 

R
C

T

C
ountry: Zam

bia Target population: 
m

iddle incom
e class A

ge (m
ean; 

range): 0.5; 0.5 to 0.5
years M

ales 
(%

): 48 Exclusion criteria: "not in 
good health"

C
ereals, fortified (porridge); 

m
ulti M

N
 strategy M

N
 ap-

plied: Fe, Zn, other V
itam

ins, 
other M

N
 Iron dosage: 5.36

m
g/day; Iron com

pound: 
no info

porridge, 
unfortified

A
fter 1

year: hem
ato-

logical param
eters; serum

 
zink, anthropom

etry; 
hospital referral; death; 
diarrhea; pneum

onia; 
m

ental and m
otor devel-

opm
ent

A
ll children received V

itA
 

and Iodine by a public sup-
plem

entation program
. Som

e 
outcom

es extracted from
 

related paper (C
hilenje_2010) 

[40] and (M
anno_2011) [41].

A
uthor, year: 

G
ill, 1997 

[24] D
esign: 

R
C

T

C
ountry: Ireland Target popula-

tion: no info A
ge (m

ean; range): 
0.5; 0.5 to 0.5

years M
ales (%

): 51 
Exclusion criteria: severe or chronic 
disaese, m

alnutrition; congenital 
anom

alies

M
ilk, fortified; single M

N
 

strategy M
N

 applied: Fe Iron 
dosage: 6.54

m
g/day; Iron 

com
pound: FeSu

form
ula 

m
ilk, un-

fortified 
for iron

A
fter 0.75

year: hem
a-

tological param
eters, 

anthropom
etry
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n
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C
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 D
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t p
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at
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ur
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 0
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: c
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ra
te

gy
 M
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V
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he
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 Ir
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sa
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: 1

4.
25

m
g/
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 Ir
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un
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 e
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e

po
rr

id
ge
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un

fo
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fie
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A
fte
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ye
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l p
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 p
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 1
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7]
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C
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nt
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: C
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 T

ar
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t p
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io
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l p
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n 
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se
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90
%

 o
f a

ll 
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n)
 A

ge
 (m

ea
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 ra
ng

e)
: 0

.8
; 

0.
5 

to
 1

.1
ye

ar
s M

al
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 (%
): 

55
 

Ex
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n 
cr

ite
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: n
o 

in
fo

C
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, f
or

tif
ie

d 
(r
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 st
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 F
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 Z
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 V
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V
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r M
N

 Ir
on

 
do
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 Ir
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co
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 F
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m

C
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A
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5
ye
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 p
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; M

N
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A
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ye
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M
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na
do

 
Lo
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o,
 

20
07

 [2
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D
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C
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: S
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 T
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t p
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fo

 A
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 (m
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: 1
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an
ge

: n
o 

in
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) y
ea

rs
 M

al
es

 (%
): 

58
 

Ex
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n 
cr

ite
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: i
ro

n 
su
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m
en

-
ta

tio
n

M
ilk

, f
or

tif
ie
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 m

ul
ti 

M
N

 
st

ra
te

gy
 M

N
 a

pp
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d:
 F

e,
 

ot
he

r V
ita

m
in

s, 
ot

he
r M

N
 

Ir
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 d
os

ag
e:

 5
.9

m
g/

da
y;

 
Ir

on
 c

om
po

un
d:

 n
o 

in
fo

m
ilk

, 
un

fo
rti

-
fie

d 
(c

ow
s 

w
ho

le
 

m
ilk

 
fo

rm
ul

a)

A
fte

r 0
.3

3
ye

ar
: h

em
at

o-
lo

gi
ca

l p
ar

am
et

er
s

N
o 

ch
ild

 w
ith

 a
ne

m
ia

 a
t 
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se

lin
e.

A
ut

ho
r, 

ye
ar

: 
M

or
le

y,
 1

99
9 

[2
6]

 D
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ig
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R

C
T

C
ou

nt
ry

: U
K
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n 
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) T
ar

-
ge
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io
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 m
ot
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ig
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l c
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A

ge
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 M
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50

 E
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 c
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t d
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, f
or

tif
ie

d;
 si

ng
le

 M
N

 
st

ra
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 F
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 Ir
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 F
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d

A
fte

r 0
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5
ye
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to
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l p
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am
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s, 

an
tro

po
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et
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, m
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m
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l d

ev
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O
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y 
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or
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h 
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 c
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w
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ed
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r H
b 
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tc

om
e.

A
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r, 
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N
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, 
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 [3

6]
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A
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 3
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0 
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ta

l d
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ty
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n

C
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, f
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tif
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d 
(m

ai
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 p
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-
rid
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); 
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al

 M
N

 st
ra

te
gy

 M
N

 
ap

pl
ie

d:
 V

itA
, o

th
er

 V
ita

m
in

s 
Ir

on
 d

os
ag

e:
 n

.a
.m

g/
da

y;
 Ir

on
 

co
m

po
un

d:
 n

.a
.

m
ai

ze
 

m
ea

l, 
un

-
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rti
fie

d

A
fte

r 1
ye

ar
: h

em
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ol
og

i-
ca

l p
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er
s, 

re
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ol
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l, 
an

th
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po
m

et
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C
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ld
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n 
an

d 
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m
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 m
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be
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re
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ed
 th

e 
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B
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: C
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t.
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Study
Population

Intervention
C

ontrol 
food

O
utcom

e
C

om
m

ent

A
uthor, year: 

O
elofse, 2003 

[9] D
esign: 

R
C

T

C
ountry: South A

frica Target popu-
lation: urban disadvantaged black 
com

m
unity (low

 socioeconom
ic 

status) A
ge (m

ean; range): 0.5; 
(range: no info) years M

ales (%
): 0 

Exclusion criteria: birth w
eight

<
2.5

kg; congenital abnorm
alities

C
ereals, fortified (porridge); 

dual M
N

 strategy M
N

 ap-
plied: Zn, other V

itam
ins Iron 

dosage: -0.8
m

g/day; Iron 
com

pound: FePP

norm
al 

diet

A
fter 0.5

year: hem
a-

tological param
eters, 

zinc level, retinol level, 
anthropom

etry, psycho-
m

otor developm
ent

90%
 of control group already 

recieved com
m

ercially pre-
pared com

plem
entatry food. 

The food concentration of 
iron did not relevanlty differ 
betw

een groups, but of Zinc 
and of V

itA
.

A
uthor, 

year: R
ivera, 

2010 [10] 
D

esign: R
C

T 
(accounted 
for cluster 
random

isa-
tion)

C
ountry: M

exico Target popula-
tion: households living in poverty 
A

ge (m
ean; range): no info; 1 to 

2.5
years M

ales (%
): 50 Exclusion 

criteria: no info

M
ilk, fortified; m

ulti M
N

 
strategy M

N
 applied: Fe, Zn, 

other V
itam

ins, other M
N

 
Iron dosage: 7.82

m
g/day; 

Iron com
pound: FeG

lu

m
ilk, non-

fortified
A

fter 1
year: hem

atologi-
cal param

eters

Study results are adjusted for 
cluster effect. Evaluation of 
a large scale program

 (Leche 
Lincosa) in M

exico.

A
uthor, year: 

Sazaw
al, 

2010 [8] D
e-

sign: R
C

T

C
ountry: India Target population: 

periurban area; illiteracy of parents 
A

ge (m
ean; range): 1.9; 1 to 3

years 
M

ales (%
): 50 Exclusion criteria: 

severe m
alnutrition; severe illness

M
ilk, fortified; m

ulti M
N

 
strategy M

N
 applied: Fe, Zn, 

V
itA

, other V
itam

ins, other 
M

N
 Iron dosage: 8.3

m
g/

day; Iron com
pound: FeSu

m
ilk, un-

fortified

A
fter 1

year: hem
a-

tological param
eters, 

anthropom
etry, severe 

illnesses, diarrhoea, 
low

er respiratory tract 
infections, pneum

onia

Som
e data extracted from

 
relating paper: Sazaw

al_2006 
[42] C

om
pleteness relates to 

hem
atologic param

eters.

A
uthor, year: 

Schüm
ann, 

2005 [38] 
D

esign: R
C

T

C
ountry: G

uatem
ala Target 

population: low
 incom

e; periurban 
settlem

ent A
ge (m

ean; range): 1.7; 1 
to 2

years M
ales (%

): 52 Exclu-
sion criteria: gastric or intestinal 
diseases; infections

C
ereals, fortified (bean 

paste); single M
N

 strategy 
M

N
 applied: Fe Iron dosage: 

17.1
m

g/day; Iron com
-

pound: FeSu

beans, un-
fortified

A
fter 0.19

year: hem
ato-

logical param
eters

A
ll children recieved anthel-

m
intic treatm

ent; all fam
ilies 

w
ere com

pensated. Three 
arm

 trial: O
nly data for FeSu 

group (n
=

31) vs. control 
group (n

=
30) extracted.

TA
B

LE 2: C
ont.



242 Functional Foods

St
ud

y
Po

pu
la

tio
n

In
te

rv
en

tio
n

C
on

tro
l 

fo
od

O
ut

co
m

e
C

om
m

en
t

A
ut

ho
r, 

ye
ar

: 
St

ev
en

s, 
19

98
 

[3
2]

 D
es

ig
n:

 
R

C
T

C
ou

nt
ry

: U
K

 (m
os

tly
 c

au
ca

si
an

) 
Ta

rg
et

 p
op

ul
at

io
n:

 lo
w

er
 so

ci
al

 
cl

as
se

s w
er

e 
ov

er
re

pr
es

en
te

d 
A

ge
 

(m
ea

n;
 ra

ng
e)

: 0
.5

; 0
 to

 0
ye

ar
s 

M
al

es
 (%

): 
0 

Ex
cl

us
io

n 
cr

ite
ria

: i
ll-

ne
ss

, m
aj

or
 c

on
ge

ni
ta

l m
al

fo
rm

at
io

n

M
ilk

, f
or

tif
ie

d;
 si

ng
le

 M
N

 
st

ra
te

gy
 M

N
 a

pp
lie

d:
 F

e 
Ir

on
 

do
sa

ge
: 6

.8
7

m
g/

da
y;

 Ir
on

 
co

m
po

un
d:

 F
eS

u

m
ilk

, u
n-

fo
rti

fie
d

A
fte

r 1
ye

ar
: h

em
at

ol
og

i-
ca

l p
ar

am
et

er
s

 

A
ut

ho
r, 

ye
ar

: 
V

ill
al

pa
nd

o,
 

20
06

 [2
7]

 
D

es
ig

n:
 R

C
T

C
ou

nt
ry

: M
ex

ic
o 

Ta
rg

et
 p

op
ul

at
io

n:
 

po
or

 p
er

iu
rb

an
 c

om
m

un
ity

 A
ge

 
(m

ea
n;

 ra
ng

e)
: 1

.8
; 0

.8
 to

 2
.5

ye
ar

s 
M

al
es

 (%
): 

50
 E

xc
lu

si
on

 c
rit

er
ia

: 
no

 in
fo

M
ilk

, f
or

tif
ie

d;
 m

ul
ti 

M
N

 
st

ra
te

gy
 M

N
 a

pp
lie

d:
 F

e,
 Z

n,
 

ot
he

r V
ita

m
in

s I
ro

n 
do

sa
ge

: 
6.

74
m

g/
da

y;
 Ir

on
 c

om
-

po
un

d:
 F

eG
lu

m
ilk

, u
n-

fo
rti

fie
d

A
fte

r 0
.5

ye
ar

: h
em

at
o-

lo
gi

ca
l p

ar
am

et
er

s

Th
e 

re
su

lts
 o

f t
he

 st
ud

y 
le

ad
 

to
 b

ro
ad

en
in

g 
of

 a
 fo

rti
fie

d 
m

ilk
 d

is
tri

bu
tio

n 
pr

og
ra

m
 in

 
M

ex
ic

o.

A
ut

ho
r, 

ye
ar

: 
V

irt
an

en
, 

20
01

 [2
8]

 
D

es
ig

n:
 R

C
T

C
ou

nt
ry

: S
w

ed
en

 T
ar

ge
t p

op
ul

at
io

n:
 

ur
ba

n 
ar

ea
 A

ge
 (m

ea
n;

 ra
ng

e)
: 1

; 1
 

to
 1

ye
ar

s M
al

es
 (%

): 
39

 E
xc

lu
-

si
on

 c
rit

er
ia

: m
ilk

 in
to

le
ra

nc
e;

 p
oo

r 
he

al
th

M
ilk

, f
or

tif
ie

d;
 si

ng
le

 M
N

 
st

ra
te

gy
 M

N
 a

pp
lie

d:
 F

e 
Ir

on
 

do
sa

ge
: 4

.5
3

m
g/

da
y;

 Ir
on

 
co

m
po

un
d:

 F
eG

lu
, F

eL
ac

m
ilk

, u
n-

fo
rti

fie
d

A
fte

r 0
.5

ye
ar

: h
em

at
o-

lo
gi

ca
l p

ar
am

et
er

s
 

A
ut

ho
r, 

ye
ar

: 
W

al
te

r, 
19

98
 

[3
0]

 D
es

ig
n:

 
R

C
T

C
ou

nt
ry

: C
hi

le
 T

ar
ge

t p
op

ul
at

io
n:

 
Fr

om
 fo

ur
 c

on
tig

uo
s u

rb
an

 c
om

-
m

un
iti

es
 A

ge
 (m

ea
n;

 ra
ng

e)
: 0

.5
; 0

 
to

 0
ye

ar
s M

al
es

 (%
): 

52
 E

xc
lu

si
on

 
cr

ite
ria

: m
aj

or
 b

irt
h 

or
 n

eo
na

ta
l 

co
m

pl
ic

at
io

ns
, c

hr
on

ic
 il

ln
es

s

M
ilk

, f
or

tif
ie

d;
 si

ng
le

 M
N

 
st

ra
te

gy
 M

N
 a

pp
lie

d:
 F

e 
Ir

on
 

do
sa

ge
: 6

.5
m

g/
da

y;
 Ir

on
 

co
m

po
un

d:
 F

eS
u

fo
rm

ul
a,

 
lo

w
 ir

on
 

fo
rti

fe
d

A
fte

r 1
ye

ar
: h

em
a-

to
lo

gi
ca

l p
ar

am
et

er
s, 

an
th

ro
po

m
et

ry
 

a 
M

N
 (m

ic
ro

nu
tr

ie
nt

) a
pp

lie
d:

 F
e:

 ir
on

; Z
n:

 z
in

c;
 V

itA
: V

ita
m

in
 A

; o
th

er
 V

ita
m

in
s:

 e
.g

. V
ita

m
in

 C
; o

th
er

 M
N

 (m
ic

ro
nu

tir
en

ts
):

 e
.g

. s
el

en
, 

co
pp

er
.

b 
Ir

on
 d

os
ag

e:
 D

et
er

m
in

ed
 a

s d
ai

ly
 d

iff
er

en
ce

 b
et

w
ee

n 
in

te
rv

en
tio

n 
an

d 
co

nt
ro

l g
ro

up
.

c 
n.

a.
: n

ot
 a

pp
lic

ab
le

d 
Ir

on
 c

om
po

un
d:

 F
eS

u:
 i

ro
n-

su
lfa

te
; 

Fe
PP

: 
iro

n-
py

ro
ph

os
ph

at
e;

 N
aF

eE
D

TA
: 

na
tr

iu
m

-ir
on

-E
D

TA
; 

Fe
Fu

: 
iro

n-
fu

m
ar

at
e;

 F
eG

lu
: 

iro
n-

gl
uc

on
at

e;
 F

eA
m

C
i: 

fe
rr

ic
-a

m
m

on
iu

m
-c

itr
at

e;
 F

eL
a:

 F
er

ro
us

 la
ct

at
e;

 e
le

ct
rF

e:
 e

le
ct

ro
ly

tic
 ir

on
.

TA
B

LE
 2

: C
on

t.



Effects of Micronutrient Fortified Milk and Cereal 243

11.3.2 EFFECT ON HEMOGLOBIN LEVELS

Hemoglobin blood level was the most frequently reported outcome pa-
rameter. Across 13 studies that tested iron fortification irrespective of oth-
er added MN, the mean increase of hemoglobin compared to the control 
group was 0.62 g/dl (95%-CI: 0.34 to 0.89) for children fed with fortified 
milk or cereals (Figure 2). Heterogeneity was high (I2 = 86%). Compari-
son of different subgroups showed a stronger effect of the iron MMN for-
tification approach (n = 8 studies; hemoglobin increase 0.87 g/dl (95%-CI: 
0.57 to 1.16; I2 = 82%) compared to the iron single-fortification strategy 
(n = 5 studies; hemoglobin increase 0.20 g/dl (95%-CI: -0.05 to 0.45; I2 
= 43%). The daily applied iron dosage was similar for the single-iron ap-
proach (median: 6.5 mg) and the MMN-approach (median 6.7 mg).

11.3.3 EFFECT ON ANEMIA PREVALENCE

Eleven trials provided data for anemia rates, all of them using iron as a 
single- or a MMN-fortification strategy. Applied thresholds for anemia 
varied between 10.5 g/dl and 11 g/dl and the median of anemia rates at 
baseline was 36% (IQR: 15% to 40%; 9 studies with data). Fortified milk 
or cereals reduced the risk of suffering from anemia by 50% (risk ratio 
0.50, 95%-CI: 0.33 to 0.75; I2 = 71%; Figure 3). Again, a stronger effect 
of the MMN fortification approach emerged (n = 7 studies; risk ratio 0.43 
(95%-CI: 0.26 to 0.71; I2 = 81%) compared to the iron single-fortification 
strategy (n = 4 studies; risk ratio 0.76 (95%-CI: 0.45 to 1.28; I2 = 0%). 
Overall, the absolute risk reduction (ARR) of suffering from anemia was 
14% (un-weighted data of 11 trials), translating into a number needed to 
treat (NNT) with fortified milk or cereals of 7 (95%-CI: 6 to 9) partici-
pants over a period of 8 months (i.e. the mean follow-up time) to avoid one 
case of anemia. For the MMN approach these results are even more favor-
able (un-weighted data of 7 trials: ARR 22%; NNT 5 [95%-CI: 4 to 6]).



244 Functional Foods

FI
G

U
R

E 
2:

 E
ffe

ct
 o

f i
ro

n 
fo

rti
fic

at
io

n 
of

 m
ilk

 a
nd

 c
er

ea
ls

 o
n 

he
m

og
lo

bi
n 

(H
b)

 le
ve

ls
 c

om
pa

re
d 

to
 n

on
-f

or
tif

ie
d 

fo
od

. O
nl

y 
st

ud
ie

s w
ith

 ir
on

 
fo

rti
fic

at
io

n 
in

cl
ud

ed
 (n

 =
 1

3 
R

C
T)

. R
es

ul
ts

 a
re

 p
ro

vi
de

d 
as

 w
ei

gh
te

d 
m

ea
n 

di
ffe

re
nc

e 
in

 h
em

og
lo

bi
n 

(W
M

D
: g

/d
l w

ith
 9

5%
-C

I; 
co

nv
er

si
on

 
to

 g
/L

 w
ith

 fa
ct

or
 1

0)
 b

et
w

ee
n 

in
te

rv
en

tio
n 

an
d 

co
nt

ro
l g

ro
up

 (i
ro

n 
si

ng
le

-f
or

tif
ic

at
io

n 
(1

); 
iro

n 
m

ul
ti 

m
ic

ro
nu

tri
en

t f
or

tif
ic

at
io

n 
(3

); 
ov

er
al

l 
ef

fe
ct

).



Effects of Micronutrient Fortified Milk and Cereal 245

FIG
U

R
E 3: Effect of iron fortification of m

ilk and cereals on anem
ia com

pared to non-fortified food. O
nly studies w

ith iron fortification 
included (n = 11 R

C
T). R

esults are provided as risk ratio (R
R

, 95%
-C

I) of suffering from
 anem

ia in the intervention group com
pared to the 

control group (iron single-fortification (1); iron m
ulti m

icronutrient fortification (3); overall effect).
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TABLE 3: Risk of bias summary table
EN Author Year Adequate 

sequence 
generation?

Allocation 
concealment?

Blinding? Incomplete 
outcome 
data ad-
dressed

Are typical 
outcomers 
reported? 
(Selective 
outcome 
reporting)

675 Brown 2007 ? ? YES YES YES
818 Daly 1996 ? ? ? YES YES
951 Faber 2005 NO NO YES NO YES
1058 Gibson 2011 ? ? YES NO YES
153 Gill 1997 ? YES NO NO YES
1051 Lartey 1999 ? YES NO YES YES
1154 Liu 1993 ? ? ? NO YES

257
Maldonado 
Lonzano 2007 YES YES YES YES NO

282 Morley 1999 ? YES YES YES YES
1149 Nesamvuni 2005 NO NO YES YES YES
297 Oelofse 2003 NO NO NO NO YES
333 Rivera 2010 ? ? YES NO NO
1 Sazawal 2010 YES YES YES NO YES
1172.2 Schumann 2005 NO NO YES YES NO
838 Stevens 1998 ? ? YES NO NO
403 Villalpando 2006 ? ? YES YES NO
404 Virtanen 2001 ? ? YES NO NO
797 Walter 1998 NO YES YES NO YES

11.3.4 EFFECT ON FERRITIN LEVELS

Ferritin is the most direct measure to conclude if iron stores increase by iron-
fortified food consumption. Eleven trials provided data for ferritin serum 
levels. Ferritin levels were not adjusted for subclinical infections. Given the 
skewed distribution of ferritin values, authors often reported median esti-
mates. Medians were significantly higher in the intervention groups (ranges 
of ferritin medians at end of study [micro-g/l]: intervention: 15.8 to 44.6; 
control: 6.5 to 28; P < 0.01). Only three studies provided mean values to be 
included in a meta-analysis, which showed an effect in the same direction. 
The mean ferritin increase with iron fortification was 11.3 micro-g/l (95%-
CI: 3.3 to 19.2; I2 = 79%) compared to control groups.
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11.3.5 EFFECTS ON SERUM ZINC AND VITAMIN A LEVELS

Five studies provided data for change in serum zinc levels. MN fortifica-
tion with zinc led to no relevant change in zinc serum levels (0.4 micro-g/
dl (95%-CI: -1.7 to 2.6; I2 = 0%) compared to control groups. However, 
fortification increased vitamin A serum levels compared to control groups 
(four studies with data: Retinol increase by 3.7 micro-g/dl [95%-CI: 1.3 
to 6.1; I2 = 37%]).

11.3.6 EFFECTS ON GROWTH, FUNCTIONAL MEASURES 
AND MORBIDITY

For three European studies, no relevant effect of fortification on height 
and weight was seen and morbidities were not an issue in this population.

All other results relate to non-European low-/middle income countries. 
Due to the short follow-up period in most of the studies, no meaning-
ful conclusion can be drawn for possible effects of fortifi cation on height 
or weight gain or z-scores (weight-for-age; height-for-age; weight-for-
height). Of 9 studies with data, 7 trials reported no relevant differences be-
tween intervention and control group at the end of the study. In one study 
[36], more weight gain was seen in the intervention group after one year 
(4.6 kg vs. 2.0 kg; P < 0.05), in another study [8] children consuming forti-
fi ed milk showed improvement in weight gain compared to control group 
(difference 0.21 kg/year [95%-CI 0.12 to 0.31) and height gain (difference 
0.51 cm/year [95%-CI 0.27 to 0.75).

Of three studies with data for psychomotor development of children, 
two trials reported no relevant difference between groups [9,35] and one 
study [33] found slight improvements compared to the control group.

Of four studies with morbidity data of children, three trials reported 
no relevant differences between groups for infections [29], for diarrhea, 
fever and respiratory illness [34] and for referral to hospital or death in 
partly HIV exposed children [35]. In one study [8] fortifi ed milk signifi cantly 
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reduced the probability of days with severe illness (by 15%), and the rela-
tive risk of diarrhea (by 18%) and lower respiratory illness (by 26%).

11.3.7 EXPLORING HETEROGENEITY

In our pre-specified subgroup analyses no relevant influence on the out-
come was detected for the mode of fortified food (fortified milk vs. cere-
als). Hemoglobin change was somewhat higher in studies from low/mid-
dle income countries (0.78 g/dl (95%-CI: 0.41 to 1.15) compared to high 
income countries (0.42 g/dl (95%-CI: 0.10 to 0.73), but the difference was 
not statistically significant. The dual-/multi-micronutrient approach led to 
a significantly stronger effect of iron fortification on hemoglobin increase 
than the iron single-fortification strategy (Figure 3).

In our multivariable meta-regression analysis, none of the tested in-
dependent variables (mean hemoglobin level before intervention; daily 
amount of consumed iron, length of follow-up, completeness of follow 
up) was signifi cantly associated with the change in hemoglobin.

11.3.8 SUMMARY ASSESSMENT OF RISK OF BIAS

Only two [8,25] of 18 trials provided enough information to conclude that 
both random sequence generation and allocation concealment was ade-
quately performed (Table 3). For 11 trials this was unclear and inadequate 
procedures had been applied in 5 trials. Other criteria were fulfilled more 
often: Blinding was reported in 13 of 18 studies, incomplete outcome data 
were addressed in 8 of 18 trials and 12 of 18 studies showed no selective 
outcome reporting (i.e. besides serum markers also height/weight, func-
tional measures or morbidities were reported).

In summary, the risk of bias for the most often reported outcomes 
hemoglobin change and anemia rates is unclear. However, a sensitivity 
analysis including only studies with low risk of bias led to similar results 
(three studies that fulfi lled 4 of 5 quality criteria [8,25,26]: hemoglobin 
increase 0.87 g/dl (95%-CI: 0.09 to 1.65; I2 = 92%). Another sensitivity 
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analysis showed that the result pattern remained basically unchanged after 
performing analyses using mean values of groups at the end of the study, 
instead of mean changes of groups.

TABLE 3: Risk of bias summary table
EN Author Year Adequate 

sequence 
generation?

Allocation 
concealment?

Blinding? Incomplete 
outcome 
data ad-
dressed

Are typical 
outcomers 
reported? 
(Selective 
outcome 
reporting)

675 Brown 2007 ? ? YES YES YES
818 Daly 1996 ? ? ? YES YES
951 Faber 2005 NO NO YES NO YES
1058 Gibson 2011 ? ? YES NO YES
153 Gill 1997 ? YES NO NO YES
1051 Lartey 1999 ? YES NO YES YES
1154 Liu 1993 ? ? ? NO YES

257
Maldonado 
Lonzano 2007 YES YES YES YES NO

282 Morley 1999 ? YES YES YES YES
1149 Nesamvuni 2005 NO NO YES YES YES
297 Oelofse 2003 NO NO NO NO YES
333 Rivera 2010 ? ? YES NO NO
1 Sazawal 2010 YES YES YES NO YES
1172.2 Schumann 2005 NO NO YES YES NO
838 Stevens 1998 ? ? YES NO NO
403 Villalpando 2006 ? ? YES YES NO
404 Virtanen 2001 ? ? YES NO NO
797 Walter 1998 NO YES YES NO YES

The table presents each study by assessed methodological criterion in a cross-tabulation a. 
Studies are sorted for author name.
a Assessment categories: YES: criterion fulfilled; NO: criterion not fulfilled; “?”: unclear, 
as no information given.

11.4 DISCUSSION

To our knowledge, this is the first systematic review, that has applied a 
meta-analysis to specifically weigh the overall evidence for the effects 
of fortified milk and cereal food suitable for complementary feeding of 
children. The evidence relates to study populations between 6 month and 
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three years of age. Iron fortification leads to a clinically relevant increase 
in hemoglobin levels and reduction of anemia rates. For zinc and vitamin 
A fortification only surrogate parameters are reported, but the combina-
tion with iron (MMN approach) leads to a more pronounced effect on 
hemoglobin levels compared to an iron single-fortification strategy. The 
evidence for functional health outcomes is inconclusive.

11.4.1 STRENGTHS AND LIMITATIONS

We applied a thorough search strategy with a stepwise retrieval of stud-
ies using electronic databases and additional sources. We cannot exclude 
having missed references but we believe that we found a near complete 
sample of relevant papers for our specific research question.

Some limitations have to be mentioned. First, included studies 
showed short follow-up periods, thus the impact of fortifi ed milk or ce-
real food on functional health outcomes (such as sustainable height and 
weight gain or mental and motor development) could not be assessed 
thoroughly. Second, for zinc and vitamin A fortifi cation only surrogate 
outcomes as serum levels are available. However, the presence of ad-
ditional fortifi ed micronutrients seems to be important for the effects of 
iron on hemoglobin levels. The MMN approach is more effective than 
iron single fortifi cation in our review, refl ecting that complex micronu-
trient defi ciencies are responsible for health problems [20]. Third, risk of 
bias is unclear mainly due to underreporting of the randomization pro-
cedure and incomplete outcome data. Finally, pooled estimates have to 
be interpreted cautiously as statistical heterogeneity between studies was 
considerable and meta-regression did not reveal signifi cant associations 
of pre-specifi ed study characteristics with study results. Possible sources 
for unexplained heterogeneity might be underreporting for co-interven-
tions (e.g. public supplementation or food programs) or the diversity 
of applied MN preparations that have infl uence on MN absorption. For 
example, fi ve different iron compounds were used (12 studies with data: 
six times FeSulfate; twice FeGluconate; one time, each, FePyrophos-
phate; FeFumarate; Ferric ammonium citrate; electrolytic iron). In ad-
dition, the difference in daily consumed iron between intervention and 
control group varied between 1.8 mg and 14.3 mg. Furthermore, molar 
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ratios, a determinant for MN absorption, also showed variation (ranges of 
molar ratios: ascorbic acid/iron: 0.68 to 30; phytic acid/iron: 1.7 to 2.2; 
calcium/iron: 40 to 134).

11.4.2 EXISTING SYSTEMATIC REVIEWS AND RESEARCH NEEDS

Important contributions have been made in the recent years with other sys-
tematic reviews to evaluate the health effects of MN interventions. These 
reviews differ from ours: Dewey and Adu-Afarwuah gave a broad system-
atic overview of studies and programs aimed at improving biochemical 
and functional outcomes with complementary foods [43]. However, they 
did not perform a meta-analysis and presented results in a tabulated form 
or as averaged effect sizes. Some reviews have concentrated on MN sup-
plementation only [44-48] or home fortification [49], other reviews have 
combined supplementation and fortification strategies for analysis [20,50], 
included children as well as adolescents or adult women [6,51,52], or in-
cluded fortified staple food interventions [6,52].

The health effects found in our review are in line with effect sizes shown 
in some similar reviews above [20,47,52]. This underpins the validity of our 
fi ndings and supports a strategy to intervene with fortifi ed milk and cereal 
food for infants and children. Supplementation trials, for example with vi-
tamin A, have been shown to reduce mortality and morbidity via improved 
nutritional status [47,48], even though serum level increases were small 
[53], similar to our review. Thus, some authors conclude that fortifi cation 
would also have an impact on morbidity and mortality, although a conclu-
sive answer cannot yet be given [52]. On the other hand, negative aspects of 
iron supplementation have been reported, such as increased morbidity and 
mortality in regions where malaria transmission is intense [54]. Thus, rec-
ommendations concerning iron supplementation have been formulated [55]. 
These adverse effects, however, may not be that relevant for fortifi ed foods. 
Daily micronutrient dosages of fortifi ed foods are much lower as compared 
to supplementation. Furthermore, children stop eating once they get satu-
rated, which may also not be the case for high dosage sprinkles, that can be 
seen as a specifi c application of supplementation. Nevertheless, long term 
data concerning negative effects of iron fortifi ed foods in regions with high 
prevalence of malaria and infectious diseases are lacking.
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Further compiled evidence is needed to agree on the optimal MN prep-
aration for fortifi ed milk and cereals (such as composition of MN; suit-
able compounds; molar ratios for additives) to fully exhaust the potential 
of this approach. Future studies should also focus on health outcomes of 
MN fortifi cation beyond the effect of iron on hematological results, for 
example via long-term follow-up of study populations.

11.4.3 IMPLICATIONS FOR DECISION MAKERS

There are multiple delivery mechanisms for fortified milk and cereal food. 
Production and distribution via government programs and local public 
agencies would be an obvious option to strengthen local structures. Imple-
mentation of effective strategies, however, does not always work well in 
the field due to logistical problems or inappropriate priority setting [56]. 
Thus, some have discussed the role of the business community in improv-
ing nutrition in developing countries [56-58]. Commercially distributed 
fortified foods (e.g. with iron) are already available in many markets, even 
in low-income countries. In a public private partnership, business partners 
can provide their professional knowledge and experience concerning tech-
nical problems with processing and fortification, supply and transport, or 
refrigeration and conservation issues (specifically important for milk) to 
get interventions more efficient.

A limitation of the market approach is that it may not reach the poorest 
of the poor. Thus, a combination of different delivery channels, as well 
as affordable prices, may be needed. Children with severe anemia, who 
may be overrepresented in very poor groups, are often excluded from tri-
als due to ethical reasons. One may assume, that the positive effects on 
the hemoglobin levels may be even stronger for such children. Additional 
economic analyses are necessary to contribute to a deeper understanding 
of the health economic effects of such a strategy and to inform the priority 
setting of decision makers.
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11.5 CONCLUSIONS

Multi micronutrient fortified milk and cereal products can be an effective 
option to reduce anemia of children up to three years of age in develop-
ing countries. On the basis of our data the evidence for functional health 
outcomes is still inconclusive.
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CHAPTER 12

EFFECT OF MINERAL-ENRICHED DIET 
AND MEDICINAL HERBS ON FE, MN, 
ZN, AND CU UPTAKE IN CHICKEN 

DUCU SANDU STEF and IOSIF GERGEN

12.1 BACKGROUND

Chicken meat is widely consumed worldwide. Chicken meat and meat 
products are important for human diet because they provide a great part 
of nutrients (protein, lipids), including necessary minerals and trace ele-
ments. The main source of metals in these meat foodstuffs arises from 
processing and manipulation of feeds. Fe, Zn, Cu and Mn are the essential 
metals which are required in small quantities and occur naturally in vari-
ous vegetables and meat foodstuffs. However, those essential metals are 
given special attention due to their toxic effect in the body when their con-
centrations exceed limits of safe exposure. The contents of these metals in 
vegetables and meat foodstuffs may vary depending on the general (vari-
eties, maturity, genetics, and age) and environmental (soils, geographical 
locations, season, water source and use of fertilizers) conditions of plants 
and animals and on methods of handling and processing. Heavy metals 
contaminate the environment and enter the food chain. Contamination 
with these metals is serious threat because of their toxicity, bioaccumula-
tion and biomagnification in the food chain [1-4].

To avoid defi ciencies that can lead to a wide variety of clinical and 
pathological disorders diets for livestock are supplemented with minerals 
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[5]. Fe, Mn, Zn and Cu can be considered trace minerals with a central 
role in many metabolic processes throughout the body and are essential 
for correct growth and development of all animals, including humans. 
They predominantly act as catalysts in many enzyme and hormone sys-
tems which infl uence on growth, bone development, feathering, enzyme 
structure and function, and appetite. Defi ciency symptoms are manifested 
as disturbances in metabolic processes, resulting in lower production per-
formance, loss of appetite, reproductive disorders, and impaired immune 
response. Defi ciencies can be caused by inadequate mineral intake or by 
the presence of antagonists in the diet, which interfere with or unbalance 
minerals uptake [2,6,7].

Generally, inorganic mineral salts (sulfates, oxides and carbonates) 
have been used within feed formulations, because they offer a cost-ef-
fective solution to meet the requirement of the animal for trace elements. 
Feeding studies demonstrated that chelated trace minerals are at least 30% 
more bioavailable than inorganic trace mineral salts when fed to broilers. 
However, it has yet to be conclusively proven that mineral chelates are 
better absorbed in the monogastric enterocyte. Several papers reported on 
metal binding to proteins in the cells [8,9]. The higher availability of che-
lates may be linked to the shielding of the minerals positive charge during 
chelation. This allows the mineral to withstand the binding activity of the 
negatively charged mucin layer and results in lower competition between 
minerals of similar charge in their resorption from the gut and transfer to 
the enterocyte. These phenomena, combined with lower complex forma-
tion in the intestinal lumen with compounds such as phytate, may con-
tribute to the higher absorption of minerals from the gut. Feeding trials 
in mammalian species have shown that organic complexed trace minerals 
have higher relative bioavailability than inorganic ones and provide alter-
native pathways for absorption, thus leading to a reduction in the excretion 
of minerals [10-12].

Natural feed additives of plant origin are generally believed to be safer, 
healthier and less subject to hazards for humans and animals. Spice and 
many medicinal herbs and plant extracts have appetite- and digestion-
stimulating properties, antioxidant and antimicrobial activities, infl uence 
the poultry productivity and health mainly by stabilization of normal gut 
microfl ora and prevention of pathogens colonization. Also they have 
benefi cial effects on digestive enzymes production, improve and exert 
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certain immunological consequences in bird's body. Mixtures of complex 
compounds, vitamins and minerals found in plants tend to work together 
synergistically. These combinations were more effective than they were 
each used in isolated form. These benefi cial effects make them useful as 
potential natural animal feed additives [13-16].

Antioxidant effect of aromatic plants is due to the presence and spe-
cifi c arrangement of hydroxyl groups in their phenolic compounds. These 
polyphenol also have important biological activities in vitro such as anti-
tumour, chemo-preventive and anti-infl ammatory activities. It has been 
proposed that polyphenol from some medicinal plants may greatly in-
crease the functionality of food in terms of health and wellness [17-19].

Antioxidant properties of compounds from some medicinal herbs can 
result from their free radical scavenging activity but their ability to chelate 
transition metal ions, especially Fe (II) and Cu (II), also plays an impor-
tant role [20]. The metal chelating ability of polyphenol is related to the 
presence of ortho-dihydroxy polyphenol, i.e., molecules bearing catechol 
or galloyl groups and condensed tannins. Also since metal chelation can 
occur at physiological pH it has a physiological signifi cance [21,22].

Therefore, the aim of our study was to evaluate, for the fi rst time in 
the fi eld, the effect of different medicinal herb rich in polyphenol (Lemon 
balm, Sage, St. John's wort and Small-fl owered Willowherb) used as di-
etary supplements on bioaccumulation of some essential metals (Fe, Mn, 
Zn and Cu) in chicken liver and chicken meat from legs and breast.

TABLE 1: Total phenol in feeding diets (a, b, c: different letters within the same column 
indicate significant differences among levels (p ≤ 0.05)

Feeding diet
Trial 
code

Total phenols,

mg gallic acid/g fodder

Rela-
tive to 
control

Average ± 95% confidence %
Basal diet, minerals and 2% Lemon balm Le 2.89a 0.15 146
Basal diet, minerals and 2% Sage Sa 2.73a 0.15 138
Basal diet, minerals and 2% St. John's 
wort Jo 2.39b 0.10 121
Basal diet, minerals and 2% Small-flow-
ered Willowherb Wi 2.31b 0.11 117
Basal diet and minerals Min 1.98c 0.10 100
Only basal diet (control) B 1.98c 0.10 100
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12.2 RESULTS AND DISCUSSIONS

The total phenols contents, determined by Folin-Ciocalteu method, of ex-
perimental feeding diets are shown in Table 1.

Although the addition of medicinal herbs in the basic diet was the same 
(2%), due to various polyphenol contents of medicinal herbs [23], a differ-
ent content of polyphenol in the fi nal diet was identifi ed. Higher content in 
polyphenol was identifi ed in feeding diet supplemented with Lemon balm 
and Sage (Le, Sa), followed by feeding diets supplemented with St. John's 
wort and Small-fl owered Willowherb (Jo, Wi). Relative to control feeding 
diet, content of polyphenol ranged between 117-121% for Jo and Wi diets 
and between 138-146% for Le and Sa feeding diets.

Except Small-fl owered Willowherb all other herbs used in the experi-
ment contain volatile oils consist mostly of volatile compounds of mono, 
tri- and sesquiterpenes. Besides different content of total polyphenol, herb 
and fl owers of these plants contain various types of polyphenol.

In Lemon balm herb a lot of polyphenol were identifi ed: fl avonoids 
such as luteolin, quercetin, apigenin and kaempferol; phenylpropanoids 
including hydroxycinnamic acid derivatives (caffeic and chlorogenic ac-
ids) and in particular rosmarinic acid and other various condensed tannins 
[24].

In Sage herb were identifi ed a lot of fl avonoids, formed from fl avones 
and their glycosides, phenolic glycosides, benzoic acid derivate, hydroxy-
cinnamic acid derivate composed from free caffeic acid, caffeic acid dimer 
(rosmarinic acid), caffeic acid trimmers, caffeic acid tetramer, phenolic 
diterpenes [25].

St. John's wort herb and fl owers contain various polyphenol: fl avo-
noids (epigallocatechin, rutin, hyperoside, isoquercetin, quercitrin, quer-
cetin, amentofl avone, astilbin, miquelianin), phenolic acids (chlorogenic 
acid, 3-O-coumaroylquinic acid), and various naphtodianthrones: (hyperi-
cin, pseudohypericin, protohypericin, protopseudohypericin), phloroglu-
cinols (hyperforin, adhyperforin). The naphthodianthrones hypericin and 
pseudohypericin along with the phloroglucinol derivative hyperforin are 
thought to be the active components [26, 27].
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Willowherb (Small-fl owered Willowherb, Epilobium parvifl orum) 
species contain fl avonoids, especially derivatives of kaempferol, querce-
tin, and myricetin. In E. parvifl orum and E. angustifolium, β-sitosterol, 
various esters of sitosterol, and sitosterol glucoside have been detected. 
Gallic-acid derivatives may be present. Two macrocyclic ellagitannins, 
oenothein A and oenothein B, have been identifi ed as the main constituents 
responsible for the inhibition of 5-alpha-reductase and aromatase enzymes 
[28]. According to Kohlert et al. [29], most active principles of plant ex-
tract are absorbed in the intestine by enterocytes, and readily metabolized 
by the body. The products of this metabolism are transformed into polar 
compounds by conjugation with glucuronate and excreted in the urine. As 
the active compounds are readily metabolized and have a short half-life, 
the risk of tissue accumulation is minimal [30].

The diverse composition of medicinal herb is refl ected in a complex 
infl uence on bioaccumulation of essential metals Fe, Mn, Zn and Cu in 
chicken meats. The content and correlation of the investigated metals of 
different chicken meats is shown in Table 2, Table 3, Table 4, Table 5, 
Table 6 and Table 7.

TABLE 2:  Metals contents (mg/kg dry matter) in chicken liver, fed with different diets
Metals/ Feeding 
diet

Feeding 
diet code Fe Mn Zn Cu

Average ± Std Average ± Std Average ± Std Average ± Std
Basal diet, miner-
als and 2% Lemon 
balm Le 45.28 4.43 6.13 0.58 22.75 2.13 4.39 0.52
Basal diet, miner-
als and 2% Sage Sa 58.65 6.01 7.35 0.81 28.09 3.22 7.35 0.81
Basal diet, miner-
als and 2% St. 
John's wort Jo 47.76 4.39 5.08 0.49 23.70 2.17 4.16 0.37
Basal diet, 
minerals and 2% 
Small-flowered 
Willowherb Wi 34.00 4.50 4.93 0.54 16.62 2.01 4.50 0.52
Basal diet and 
minerals Min 45.80 3.99 3.78 0.43 17.31 1.57 4.62 0.44
Only basal diet 
(control) B 31.00 3.11 2.69 0.25 13.64 1.16 2.96 0.36
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TABLE 3: Correlations (Pearson) between metal-metal in chicken liver and metals-total 
phenols concentrations in diets (* significance, p < 0.05)
Compounds Fe Mn Zn Cu Phen
Fe 1 0.78182 0.9192* 0.5922 0.57469
Mn 0.78182 1 0.91376* 0.66654 0.91365*
Zn 0.9192* 0.91376* 1 0.4994 0.80512
Cu 0.5922 0.66654 0.4994 1 0.42859
Phen 0.57469 0.91365* 0.80512 0.42859 1

TABLE 4: Metals contents (mg/kg dry matter) in meat from chicken legs, fed with different 
diets
Metals/ Feeding 
diet

Feeding 
diet code Fe Mn Zn Cu

Average ± Std Average ± Std Average ± Std Average ± Std
Basal diet, 
minerals and 2% 
Lemon balm Le 10.54 1.11 0.14 0.03 16.37 1.55 0.54 0.06
Basal diet, miner-
als and 2% Sage Sa 15.62 1.73 0.33 0.05 15.32 2.02 0.62 0.07
Basal diet, miner-
als and 2% St. 
John's wort Jo 12.49 1.22 0.17 0.03 16.09 1.57 0.33 0.03
Basal diet, 
minerals and 2% 
Small-flowered 
Willowherb Wi 12.71 1.11 0.40 0.03 19.09 2.05 0.48 0.05
Basal diet and 
minerals Min 12.85 1.11 0.36 0.03 11.00 1.51 0.33 0.03
Only basal diet 
(control) B 6.94 0.58 0.15 0.02 9.00 1.11 0.25 0.02

TABLE 5: Correlations (Pearson) between metal-metal in chicken legs and metals-total 
phenols concentrations in diets (* significance, p < 0.05)
Compounds Fe Mn Zn Cu Phen
Fe 1 0.77136 0.53473 0.64072 0.39564
Mn 0.77136 1 0.40392 0.41003 -0.04474
Zn 0.53473 0.40392 1 0.65861 0.64321
Cu 0.64072 0.41003 0.65861 1 0.85253*
Phen 0.39564 -0.04474 0.64321 0.85253* 1
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TABLE 6: Metals contents (mg/kg dry matter) in chicken breast meat, fed with different 
diets
Metals/ Feeding 
diet

Feeding 
diet code Fe Mn Zn Cu

Average ± Std Average ± Std Average ± Std Average ± Std
Basal diet, 
minerals and 2% 
Lemon

balm Le 4.88 0.55 0.01 0.001 7.25 0.82 0.44 0.04
Basal diet, 
minerals and 2% 
Sage Sa 4.44 0.61 0.03 0.003 7.49 0.73 0.74 0.09
Basal diet, min-
erals and 2% St. 
John's wort Jo 4.06 0.55 0.01 0.001 6.66 0.72 0.57 0.07
Basal diet, 
minerals and 2% 
Small-flowered 
Willowherb Wi 3.10 0.43 0.01 0.001 5.80 0.65 0.34 0.03
Basal diet and 
minerals Min 3.67 0.34 0.02 0.002 7.02 0.75 0.50 0.04
Only basal diet 
(control) B 2.81 0.24 0.01 0.001 5.64 0.63 0.30 0.02

TABLE 7: Correlations (Pearson) between metal-metal in chicken breast and metals-total 
phenols concentrations in diets (* significance, p < 0.05)
Compounds Fe Mn Zn Cu Phen
Fe 1 0.32347 0.90172* 0.48622 0.85683*
Mn 0.32347 1 0.64476 0.72181 0.19063
Zn 0.90172* 0.64476 1 0.79057 0.63427
Cu 0.48622 0.72181 0.79057 1 0.0621
Phen 0.85683* 0.19063 0.63427 0.0621 1

For better emphasizing of the infl uence of different feeding diets over 
the bioaccumulation of metals in chicken meats, for each metal were cal-
culated the accumulation factors (AF). This factor is the ratio between 
concentrations of metal in meat from experimental trial to concentration 
of metal in meat from control trial:
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AF metal = metal content in meat from X trial (mg/kg dry matter)/ metal content 
in meat from control trial (mg/kg dry matter)

Like control trial the trial with feeding diet composed from basal diet 
only was selected.

12.2.1 BIOACCUMULATION OF METALS IN CHICKEN LIVER

The contents of bioactive metals Fe, Mn, Zn and Cu in chicken liver from 
chicks fed with different diets are presented in Table 2. In chicken liver, 
Fe is the predominant metal (31 to 58.65 mg/kg dry matter), followed by 
Zn (13.64 to 28.09 mg/kg dry matter). Mn and Cu are in the same range 
of concentration (3 to 7 mg/kg dry matter) significantly lower than previ-
ous. These data are in accordance with other authors who found the same 
contents in same meat food stuffs and are under maximum acceptable limit 
imposed by national and international legislation[31-34].

A linear regression correlation test was performed to investigate corre-
lations between metal-metal and metals-diet total phenols concentrations 
(Phen). The values of correlation coeffi cients are given in Table 3.

In chicken liver there are signifi cant correlations between dominant 
metals: Fe-Zn (r = 0.9192) and Mn-Zn (0.9137) and relative good correla-
tion between Fe-Mn (r = 0.7818). Only Mn and Zn have relative good cor-
relations with total phenols content (r = 0.9136 and 0.8051 respectively).

The addition of metal salts in the feed signifi cantly infl uences all met-
als accumulations in the liver, with minor differences to the type of metal. 
Under the infl uence of medicinal herbs, accumulation of metals in the liv-
er, however, presents signifi cant differences from the group that received a 
diet supplemented only with metal salts (Min diet) (Figure 1).

Size of AF is differentiated, depending both on the metal and diet types. 
Diets enriched with Lemon balm and Sage, rich in polyphenol, have the 
most positively pronounced effect on uptake of metals. Between the two 
diets, Sa diet presents the largest accumulation factors for all metals and 
Le diet only for Mn and Zn, comparatively with Min diet.

The lowest infl uences on accumulation factors of metals in the liver 
have diets enriched with St. John's wort and Small-fl owered Willowherb, 
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FIGURE 1: Metals accumulation factors (AF) in chicken liver under influence of different 
feeding diets (Error bar represent range for 95% confidence).

diets with lower polyphenol content (Table 1). These diets signifi cantly 
positively infl uence only the Mn uptake. Jo diet signifi cantly increases Zn 
accumulation while Wi diet signifi cantly reduces the accumulation of Fe 
in chicken liver. Generally the diet enriched in Willowherb had a poor or 
even negative effect on metals accumulation in chicken liver, compared 
with other diets.

12.2.2 BIOACCUMULATION OF METALS IN MEAT FROM 
CHICKEN LEGS

In chicken legs meat (Table 4) Zn and Fe are the predominant metals 
and were found in the same range of concentration (≈ 9 to 19 mg/kg dry 
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matter for Zn and ≈ 7 to 16 mg/kg dry matter for Fe). These are followed 
by Cu and Mn in the same range of concentration (≈ 0.25 to 0.64 for Cu 
and ≈ 0.14 to 0.40 for Mn), signifi cantly lower than previous.

The values of correlation coeffi cients obtained from a linear regres-
sion test between metal-metal and metals-diet total phenols concentrations 
(Phen) are presented in Table 5.

Generally poor correlations between investigated metals in chicken 
legs meat were found. A relatively good correlation was found between: 
Fe-Mn (r = 0.7714) and only Cu has signifi cant correlation with total phe-
nols content (r = 0.8525).

The addition of metal salts in the feed (Min diet) signifi cantly infl u-
ences the accumulation of all metals in meat from chicken legs, with sig-
nifi cant differences of the type of metal. Mn and Fe accumulation factors 
were greater than Zn and Cu (Figure 2).

FIGURE 2: Metals accumulation factors (AF) in meat from chicken legs under influence 
of different feeding diets (Error bar represent range for 95% confidence).
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Under the infl uence of medicinal herbs, accumulation of metals in 
meat from chicken legs differs signifi cantly from the group that received 
a diet supplemented only with metals (Min diet). Especially accumula-
tion of Cu was positively infl uenced by diets rich in polyphenol (Le, Sa). 
The addition of Sage and Small-fl owered Willowherb in diet signifi cantly 
infl uence accumulation of Zn and Cu and less Mn and Fe. Note that addi-
tion of Lemon Balm and St. John's wort herbs in the diet have signifi cantly 
negative effects on accumulation of Mn in chicken legs meat.

12.2.3 BIOACCUMULATION OF METALS IN CHICKEN 
BREAST MEAT

In chicken breast meat (Table 6), Zn is the predominant metal (≈ 5.6 to 7.5 
mg/kg dry matter) followed by Fe (≈ 2.8 to 4.9 mg/kg dry matter) in the 
same range of concentration and Cu (≈ 0.3 to 0.74 mg/kg dry matter) at 
lower concentration. Mn concentration (≈ 0.01 to 0.03 mg/kg dry matter) 
is significantly lower than previous.

A linear regression correlation test was performed to investigate corre-
lations between metal-metal and metals- diet total phenols concentrations 
(Phen). The values of correlation coeffi cients are given in Table 7.

There are signifi cant correlations between Fe-Zn concentrations (r = 
0.90172) in chicken breast meat and relative good correlations were found 
between: Zn-Cu (r = 0.7906) and Mn-Cu (r = 0.7218). Only Fe has signifi -
cant correlation with total phenols content (r = 0.8568).

The addition of metal salts in the feed signifi cantly infl uences the ac-
cumulation of all metals in meat from chicken legs, with signifi cant differ-
ences from the type of metal. In Min diet, Mn and Cu uptake factors were 
larger than Zn and Fe (Figure 3). Under the infl uence of medicinal plants, 
metals accumulation in chicken breast differ signifi cantly from the group 
that received a diet supplemented only with metals salts (Figure 3).

Fe accumulation is signifi cantly positively infl uenced by Lemon balm 
and Sage diets, rich in polyphenol, and less affected or even reduced in 
diets with St. John's herb and Small-fl owered Willowherb, which has a 
lower concentration of polyphenol. Accumulation of Mn and Cu is more 
positively infl uenced by Sage diet; the other diets even cause a signifi cant 



270 Functional Foods

reduction of Mn accumulation. Accumulation of Zn in chicken breast meat 
is generally less infl uenced by all the diets used. Sage diet (Sa) clearly 
differ from other diets having the greatest positive infl uence on the accu-
mulation of Mn, Cu and Fe and less on Zn.

12.3 CONCLUSIONS

The contents of essential metals (Fe, Mn, Zn and Cu) in chicken meats are 
different, depending mainly on the type of meat. So Fe is the predominant 
metal in liver and Zn is the predominant metal in legs and breast chicken 
meat. The addition of metal salts in the feed influences accumulations of 
all metals in the liver, legs and breast chicken meat with specific difference 

FIGURE 3: Metals accumulation factors (AF) in chicken breast meat under influence of 
different feeding diets (Error bar represent range for 95% confidence).
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to the type of metal and meat. The greatest influences were observed in 
legs meat for Fe and Mn. However, under the influence of medicinal herbs 
(Lemon balm, Sage, St. John's wort and Small-flowered Willowherb) rich 
in different type of polyphenol (flavonoids, phenols acids, benzoic acid 
derivate, phenylpropanoids derivate, condensed tannins), accumulation of 
metals in the liver, legs and breast chicken meat presents significant differ-
ences from the group that received a diet supplemented only with metals 
salts. Each medicinal herb from diet had a specific influence on the metals 
accumulation and generally moderate or poor correlations were observed 
between total phenols and metal accumulation factors. Great influence on 
all metal accumulation factors was observed in diet enriched with sage, 
which had only significantly positive effect for all type of chicken meat. 
The effects of medicinal herb in the metals biochemistry of broiler are 
still unclear and complex. The differences regarding metals accumula-
tions could appear due to the antagonism between metal ions or to the 
chemical composition of chicken diets, which comprise other chelating 
agents like amino acids and protein from soybean and corn. This fact leads 
to a competition between polyphenols and amino acids for metals com-
plexation and bioaccumulation. Although some effects have already been 
demonstrated, the mechanisms involved in bioaccumulation of these are 
still widely unknown. More investigations on the action of the active com-
pounds and their effects in vivo are required and significant improvement 
of animal performance must be shown before medicinal herbs or plants 
extracts are effectively adopted as feed additives.

12.3.1 EXPERIMENTAL

In our research the national and international behaviour codes were com-
plied regarding the experiment with animals.

12.3.2 EXPERIMENTAL DESIGN

A total of 180 mixed one-day-old broiler chicks (Ross 308) were pur-
chased from a local hatchery, weighed on arrival and randomly allocated 
to 18 pens (1 × 1 m) of 10 birds each, with equal numbers of male and 
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females (tree replicates per each treatment) in a ventilated broiler house 
containing wood shavings as litter material. Water and feed were available 
ad libitum. All chickens were fed the similar starter (weeks 0-3 of age) 
and grower (weeks 4-6 of age) diets (Table 8), but receive different diet 
defined as: Le, Sa, Jo, Wi, Min and B treatments, respectively. Ingredients 
and nutrients composition of diets are shown in Table 8 and 9. Medici-
nal herbs, Lemon balm (Melissae folium), Sage herb (Salvia officinalis), 
St. John's wort (Hypericum perforatum) and Small-flowered Willowherb 
(Epilobium parviflorum), purchased from local specialized market, have 
been dried and ground to pass through a 2-mm screen. Minerals salts, p.a. 
purity (Merck Chemicals, Germany) used for metal sources were: Mohr 
salt as a source of iron, MnSO4 4H2O as a source of manganese, ZnSO4 
7H2O as a source of zinc and CuSO4 5H2O as a source of copper. Due 
to low metal uptake from medicinal plants [35], its contribution to ex-
perimental diets has not been taken into account. Experimental diets were 
prepared weekly by a special feed factory. Diets were formulated to meet 
or exceed the requirements of the National Research Council (NRC) [36] 
for broilers at this age. Composition of basal diet is presented in Table 9.

TABLE 8: Ingredients and nutrient composition of experimental diets

Nr. Diets

Diet

code

1

Basal diet + 2% Lemon Balm + minerals from salts, at NRC level

(80 mg/kg Fe, 60 mg/kg Mn, 40 mg/kg Zn and 8 mg/kg Cu) Le

2

Basal diet + 2% Sage herb + minerals from salts, at NRC level

(80 mg/kg Fe, 60 mg/kg Mn, 40 mg/kg Zn and 8 mg/kg Cu) Sa

3

Basal diet + 2% St. John's wort + minerals from salts, at NRC level

(80 mg/kg Fe, 60 mg/kg Mn, 40 mg/kg Zn and 8 mg/kg Cu) Jo

4
Basal diet + 2% Small-flowered Willowherb + minerals from salts, at NRC level 
(80 mg/kg Fe, 60 mg/kg Mn, 40 mg/kg Zn and 8 mg/kg Cu) Wi

5

Basal diet + minerals from salts, at NRC level

(80 mg/kg Fe, 60 mg/kg Mn, 40 mg/kg Zn and 8 mg/kg Cu) Min

6 Basal diet only (kept as control) B
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TABLE 9: Ingredients and nutrient composition of basal diet
Composition Stage 0-3 weeks (%) Stage 4-6 weeks (%)
Corn 56.5 61,62
Soybean meal 34 31
Fish meal 5 2
Sunflower oil 1,5 2,5
CaCO3 0,8 1
Dicalcium phosphate 1,2 1
NaCl 0,2 0,2
DL Metionine 0,3 0,18
Vitaminic Premix 0,5 0,5
Nutritive characteristic
E M (kcal/kg feed) 3204 3214
Crude protein (%) 22,91 20,03
Lizine (%) 1,27 1,06
Metionine + cistine (%) 0,95 0,72
Calcium (%) 1,03 0,89
Total Phosphor (%) 0,73 0,62
Crude Celuloze (%) 3,16 3,08

12.3.3 SAMPLES COLLECTION AND PREPARATION

12.3.3.1 MEAT SAMPLES

At days 43 of age, 6 birds per pen were selected, weighed and slaughtered 
to obtain the meat samples. Meat samples were first dried in oven at 105°C 
for 24 hours and then digested in the Muffle furnace by stepwise increase 
of the temperature up to 550°C till the white ash formed. The ash was 
dissolved in 0.5 N HNO3 and filtered through ash-free filter paper before 
analysis. Each sample solution was made up with dilute HNO3 (0.5 N) to a 
final volume of 50 mL and analysed by flame atomic absorption spectrom-
etry. Necessary dilutions were made [2, 3].
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12.3.3.2 METALS ANALYSIS AND QUALITY CONTROL

The concentrations of Fe, Mn, Zn, Cu in the solutions were determined us-
ing a flame atomic absorption spectrophotometer with high resolution con-
tinuum source (Model ContrAA 300, Analytik Jena, Germany), fitted with 
a specific conditions of particular metal using appropriate drift blanks. Mix 
standard solutions of heavy metals (1000 mg/L), namely iron, manganese, 
zinc and copper - ICP Multielement Standard solution IV CertiPUR, were 
purchased from Merck Germany. Solutions of varying concentrations were 
prepared for all the metals by diluting the standards. HPLC water was used 
for the preparation of reagents and standards. All chemicals were trace metal 
grade (Suprapur). Concentrate nitric acid (HNO3 65%), were obtained from 
Merck Germany. All glassware was treated with Pierce solution 20% (v/v), 
rinsed with cold tap water followed by 20% (v/v) nitric acid and then rinsed 
with double-distilled water. For quality control purposes, blanks and dupli-
cates samples were analysed during the procedure. NCS Certified Refer-
ence Material-DC 85104a and 85105a (China National Analysis Center for 
Iron&Steel), was analysed for quality assurance. Per cent recovery means 
were: Fe (93%), Mn (94%), Zn (105%), and Cu (103%). The variation coef-
ficients were below 10%. Detection limits (μg/mL) were determined by the 
calibration curve method: Fe (0.14), Mn (0.18), Zn (0.45), Cu (0.11). The 
blank reagent and standard reference soil materials were included in each 
sample batch to verify the accuracy and precision of the digestion procedure 
and also for subsequent analyses.

12.3.3.3 FEED ANALYSIS FOR TOTAL POLYPHENOL

The most used extraction solvent of polyphenol from vegetable matrix 
is methanol or ethanol and water-methanol/ethanol solutions [37]. The 
hydro-ethanol extracts for total polyphenol contents determination were 
prepared as following: 1 g feed samples, grounded and sieved at 0.3 mm 
was mixed with 20 mL 50% ethanol (v/v). The obtained hydro-ethanol 
extracts were rested for 30 minutes and finally filtered. The total polyphe-
nol content was determinate using Folin & Ciocalteu method [38]. In this 
reagent Molybdenum is in superior oxidation state (+6) and has a yellow 
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colour. The polyphenol are responsible for the reduction of Mo 6+ to the 
inferior state of oxidation (Mo 5+, Mo 4+) with blue colour. It was pre-
pared 2.0 M Folin-Ciocalteu phenol reagent, 10 mM gallic acid standard 
solutions (50% ethanol) and 7.5% carbonate solutions. All chemicals and 
reagents were analytical grade or purest quality purchased from Merck 
and Fluka. For the preparation of calibration curve 0.5 mL aliquot of 0.2, 
0.3, 0.4, 0.8 and 1.2 μM/mL gallic acid solution were mixed with 2.0 mL 
Folin-Ciocalteu reagent (diluted 1/10) and 2.0 mL sodium carbonate solu-
tion. The absorbance of solutions was read after 2 h at 750 nm using UV-
VIS spectrophotometer SPECORD 205 by Analytik Jena. All determina-
tions were realized in triplicate for each sample. Total polyphenol content 
was expressed like mg gallic acid/g feed. Squared correlation coefficient 
(R2) for calibration curve was 0.994 [39,40].

12.3.3.4 STATISTICAL TREATMENT OF DATA

Measurements of total polyphenol and metals contents in feed respectively 
meat samples were expressed in terms of means and standard deviation. The 
whole data were subjected to a statistical analysis and correlation matrices 
were produced to examine the inter-relationships between the investigated 
metals concentrations of the meat samples and between these metals and 
total polyphenol from different diets, Student's t-test was employed to esti-
mate the significance of values. Statistical significance was computed using 
Pair-Samples T-Test, with a significance level of p < 0.05. The data were 
statistically analysed and plotted using a statistical package Origin Pro 8.5.1.
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CHAPTER 13

CONSUMING IODINE ENRICHED 
EGGS TO SOLVE THE IODINE 
DEFICIENCY ENDEMIC FOR REMOTE 
AREAS IN THAILAND

WIYADA CHAROENSIRIWATANA, PONGSANT SRIJANTR, 
PUNTHIP TEEYAPANT, and JINTANA WONGVILAIRATTANA

13.1 BACKGROUND

Iodine deficiency disorders (IDD) had been widely recognized as one of 
the important public health problems especially in developing countries 
throughout the world [1]. Thailand, one of the developing countries in 
South East Asia has started the public health activities on elimination of 
IDD endemic areas since 1989. In 1991, a national survey on total goitre 
prevalence (TGP) in 20,596 schools from 3,366,867 children was done in 
53 provinces throughout the country with the mean TGP of 15.79% [2]. 
Later in 1994, World Health Organization (WHO) produced a document 
in collaboration with United Nations International Children's Emergency 
Fund (UNICEF) and International Council for Control of Iodine Deficien-
cy Disorders (ICCIDD) for the guidance concerning the IDD surveillance 
indicators and salt iodization has been selected as a strategy to control and 
elimination of IDD [3]. Since then Thailand has emphasized various kind 
of strategic planning for elimination of IDD endemic areas such as iodiza-
tion of drinking water for villagers, administration of iodine capsules ev-
ery 6-10 months for population in remote areas where transportation was the 
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main problem for the enrichment of iodine in communities, iodization of 
edible salt at 30 ppm for daily use in household etc. In 2006, a survey for 
the use of iodine salts from 819 households were done in iodine deficiency 
endemic areas in Udon Thani province and found that only 10.26% of the 
households consumed iodine edible salts which were passed the standard 
of edible iodized salts (not less than 30 ppm of iodine) declared by Thai-
land FDA [4]. In addition, the TSH index for monitoring IDD by WHO/
UNICEF/ICCIDD guideline, showed that during the years 2003 - 2006 the 
number of neonates having TSH >5 mU/L were 13.54%, 15.28%, 21.55%, 
19.56% respectively [5]. These TSH index showed that Thailand was ex-
posed to iodine deficiency condition and also indicated that the current 
public health activities did not achieve the goal for the elimination of IDD.

A new pilot programme has been proposed to public health sector to 
introduce a more stable form of iodine in daily nutrition through the exis-
tence of biological active iodo-organic compounds from animal and plant 
origins in the natural food chain which will be sustainable in the long-
term. The design of the programme was initiated with the aim to increase 
the content of iodine in eggs and vegetables. National Statistic Data on 
Thailand eggs consumption during 2006 and 2007 were 9,789 and 9,376 
million eggs respectively or 142 and 150 eggs per person per year [6]. 
Thus, the hen eggs would be one of the reliable sources for iodine con-
sumption in daily nutrition. This new programme would be implemented 
with the philosophy of Suffi cient Economy Concept introduced by His 
Majesty the King of Thailand to conduct all Thai peoples living for better 
quality of life with the appropriate needs of socio-economic development 
in moderation, reasonableness and self-immunity for suffi cient protection 
from both internal and external impacts arising with knowledge and spirit 
to supply their long-term necessities throughout the country starting from 
the level of the families, communities as well as the nation. It was believed 
that with this new concept of the biological active iodo-organic compound 
enrichment in the natural food chain through the Suffi cient Economy Phi-
losophy, the new programme for elimination of iodine defi ciency endemic 
areas would be successfully implemented through the cooperation with all 
concerned sectors throughout the country.
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14.2 METHODS

The design of the study was to determine the iodine status of communities 
by using urine iodine excretion concept before and after the implement of 
iodine enrichment in the natural food chain. The collecting of 858 urine of 
child bearing age women as first morning mid-stream urine from 5 districts 
in Udon Thani province were done in 2006 in order to establish base-line 
iodine status of the areas before implementing the programme. The urine 
specimens were transported to the laboratory immediately in ice boxes and 
kept frozen at -20°C until the analysis. The urine iodine was determined 
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with the 
use of tellurium as internal standard. During the assay performance, the 
internal quality control samples prepared from urine iodine reference stan-
dard code 2670 from US-National Institute of Standards and Technology 
(NIST) were inserted in every ten samples of the running assay [7,8].

In 2008, the model programme was operated in cooperation with Napu 
Sub-district Municipality and the experimental design was approved from 
the Napu Sub-district Municipal Committee in compliance with the Hel-
sinki Declaration. The propose programme on iodine enriched eggs in the 
form of biological active iodo-organic compounds from animal origins 
was started by selecting two neighbourhood villages in those base-line 
study areas: Ban Nong Nok Kean and Ban Kew in Napu sub-district of 
Udon Thani province. A hen egg farm located in these two village areas 
was selected as a model farm for the supply of iodine enriched eggs to the 
communities. The base-line of iodine content in eggs from regular feeding 
at this model farm was done by collecting 30 fresh eggs weight between 
50-55 g, and determining the iodine content according to the TCM-040 
based on Compendium of Methods for Food Analysis [9]. Then, the pro-
gramme was initiated by replacing regular feed with the iodine enriched 
feeding formula prepared by the addition of iodine as potassium iodide 
(KI) to yield a fi nal concentration of 4 mg of iodine per kilogram of poul-
try feed for the daily feeding process of the farm. The hens consumed the 
iodine poultry feed at the amount of 120-130 g per hen per day. After one 
month feeding, 30 eggs were collected and sent to the laboratory for the 
determination of iodine content.



282 Functional Foods

TABLE 1: Median urine iodine contents from child bearing-age women in the study areas 
of Udon Thani province in August 2006

Province District Sub-district Village

No. of 
sam-
ples

Median 
Urine 
Iodine 
(μg/dL)

Udon Thani Nam Som Nam Som 101 6.50
Ban Phon 69 7.68
Ban Na Muang Thai 32 3.86

Udon Thani Ban Dung 174 4.97
Ban Chantr Ban Subsomboon 59 3.26
Ban Chai Ban Non Sa-ard 55 4.96
Srisutho Ban Sriburapa 60 6.45

Udon Thani Pen Napu 128 4.61
Ban Kew 63 3.82
Ban Nong Nok 
Khaen 65 5.24

Udon Thani Muang 212 6.14
Ban Jan Ban Dong Keng 73 7.09
Sam Praw Ban Na Yaad 66 6.26
Nong Na Kham Ban Jampa 73 4.97

Udon Thani Sri That Tad Thong 238 4.64
Ban Kud Na Khor 74 5.01
Ban Pa Whai 67 4.67
Ban Ratsomboon 97 4.07

Total in Udon Thani province 858 5.16

The biological active form of iodine from the iodine enriched eggs was 
evaluated by the determination of urine iodine excretion of volunteers be-
fore and after consuming a hard boiled iodine enriched egg continuously 
for fi ve days, as one item in their breakfast and no other iodine enriched 
food was taken in the volunteers' meals during these fi ve days. The fi rst 
morning mid-stream urine from each volunteer was collected and the urine 
specimens were kept frozen at -20°C until the analysis. There were 124 
women volunteers from these two villages, age between 20 - 63 years. 
All village volunteers were explained about the study details and consent 
forms were given to the volunteers for their agreement for study partici-
pation with an included statement that they could dropped out from this 
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study at any time. The iodine content in urine was determined using the 
ICP-MS procedure. The median urine iodine was calculated and ANOVA 
was used for statistic analysis of the urine samples from the village volun-
teers for the treatment before and after eating iodine enriched eggs.

14.3 RESULTS

Table 1 showed that in August 2006 the median urine iodine of 858 child 
bearing-age women volunteers was 5.16 μg/dL (range from 3.26 - 7.68 
μg/dL in all 5 districts) which meant that the villagers had an iodine de-
ficiency condition even though the campaign from the provincial health 
office and district health centers emphasized their public health education 
programme on the use of iodized salt.

Table 2 showed the iodine content of hen eggs produced by the model 
farm. It was found that the average iodine content in eggs from the regular 
feeding formula was 25.31 μg per egg (or 75.96 μg per 100 gram of fresh 
weight) whereas the iodine enriched feeding formula yielded the mean 
iodine content in the range of 93.57 - 97.76 μg per egg (or 182.67 - 184.58 
μg per 100 gram of fresh weight). The production batches that was pro-
vided to the village volunteers for their breakfast had an iodine content in 
the range of 90.97 - 104.14 μg per egg for egg size #2 (60 - 65 g per egg), 
and a range of 87.76 - 98.18 μg per egg for egg size #3 (55 - 60 g per egg).

TABLE 2: Iodine content in eggs from the experimental farm before and after the iodine 
enriched feeding

Average iodine content in eggs
μg per egg μg per 100 g.wt

Eggs from regular feeding (#4; 50-55 g) 25.31 75.96
Iodine enriched eggs (#3; 55-60 g) 93.57 182.67
Iodine enriched eggs (#2; 60-65 g) 97.76 184.58

Table 3 showed the level of urine iodine of the village volunteers. It 
was found that the base-line median urine iodine before consuming the 
iodine enriched eggs from 65 volunteers in Ban Nong Nok Kean was 7.04 
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μg/dL (SD = 8.54, n = 65), and from 59 volunteers in Ban Kew was 7.00 
μg/dL (SD = 7.15, n = 59). The median urine iodine from 124 volunteers 
in these two villages was 7.03 μg/dL (SD = 7.89, n = 124) which indicated 
the mild iodine defi ciency condition of these two village areas.

TABLE 3:  Urine iodine contents of women volunteers in Ban Nong Nok Kean village and 
Ban Kew village before consuming iodine enriched eggs
Urine iodine content 
(μg/dL) Ban Kew village

Ban Nong Nok Kean 
village

Total 
(2 villages)

maximum 37.30 45.51 45.51
minimum 1.00 1.51 1.00
Std.Dev 7.15 8.54 7.89
Median 7.00 7.04 7.03
Population of volunteers 59 65 124

Table 4 showed the results for urine iodine levels of the village vol-
unteers after consuming a hard boiled iodine enriched egg continuously 
for fi ve days as one item in their breakfast meals. The result of a median 
urine iodine from 55 volunteers of Ban Nong Nok Kean was 13.95 μg/dL 
(SD = 10.76, n = 55), and from 57 volunteers of Ban Kew was 20.76 μg/
dL (SD = 13.63, n = 57). The median urine iodine from the volunteers in 
these two villages after having iodine enriched eggs was 16.57 μg/dL (SD 
= 12.56, n = 112).

TABLE 4: Urine iodine contents of volunteers in Ban Nong Nok Kean village and Ban Kew 
village after consuming iodine enriched eggs
Urine iodine content 
(μg/dL) Ban Kew village

Ban Nong Nok Kean 
village

Total 
(2 villages)

maximum 61.2 50.93 61.2
minimum 3.94 3.53 3.53
Std.Dev 13.63 10.76 12.56
Median 20.76 13.95 16.57
Number of volunteers 57 55 112
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Table 5 demonstrated the comparison using statistic ANOVA analysis 
of urine iodine content of the women volunteers from the two villages in 
the study: before and after consuming iodine enriched eggs. The result 
showed that there was a highly signifi cant difference (P value < 0.001) in 
the urine iodine content of volunteers before and after consuming iodine 
enriched eggs.

TABLE 5: Comparison of urine iodine contents of women volunteers (as the same 
volunteers) with treatment before and after consuming iodine enriched eggs in Ban Nong 
Nok Kean village and Ban Kew village

Median urine iodine contents (μg/dL)
Ban Kew village Ban Nong Nok Kean village

Before consuming iodine enriched eggs 6.87 7.11
After consuming iodine enriched eggs 20.76 13.09
F-test P < 0.001 P < 0.001
Statistical signification ** **
Number of volunteers 57 53

** highly statistical significant as P value < 0.001
Note: There were 14 volunteers (12 in Ban Nong Nok Kean village and 2 in Ban Kew 
village) that dropped out during the study.

14.4 DISCUSSION

Before the implementation of the iodine enrichment programme in the 
natural food chain of study areas, the median urine iodine from 858 volun-
teers (Table 1) in 5 districts of Udon Thani province was 5.16 μg/dL (range 
3.26 - 7.68 μg/dL). This demonstrated that the community urine iodine 
level was at a mild iodine deficiency status [10], even though there was an 
active campaign in the region to encourage consumption of edible iodized 
salts by the provincial health office.

The iodine enriched feeding formula was successfully prepared and 
yielded about 3.8 fold higher iodine content in the produced eggs than 
the regular formula (Table 2). Thus, the iodine enriched feeding formula 
could be used instead of the regular one and the cost of iodine added in the 
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formula was only 0.33% of the cost per kg of poultry feed. This would not 
signifi cantly affect the cost of hen egg production.

The result of urine iodine survey before the dietary enrichment of io-
dine diet in two villages of the study area: Ban Kew village and Ban Nong 
Nok Kean village in Napu sub-district, Udon Thani province was 7.03 μg/
dL (Table 3) which confi rmed that these two communities were still in the 
condition of mild iodine defi ciency. These results also showed that during 
the period of 2006 - 2008 the diets consumed by the community were still 
lacking iodine and the concerned public health sectors had not created any 
awareness to eliminate this iodine defi ciency crisis.

For the fi ve day study of continuously consuming an iodine enriched 
egg as one item at breakfast, there were 124 volunteers that participated 
at the beginning of the study and 14 volunteers dropped out in later stage. 
There were 53 volunteers from Ban Nong Nok Kean village and 57 vol-
unteers from Ban Kew village that participated through out the study pro-
gramme. By using an ANOVA method for statistical assessment, the result 
showed that the median urine iodine level before and after consumption of 
iodine enriched eggs were highly signifi cant different at P < 0.001 (Table 
5). The effect of this innovative process produced a remarkable increase 
of the urine iodine level from the condition of iodine defi ciency (median 
urine iodine content 6.87 - 7.11 μg/dL) to the optimal level of iodine (me-
dian urine iodine content 13.09 - 20.76 μg/dL) in the villagers of the study 
areas. The urinary iodine excretion could also be used as a valid marker 
for reporting the recent dietary iodine intake as well as one of the key in-
dicators for monitoring the IDD situation at the community level and the 
sustained adherence to public health efforts to eliminated IDD.

14.5 CONCLUSIONS

In summary, the pilot model farm for the production of iodine enriched 
eggs supplied to the neighbouring communities was successfully devel-
oped which resulted in a self-support system of nutritional iodine enrich-
ment for the communities. The WHO/UNICEF/ICCIDD has recommend-
ed that the daily iodine in take for various age groups be in the range 
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between 90 - 200 μg. Since eggs could be consumed as daily food products 
in every Thai family, it would be possible to supply iodine eggs as the new 
iodine daily diet source to all Thai communities due to the fact that the 
cost for the addition of iodine as potassium iodide or potassium iodate to 
poultry feed was very low and did not significant increase the production 
cost of eggs from the farm. In addition, the preparation of iodine enriched 
formula poultry feed could be self processed at the farms and did not re-
quire any complicated equipments for the iodine enrichment steps. This 
innovative and inexpensive strategy could be easily applied to all remote 
areas throughout the country with the community programme of Sufficient 
Economy Concept to overcome the problem of iodine deficiency endemic 
in Thailand.
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CHAPTER 14

CINNAMON EXTRACT INHIBITS 
-GLUCOSIDASE ACTIVITY AND 
DAMPENS POSTPRANDIAL GLUCOSE 
EXCURSION IN DIABETIC RATS

H. MOHAMED SHAM SHIHABUDEEN, D. HANSI PRISCILLA, 
and KAVITHA THIRUMURUGAN

14.1 BACKGROUND

In individuals with type 2 diabetes, nutrient intake related first-phase in-
sulin response is severely diminished or absent resulting in persistently 
elevated postprandial glucose (PPG) throughout most of the day [1]. This 
is due to the delayed peak insulin levels which are insufficient to control 
PPG excursions adequately [2]. Postprandial hyperglycemia is a major risk 
factor for micro- and macro vascular complications associated with diabe-
tes [3,4] and so controlling postprandial plasma glucose level is critical in 
the early treatment of diabetes mellitus and in reducing chronic vascular 
complications [5]. The acute glucose fluctuations during the postprandial 
period exhibits a more specific triggering effect on oxidative stress than 
chronic sustained hyperglycemia which suggests that the therapy in type 
2 diabetes should target not only hemoglobin A1c and mean glucose con-
centrations but also acute glucose swings [6,7].

Mammalian α-glucosidase anchored in the mucosal brush border of 
the small intestine catalyzes the end step digestion of starch and sucrose 
that are abundant carbohydrates in human diet [8]. α-glucosidase inhibi-
tors (AGI) delay the breakdown of carbohydrate in small intestine and 
diminish the postprandial blood glucose excursion in diabetic subjects 
[9,10] and thus have a lowering effect on postprandial blood glucose and 
insulin levels. Commercially available α-glucosidase inhibitors such as 
acarbose, miglitol and voglibose are widely used to treat patients with 
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type 2 diabetes [11,12]. AGI is shown to reduce the insulin requirements 
for type 1 diabetes and it also improves reactive hypoglycemia [10]. As 
the α-glucosidase inhibitors exhibit therapeutic effect by restricting car-
bohydrate absorption, the undigested carbohydrate dislodged to the colon 
undergoes fermentation by colonic fl ora to result in adverse effects such as 
fl atulence, abdominal discomfort and diarrhoea [13]. However the adverse 
effects are dose dependent and get reduced with the duration of therapy 
[14,15].

Several α-glucosidase inhibitors have been isolated from medicinal 
plants to develop as an alternative drug with increased potency and lesser 
adverse effects than the existing drugs [16]. Cinnamon is used in tradition-
al medicine for treating diabetes and it was found to have insulin secreta-
gogue property [17] and insulin sensitizing property [18]. Besides the anti-
diabetic effect, the cinnamon bark and cinnamon oil have been reported to 
possess antioxidant activity [19], antinociceptive property [20], acaricidal 
property [21], and activity against urinary tract infections [22]. In a hu-
man clinical trial, it was found that intake of cinnamon with rice pudding 
reduced postprandial blood glucose and delayed gastric emptying [23].

Ahmad Gholamhoseinian [24] screened 200 Iranian medicinal plants 
in vitro and reported that the cinnamon extract exhibited strong inhibition 
on yeast α-glucosidase. However, the nature of the enzyme inhibition was 
not studied in detail. As most of the plant derived inhibitors showing effec-
tive inhibition on yeast α-glucosidase do not effectively inhibit the mam-
malian α-glucosidase, we have prompted to evaluate the same. In addition, 
we have studied the effect of cinnamon extract on postprandial glucose 
excursion associated with disaccharides and monosaccharide challenge in 
normal and STZ induced diabetic rats.

14.2 METHODS

14.2.1 PLANT MATERIALS

Cinnamomum zeylanicum (CZ) bark was collected form Mailadumpara, 
Kerala and authenticated by Angelin Vijayakumari, Head, Department 
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of Plant Biology and Biotechnology, Voorhees College, Vellore, India. A 
voucher specimen of the plant (ID: VRC001) was deposited in the Her-
barium Center, Voorhees College, Vellore, India.

14.2.2 EXTRACTION METHODS

Shade dried bark (50 g) was milled and extracted using methanol (250 ml) 
in Soxhlet apparatus for 8 hours. Then, the extract was evaporated to dry-
ness and the final dry chocolate colour crude extract was stored in dark at 
-20°C until used for the experiments.

14.2.3 PHYTOCHEMICAL ANALYSIS

The phytochemical analysis of cinnamon bark extract has been performed 
to find the presence of major secondary metabolites like flavonoids, tan-
nins, saponins, steroid, glycosides, coumarins, anthraquinones and alka-
loids. Standard protocols according to Trease and Evans [25] and Harborne 
[26] were followed to analyze tannins, flavonoids, glycosides, terpenoids, 
alkaloids, coumarins, and anthraquinones. Steroidal rings analysis was 
performed following method described by Sofowora [27]. Saponins were 
analysed by following the protocol described by Wall [28].

14.2.4 ENZYME ASSAY

p-Nitrophenyl-α-D-glucopyranoside (PNPG), Yeast α-glucosidase (EC 
3.2.1.20), sodium phosphate salts and sodium carbonate were purchased 
from Sisco (SRL), India. Rat-intestinal acetone powder was obtained from 
Sigma (USA). Acarbose was bought from Bayer pharmaceuticals, India. 
α- glucosidase inhibitory activity was performed following the modified 
method of Pistia Brueggeman and Hollingsworth [29,30]. Mammalian 
α- glucosidase was prepared following the modified method of Jo [31]. 
Rat-intestinal acetone powder (200 mg) was dissolved in 4 ml of 50 mM 
ice cold phosphate buffer and sonicated for 15 minutes at 4°C. After vigor-
ous vortexing for 20 minutes, the suspension was centrifuged (10,000 g, 
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4°C, 30 minutes) and the resulting supernatant was used for the assay. A 
reaction mixture containing 50 μl of phosphate buffer (50 mM; pH 6.8), 
10 μl of yeast or Rat α-glucosidase (1 U/ml) and 20 μl of plant extract of 
varying concentrations was pre-incubated for 5 min at 37°C, and then 20 
μl of 1 mM PNPG was added to the mixture as a substrate. After further 
incubation at 37°C for 30 min, the reaction was stopped by adding 50 μl of 
Na2CO3 (0.1 M). All the enzyme, inhibitor and substrate solutions were 
made using the same buffer. Acarbose was used as a positive control and 
water as negative control. Enzymatic activity was quantified by measuring 
the absorbance at 405 nm in a microtiter plate reader (Bio-TEK, USA). 
Experiments were done in triplicates. The percentage of enzyme inhibi-
tion by the sample was calculated by the following formula: % Inhibition 
= {[(AC - AS)/AC] ×100}, where AC is the absorbance of the control and 
AS is the absorbance of the tested sample. The concentration of an inhibi-
tor required to inhibit 50% of enzyme activity under the mentioned assay 
conditions is defined as the IC50 value.

14.2.5 KINETICS OF α-GLUCOSIDASE INHIBITION BY CZ

The mode of inhibition of CZ extract against mammalian α-glucosidase 
activity was measured with increasing concentrations of PNPG (0.5,1,2 
and 4 mM) as a substrate in the absence and presence of CZ at 0.5 mg/
ml and 1 mg/ml. Optimal amounts of CZ used were determined based on 
the enzyme inhibitory activity assay. Mode of inhibition of CZ was deter-
mined by Lineweaver-Burk plot analysis of the data calculated following 
Michaelis-Menten kinetics [32,33].

14.2.6 DIALYSIS FOR REVERSIBILITY OF CZ ACTION

α-glucosidase (100 U/ml) was incubated with CZ (23.5 mg/ml) in 0.5 ml 
of sodium phosphate buffer (50 mM, pH 6.7) for 2 h at 37°C and dialyzed 
against sodium phosphate buffer (5 mM, pH 6.7) at 4°C for 24 h, changing 
the buffer every 12 h. Another premixed-enzyme solution (0.5 ml) was 
kept at 4°C for 24 h without dialysis for the control experiment. Reversibility 
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of CZ has been determined by comparing the residual enzyme activity 
after dialysis with that of non-dialyzed one [34,35].

14.2.7 EXPERIMENTAL ANIMALS

Adult male Albino wistar rats were maintained during the experiments in 
the animal house, Center for Biomedical Research, VIT University, Vel-
lore. 12-13 weeks old rats, weighing 160-210 g were kept in polycarbon-
ate cage housed in a room with a 12-h light/12-h dark cycle at 25 ± 2°C, 
fed with standard rodent diet and water ad libitum. All animal procedures 
were approved by the ethical committee in accordance with our institu-
tional Animal Ethics Committee, 1333/C/10/CPCSEA.

14.2.8 INDUCTION OF DIABETES

Rats previously fasted for 16 h were given single intraperitoneal injection 
of 45 mg/kg body wt. streptozotocin (Sigma, USA) dissolved in freshly 
prepared citrate buffer (0.1 M, pH4.5). Animals with fasting blood glucose 
over 250 mg/dl, three days after streptozotocin administration were con-
sidered diabetic and they received treatment similar to that of normal rats.

14.2.9 MALTOSE AND SUCROSE LOADING IN NORMAL 
RATS

Total of eighteen rats were segregated into three groups of six animals 
each. After 16 hours fasting, Group 1 had received maltose or sucrose (2 
g/kg body wt; p.o.) as the diabetic control. Group 2 was coadministered 
with maltose or sucrose (2 g/kg body wt; p.o.) and CZ extract (300 mg/kg 
body wt; p.o.). Group 3 was coadministered with maltose or sucrose (2 g/
kg body wt; p.o.) and acarbose (5 mg/kg body wt; p.o.). Selected dosages 
of cinnamon extract and acarbose were determined to be safe based on 
the previous studies [36-38]. Blood glucose level was measured before 
and 30, 60 and 120 minutes after the maltose or sucrose loading using a 
Glucometer (One touch Horizon™). The change in blood glucose from 



294 Functional Foods

the basal level after the carbohydrate load was analysed and represented 
as delta blood glucose.

14.2.10 MALTOSE AND SUCROSE LOADING IN DIABETIC 
RATS

Total of 24 rats were sorted into four groups of six animals each. After 16 
hours fasting, they were given single intraperitoneal injection of 45 mg/kg 
body wt. streptozotocin (Sigma, USA). Group 1 had received maltose or su-
crose (2 g/kg body wt; p.o.) as the diabetic control. Group 2 was coadminis-
tered with maltose or sucrose (2 g/kg body wt; p.o.) and CZ extract (300 mg/
kg body wt; p.o.). Group 3 was coadministered with maltose or sucrose (2 
g/kg body wt; p.o.) and CZ extract (600 mg/kg body wt; p.o.); Group 4 was 
coadministered with maltose or sucrose (2 g/kg body wt; p.o.) and acarbose 
(5 mg/kg body wt; p.o.). Blood glucose level was measured at 0, 30, 60, and 
120 minutes after the maltose or sucrose loading using a Glucometer (One 
touch Horizon™). Deviation in blood glucose concentration from the basal 
value was analysed and represented as delta blood glucose.

14.2.11 GLUCOSE LOADING IN NORMAL RATS

Total of twelve normal rats were segregated into two groups of six animals 
each. After 16 hours fasting, Group 1 had received glucose (2 g/kg body 
wt; p.o.) as the control. Group 2 was coadministered with glucose (2 g/kg 
body wt; p.o.) and CZ extract (300 mg/kg body wt; p.o.). Blood glucose 
level was measured before and 30, 60 and 120 minutes after the glucose 
loading using a Glucometer (One touch Horizon™). The change in blood 
glucose from the basal level after the oral load was analysed and repre-
sented as delta blood glucose.

14.2.12 GLUCOSE LOADING IN DIABETIC RATS

Total of twelve diabetic rats were segregated into two groups of six ani-
mals each. After 16 hours fasting, Group 1 had received glucose (2 g/kg 
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body wt; p.o.) as the control. Group 2 was coadministered with glucose 
(2 g/kg body wt; p.o.) and CZ extract (300 mg/kg body wt; p.o.). Blood 
glucose level was measured before and 30, 60 and 120 minutes after the 
glucose loading using a Glucometer (One touch Horizon™). The change 
in blood glucose from the basal level after the oral load was analysed and 
represented as delta blood glucose.

14.2.13 STATISTICAL ANALYSES

Statistical analysis was performed using t-test or one-way analysis of vari-
ance (ANOVA) followed by Dunnett's Multiple Comparison Test using 
GraphPad Prism software. P-values of less than 0.05 were considered to 
be statistically significant. The delta blood glucose levels were expressed 
as mean ± SE for six animals in each group.

14.3 RESULTS

14.3.1 PHYTOCHEMICAL CONSTITUENTS OF CZ

Phytochemical analysis of the cinnamon extract indicated the presence of 
flavonoids, glycosides, coumarins, alkaloids, anthraquinone, steroids, tan-
nins and terpenoids.

14.3.2 IN VITRO α-GLUCOSIDASE INHIBITION BY CZ

Yeast α-glucosidase inhibition potential of the CZ extract and acar-
bose was measured (Figure 1A). It displays effective inhibition of 
α-glucosidase by CZ extract with IC 50 value of 5.83 μg/ml. Acarbose 
used as the positive control showed IC 50 value of 36.89 μg/ml (Figure 
1B), under similar assay conditions. CZ extract and acarbose inhibited rat-
intestinal α-glucosidase with IC 50 value of 676 μg/ml and 34.11 μg/ml, 
respectively (Figure 2A and 2B).
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14.3.3 MODE OF α-GLUCOSIDASE INHIBITION BY CZ

The mode of inhibition of CZ extract on rat-intestinal α-glucosidase ac-
tivity was analyzed using LB plot. The double-reciprocal plot displayed 
competitive inhibition of the enzyme activity (Figure 3). The Km value 
increased with increase in the CZ concentration and Vmax remained un-
altered (Table 1).

TABLE 1: Kinetic analysis of α-glucosidase inhibition by CZ
CZ (mg/ml) Vmax (mM/min) Km (mM)
0 0.94 0.85
0.5 0.94 1.22
1 0.94 1.59

Table 1. α-glucosidase with different concentrations of PNPG (0.5-4 mM) was incubated in 
the absence and presence of CZ at two different concentrations (0.5 and 1 mg/ml) at 37°C 
for 30 min. Km and Vmax were calculated from Lineweaver-Burk plot

14.3.4 REVERSIBILITY OF CZ ACTION

The enzyme activity of α-glucosidase was almost completely recovered 
after the dialysis, shown by the enzyme mixed inhibitor curve (EID) that 
was similar to the curves of enzyme control without dialysis (EC) and with 
dialysis (ED) (Figure 4). Proximal running of ED as experimental control 
along with EC and EID ensures that dialysis alone does not greatly affect 
the enzyme activity. However, the non-dialyzed mixture of enzyme and 
extract (EIC) showed its inhibited activity.

14.3.5 MALTOSE LOADING IN NORMAL RATS

Postprandial blood glucose variation was measured after loading maltose 
to the normal rats with and without the coadministration of CZ extract. In 
the control group, blood glucose level increased by an average of 50 mg/dl 
at 30 minutes after the maltose load. In the group that received CZ extract 
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FIGURE 3: Mode of α-glucosidase inhibition by CZ extract. Lineweaver-Burk plot of 
α- glucosidase inhibition by CZ. α-glucosidase was treated with various concentrations of 
pNP-glycoside (0.5-4 mM) in the absence or presence of CZ at two different concentrations 
(0.5 and 1 mg/ml). The kinetics assay has been performed after incubating the mixture at 
37°C for 30 min.

along with maltose, the 30 minutes post-load glucose level increased only 
marginally by 9 mg/dl on an average (Figure 5A). This indicates the po-
tency of CZ extract to significantly suppress high maltose diet associated 
postprandial glucose elevation. Compared to control, the whole glycemic 
response is reduced by 65.1% on CZ treatment (Figure 5B).

14.3.6 MALTOSE LOADING IN DIABETIC RATS

As CZ extract exhibited appreciable postprandial blood glucose lowering 
effect in the normal rats, we examined its inhibitory effect on STZ induced 
diabetic rats. In the control group, blood glucose level increased to an average 
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FIGURE 4: Reversibility of CZ action. α-glucosidase (100 U) was incubated with CZ 
(23.5 mg) in 0.5 ml of sodium phosphate buffer (50 mM; pH 6.7) for 2 h at 37°C and 
dialyzed against sodium phosphate buffer (5 mM; pH 6.7) at 4°C for 24 h. Reversibility 
of CZ was determined by comparing the residual enzyme activity after dialysis with that 
of non-dialyzed one. α-glucosidase alone (EC, ED) and the complex of α-glucosidase and 
CZ (EIC, EID) were dialyzed against 5 mM sodium phosphate buffer (pH 6.7) at 4°C (ED, 
EID) or were kept at 4°C (EC, EIC) for 24 h.

of 362 mg/dl above the basal level 30 min after CZ administration and 
decreased thereafter (Figure 6A). However, the rise of the post-load blood 
glucose has been significantly impeded in a dose dependent fashion on 
coadministering CZ with maltose at different doses (300, 600 mg/kg body 
wt.). Similar kind of suppression effect was observed in the group that 
received acarbose (5 mg/kg body wt.) as the positive control along with 
maltose. Compared to control, the whole glycemic response is reduced by 
78.2%, 86.3% and 54.2% when treated with 300, 600 mg/kg body wt. of 
CZ and 5 mg/kg body wt. of acarbose, respectively (Figure 6B).
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FIGURE 5: Inhibitory effects of CZ on blood glucose after maltose loading in normal rats. 
The normal rats fasted for 16 h received maltose (2 g/kg body wt; p.o.) and dose of CZ 
(300 mg/kg body wt; p.o.) by gastric intubation. Control group received maltose (2 g/kg 
body wt; p.o.) alone, and the drug control group received maltose (2 g/kg body wt; p.o.) 
plus acarbose (5 mg/kg). Blood glucose was measured at 0, 30, 60 and 120 min after food 
administration. A. The glycemic response curve in normal rats after maltose challenge. 
B. The incremental AUC0-120 min in normal rats after maltose administration. Data are 
expressed as the mean ± S.E, n = 6. *, P < 0.05 vs. control; **, P < 0.01 vs. control; ***, 
P < 0.001 vs. control.
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FIGURE 6: Inhibitory effect of CZ on blood glucose after maltose loading in diabetic 
rats. The diabetic rats fasted for 16 h received maltose (2 g/kg body wt; p.o.) and different 
doses of CZ (300 mg/kg body wt; p.o. and 600 mg/kg body wt; p.o.) by gastric intubations. 
Control animals were given only maltose (2 g/kg body wt; p.o.) and the drug control 
group received maltose (2 g/kg body wt; p.o.) plus acarbose (5 mg/kg). Blood glucose 
was monitored at 0, 30, 60 and 120 min after food administration. The result shows the 
significantly impeded 30 minutes post-load glucose level in the CZ 300 mg and CZ 600 
mg treated group compared to control. Data are expressed as the mean ± S.E, n = 6. *, P < 
0.05 vs. control; **, P < 0.01 vs. control; ***, P < 0.001 vs. control.
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FIGURE 7: Inhibitory effects of CZ on blood glucose after sucrose loading in normal 
rats. The normal rats fasted for 16 h received sucrose (2 g/kg body wt; p.o.) and dose of 
CZ (300 mg/kg body wt; p.o.) by gastric intubation. Control group received sucrose (2 g/
kg body wt; p.o.) alone and the drug control group received sucrose (2 g/kg body wt; p.o.) 
plus acarbose (5 mg/kg). Blood glucose was measured at 0, 30, 60 and 120 min after food 
administration. A. The glycemic response curve in normal rats after sucrose challenge. 
B. The incremental AUC0-120 min in normal rats after sucrose administration. Data are 
expressed as the mean ± S.E, n = 6. *, P < 0.05 vs. control; **, P < 0.01 vs. control; ***, 
P < 0.001 vs. control.
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14.3.7 SUCROSE LOADING IN NORMAL RATS

Postprandial blood glucose variation was measured after loading sucrose 
to the normal rats with and without the coadministration of CZ extract. In 
the control group, blood glucose level increased by an average of 28.6 mg/
dl at 30 minutes after the sucrose load. In the group that received CZ ex-
tract along with sucrose, the 30 minutes post-load glucose level increased 
only by 15.8 mg/dl on an average (Figure 7A). This indicates the potency 
of CZ extract to significantly suppress high sucrose diet associated post-
prandial glucose elevation. Compared to control, the whole glycemic re-
sponse is reduced by 42.5% on CZ treatment and 44.6% on acarbose treat-
ment (Figure 7B).

14.3.8 SUCROSE LOADING IN DIABETIC RATS

Postprandial blood glucose variation was measured after loading sucrose 
to the diabetic rats with and without the coadministration of CZ extract. 
In the control group, blood glucose level increased to an average of 151.6 
mg/dl above the basal level 30 min after CZ administration and decreased 
thereafter (Figure 8A). However, the rise of the post-load blood glucose 
has been significantly impeded in a dose dependent fashion on coadmin-
istering CZ with sucrose at different doses (300, 600 mg/kg body wt.). 
Similar kind of suppression effect was observed in the group that received 
acarbose (5 mg/kg body wt.) as the positive control along with sucrose. 
Compared to control, the whole glycemic response is reduced by 52.0%, 
67.5% and 70.7% when treated with 300, 600 mg/kg body wt of CZ and 5 
mg/kg body wt. of acarbose, respectively (Figure 8B).

14.3.9 GLUCOSE LOADING IN NORMAL RATS

To affirm that the observed suppression of postprandial glucose is due to 
the inhibition of α-glucosidase, postprandial blood glucose variation was 
measured after loading glucose to the normal rats with and without the 
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FIGURE 8: Inhibitory effect of CZ on blood glucose after sucrose loading in diabetic rats. 
The diabetic rats fasted for 16 h received sucrose (2 g/kg body wt; p.o.) and a dose of CZ 
(300 mg/kg body wt; p.o.) by gastric intubations. Control animals were given only sucrose 
(2 g/kg body wt; p.o.) and the drug control group received sucrose (2 g/kg body wt; p.o.) 
plus acarbose (5 mg/kg). Blood glucose was monitored at 0, 30, 60 and 120 min after food 
administration. A. The glycemic response curve in diabetic rats after sucrose challenge. 
B. The incremental AUC0-120 min in diabetic rats after sucrose administration. Data are 
expressed as the mean ± S.E, n = 6. *, P < 0.05 vs. control; **, P < 0.01 vs. control; ***, 
P < 0.001 vs. control.
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coadministration of CZ extract. In the control group, blood glucose level 
increased by an average of 20 mg/dl at 30 minutes after the glucose load. 
In the group that received CZ extract along with glucose, the 30 minutes 
post-load glucose level increased by 20.8 mg/dl on an average (Figure 
9A), which shows that the glucose absorption is not significantly affected 
due to CZ extract (Figure 9B).

14.3.10 GLUCOSE LOADING IN DIABETIC RATS

To evaluate the effect of cinnamon on glucose tolerance in diabetic condi-
tion and to elucidate whether the observed postprandial glucose suppres-
sion is majorly due to α-glucosidase inhibition, postprandial blood glucose 
variation was measured after loading glucose to the diabetic rats with and 
without the coadministration of CZ extract. In the control group, blood 
glucose level increased by an average of 350.1 mg/dl at 30 minutes after 
the glucose load. In the group that received CZ extract along with glucose, 
the 30 minutes post-load glucose level increased by 327.8 mg/dl on an 
average (Figure 10A), which shows that the glucose absorption is not sig-
nificantly affected due to CZ extract (Figure 10B).

14.4 DISCUSSION

Diabetic individuals are at an increased risk of developing microvascu-
lar complications (retinopathy, nephropathy, and neuropathy) and cardio-
vascular disease (CVD). Abnormalities in insulin and glucagon secretion, 
hepatic glucose uptake, suppression of hepatic glucose production, and 
peripheral glucose uptake contribute to higher and more prolonged post-
prandial glycemic (PPG) excursions than in non diabetic individuals [2]. 
Elevated PPG even in the absence of fasting hyperglycemia increases the 
risk of cardiovascular diseases and it is the most common cause of death 
among the people with diabetes. Acute hyperglycemia induces endothelial 
dysfunction by generating oxidative stress resulting in impaired vasodila-
tation [39]. Also, postprandial spikes can result in microvascular damage 
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FIGURE 9: Inhibitory effect of CZ on blood glucose after glucose loading in normal rats. 
The rats fasted for 16 h received glucose (2 g/kg body wt; p.o.) and a dose of CZ (300 
mg/kg body wt; p.o.) by gastric intubations. Control animals were given only glucose (2 
g/kg body wt; p.o.). Blood glucose was monitored at 0, 30, 60 and 120 min after food 
administration. There are no significant changes observed in the 30 minutes post-load 
glucose level between the control group and CZ treated group. Data are expressed as the 
mean ± S.E, n = 6. ns- not significant.
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FIGURE 10: Inhibitory effect of CZ on blood glucose after glucose loading in diabetic 
rats. The diabetic rats fasted for 16 h received glucose (2 g/kg body wt; p.o.) and a dose 
of CZ (300 mg/kg body wt; p.o.) by gastric intubations. Control animals were given only 
glucose (2 g/kg body wt; p.o.). Blood glucose was monitored at 0, 30, 60 and 120 min after 
food administration. There are no significant changes observed in the 30 minutes post-load 
glucose level between the control group and CZ treated group. Data are expressed as the 
mean ± S.E, n = 6. ns- not significant.
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through oxidation of low density lipoprotein (LDL) and other proathero-
genic mechanisms [40].

Diet rich in carbohydrate causes sharp rise in the blood glucose level 
as the complex carbohydrates in the food is rapidly absorbed in the in-
testine aided by the α- glucosidase enzyme which breaks disaccharides 
into absorbable monosaccharides [41]. α-glucosidase inhibitor inhibits the 
disaccharide digestion and impedes the postprandial glucose excursion to 
enable overall smooth glucose profi le [42].

The antidiabetic action of cinnamon exerted by insulin secretagogue 
action and insulin resistance amelioration has been previously reported 
[17,18]. Ahmad Gholamhoseinian [24] screened 200 Iranian medicinal 
plants in vitro and reported that the cinnamon extract exhibited strong in-
hibition on yeast α-glucosidase. However, the nature of the enzyme inhi-
bition was not studied. As most of the plant derived inhibitors showing 
effective inhibition on yeast α-glucosidase do not effectively inhibit the 
mammalian α-glucosidase, we have prompted to evaluate the effect of cin-
namon on mammalian α-glucosidase. In addition, the effect of cinnamon 
extract on postprandial glucose excursion associated with maltose, sucrose 
challenge was studied in normal and STZ induced diabetic rats.

The ability of cinnamon bark extract to inhibit the α-glucosidase in 
vitro has been evaluated using yeast α-glucosidase and mammalian 
α-glucosidase which are commonly used for investigating α-glucosidase 
inhibitors from microbes and medicinal plants [43]. In our in vitro studies, 
cinnamon extract showed remarkable inhibition on both yeast and mam-
malian α-glucosidase suggesting the presence of potential enzyme inhibit-
ing compound in the extract. To fi nd the mechanism of inhibition, we have 
formulated double reciprocal plot from the kinetics data and the results 
indicate the competitive mode of inhibition of CZ extract similar to acar-
bose which is also a competitive inhibitor.

In our study, we found that the inhibitory action of cinnamon on 
α-glucosidase to be reversible: the enzyme activity was recovered intact after 
dialysis as the process of dialysis cleared the inhibitors from the enzyme. The 
reversible inhibition is the propitious property of α-glucosidase inhibitor be-
cause the enzymes remain intact even after the elimination of the inhibitor. In 
other words, when inhibitor binds irreversibly to the intestinal enzyme, it will 
lead to hypoglycemia due to chronic carbohydrate malabsorption.
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Following the positive in vitro inhibitory results of the cinnamon ex-
tract, we have continued to evaluate its effect on postprandial hyperglyce-
mia associated with carbohydrate challenge using rats as our model. The 
hypothesis is that on administering cinnamon extract to the diabetic rats, 
postprandial glucose excursion associated maltose or sucrose challenge 
gets stymied but not during glucose challenge. Because, the α-glucosidase 
action is crucial for the digestion of maltose and sucrose without which 
these disaccharides would not be rapidly converted into absorbable glu-
cose. As expected, cinnamon extract blunted acute postprandial hypergly-
cemic spike in the normal wistar rats loaded with maltose and sucrose but 
not with glucose. Subsequently, the postprandial hyperglycemia ameliora-
tion of cinnamon extract was evaluated in the STZ induced diabetic wistar 
rats. In general, the postprandial glucose level of STZ induced diabetic rat 
is poorly controlled due to impaired insulin production [44]. However, in 
our study, coadministration of maltose or sucrose along with cinnamon ex-
tract to the diabetic rats prevented the sharp hike in a dose dependent man-
ner. On the other hand, control animals showed an extremely high level of 
blood glucose that has been staying high even two hours after the maltose 
or sucrose load. One of the reasons for observing the suppressed postpran-
dial glucose level in diabetic rats could be due to the damping effect of 
cinnamon extract on the maltose or sucrose digestion at small intestine. 
The standard drug, acarbose similarly suppressed the postprandial glucose 
level. As the observed postprandial glucose suppression could also be pos-
sible because of the secretagogue activity and insulin sensitizing property 
of cinnamon, we have evaluated the effect of cinnamon on glucose loading 
in the normal and diabetic rats. Cinnamon did not suppress the postpran-
dial hyperglycemia associated with glucose (monosaccharide) loading sig-
nifi cantly but on maltose and sucrose (disaccharide) loading, which shows 
that the major mechanism of action of postprandial glucose suppression 
is exhibited by inhibition of α-glucosidase. To precisely understand the 
mechanism of enzyme inhibition, we are on the process of purifying and 
isolating an active compound(s) and determine its chemical structure for 
further study.

The phytochemical analysis indicated the presence of fl avonoids and 
glycosides along with other major common secondary metabolites in the 
extract. Previous reports on α-glucosidase inhibitors isolated from 
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medicinal plants suggest that several potential inhibitors belong to fl a-
vonoid glycoside class which has the characteristic structural features to 
inhibit α-glucosidase enzyme [45] - [46]. Based on the preliminary re-
sults obtained from our LC-MS study (data not shown), we speculate 
that the presence of fl avonoid glycosides might have contributed to the 
α-glucosidase inhibitory effect of the cinnamon extract.

14.5 CONCLUSIONS

Cinnamon bark extract shows competitive, reversible inhibition on 
α-glucosidase enzyme. It effectively suppresses the maltose and sucrose 
induced postprandial blood glucose spikes in rats. Cinnamon extract could 
be used as a potential nutraceutical agent for treating postprandial hyper-
glycemia. In future, specific inhibitor has to be isolated from the crude 
extract, characterized and therapeutically exploited.
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CHAPTER 15

GARLIC IMPROVES INSULIN 
SENSITIVITY AND ASSOCIATED 
METABOLIC SYNDROMES IN 
FRUCTOSE FED RATS
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MADHUSUDANA KUNCHA, and SANJAY K. BANERJEE

15.1 BACKGROUND

Type 2 diabetes mellitus is the most common form of diabetes compris-
ing 80% of all diabetic population. The World Health Organization has 
predicted that developing countries would have to bear the major burden 
of this disease. It has been estimated that there will be a 42% increase 
from 51 to 72 million individuals affected in the developed countries. In 
developing countries these figures are much higher and are expected to 
show 170% increase from 84 to 228 million [1,2]. The long term conse-
quences of type 2 diabetes make it imperative to focus on the development 
of novel treatment strategies for the management of insulin resistance and 
the metabolic syndrome.

It is well known that dietary factors play a key role in the prevention 
of diabetes and other metabolic disorders [3-5]. Among all such agents, 
garlic has attracted the attention of modern medical science because of 
its widespread over the counter use. The salutary effects of garlic in type 
1 diabetes are well established. Several studies document the effi cacy of 
garlic in reducing blood glucose in various animal models of type 1 diabe-
tes mellitus[6-10]. The hypoglycemic effect of garlic has been attributed 
to the presence of allicin and sulfur compounds [9]. Intraperitoneal injec-
tion of aqueous garlic extract has been reported to increase insulin sensitivity in 
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rats administered low dose fructose orally. However, this parenteral route 
of administration of garlic does not mimic the effect of dietary garlic on 
diabetes. Moreover, in this model, only a slight (~8%) increase in blood 
glucose levels is observed while other metabolic changes associated with 
the metabolic syndrome have not been investigated [11].

Thus, the present study was designed to investigate the effect of dietary 
raw garlic homogenate on insulin resistance and the associated metabolic 
syndrome in an established model of type 2 diabetes mellitus characterized 
by insulin resistance, metabolic syndrome and oxidative stress [12-14].

15.2 METHODS

15.2.1 PREPARATION OF GARLIC HOMOGENATE

Fresh garlic (Allium Sativum L.) was purchased from a fixed shop in a lo-
cal market in Hyderabad, India. Individual bulbs were put in a grinder to 
form a juicy paste as described earlier [15]. The garlic homogenate was 
prepared freshly each day.

15.2.2 ANIMALS AND TREATMENT

All animal experiments were undertaken with the approval of Institutional 
Animal Ethical Committee of Indian Institute of Chemical Technology, 
Hyderabad. Male Sprague-Dawley rats (200-250 gms) were purchased 
from the National Institute of Nutrition (NIN), Hyderabad, India. The 
animals were housed in BIOSAFE, an animal quarantine facility of the 
Indian Institute of Chemical Technology, Hyderabad, India. The animal 
house is maintained at temperature 22 ± 2°C with relative humidity of 
50 ± 15% and 12 hour dark/light cycle. Animals were randomly divided 
into three groups (n = 7). Control group was fed 65% corn starch diet (Cat 
no. d11708b, Research diet, USA), whereas Diabetic group was fed 65% 
fructose diet (Cat no. d11707, Research diet, USA) for the induction of 
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diabetes and associated metabolic disorders, [16] while the third group 
(Dia+Garl) was fed 65% fructose diet along with raw garlic homogenate 
(250 mg/kg) for a period of 8 weeks. Raw garlic homogenate was admin-
istered orally to rats using an oral gavage.

15.2.3 BIOCHEMICAL ASSAYS

Blood samples from all groups were analysed for various biochemical pa-
rameters at different time intervals to confirm the induction of diabetes 
and metabolic syndrome. Serum glucose and triglyceride levels were de-
termined after 3 and 8 weeks of feeding, while serum insulin, uric acid, 
total cholesterol, nitric oxide and H2S were determined after 8 weeks of 
feeding. Glycated haemoglobin was determined from blood after 8 weeks 
of feeding. Blood was collected at 3 and 8 weeks from the retro-orbital 
plexus using small capillary tubes, centrifuged at 4000 rpm for 10 min. at 
4°C, and serum was collected for all biochemical assays.

15.2.4 ESTIMATION OF GLUCOSE, URIC ACID, TOTAL 
CHOLESTEROL AND TRIGLYCERIDE

Serum samples were analysed for estimation of uric acid, total cholesterol 
and triglyceride levels using an auto blood analyser (Bayer Corp. USA). 
Triglyceride (Sensitivity: 10 mg/dl), uric acid (Sensitivity: 0.2 mg/dl), and 
total cholesterol (Sensitivity: 10 mg/dl) kits were obtained from Siemens, 
India. Blood glucose was measured using glucometer (One Touch Hori-
zon, Singapore).

15.2.5 ESTIMATION OF NITRIC OXIDE (NO)

Nitric oxide was determined by a commercially available kit (Assay de-
sign, USA). The sensitivity of the kit is 0.222 μmole/L. Assay is based 
on reduction of NO3

- into NO2
- using nitrate reductase. The azo dye is 

produced by diazotization of sulfanilic acid (Griss Reagent-1) with NO2
-
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and then subsequent coupling with N-(1-napthyl)-ethylene diamine (Griss 
Reagent-2). The azo dye was measured calorimetrically at 540 nm. Serum 
NO level was expressed as μmol/L.

15.2.6 ESTIMATION OF HYDROGEN SULPHIDE (H2S)

Serum H2S concentration was measured as described by Cai et. al, 2007 
[17] after some modifications. Briefly, 0.1 ml serum was added into a test 
tube containing 0.125 ml 1% zinc acetate and 0.15 ml distilled water. Then 
0.067 ml 20 mM N, N-dimethyl-phenylene diamine dihydrochloride in 
7.2 M HCL was added. This was followed by addition of 0.067 ml 30 mM 
FeCl3 in 1.2 M HCL. The absorbance of resulting solution was measured 
with a spectrophotometer at a wavelength of 670 nm. The H2S concentra-
tion in a solution was calculated according to the calibration curve of so-
dium hydrogen sulphide (NaHS: 3.12-400μmol) and data were expressed 
as H2S concentration in μmol/L.

15.2.7 ESTIMATION OF GLYCATED HAEMOGLOBIN

Glycated haemoglobin was estimated by using ion exchange micro-columns 
(Biosystem Ltd, Spain). Detection limit of the kit is lower than 4.3%. After 
preparing the hemolysate, where the labile fraction is eliminated, haemoglo-
bin was retained by a cationic exchange resin. Haemoglobin A1c (HbA1c) 
was specifically eluted after washing away the haemoglobin A1a and A1b 
fractions, and was quantified by direct spectrophotometric reading at 415 nm.

15.2.8 ESTIMATION OF INSULIN

Quantitative estimation of serum insulin was done by rat insulin ELISA 
kits (Mercodia, USA). The sensitivity of the kit is 0.025 μg/l. It is a solid 
phase two-site enzyme Immunoassay. It is based on the direct sandwich 
technique in which two monoclonal antibodies are directed against sepa-
rate antigenic determinants on the insulin molecule. During incubation, 
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insulin in the sample reacts with peroxidase-conjugated anti-insulin anti-
bodies and anti-insulin antibodies bound to microtitration well. A simple 
washing step removes unbound enzyme loaded antibody. The bound con-
jugate was detected by reaction with 3, 3', 5, 5'-tetramethylbenzidine. The 
reaction was stopped by adding acid and read using a spectrophotometer 
at 450 nm.

15.2.9 ESTIMATION OF TBARS, CATALASE AND GSH

At the end of 8 weeks, rats were sacrificed by cervical dislocation, and 
liver samples were collected and stored at -80°C. Liver samples from each 
rat were homogenized in freshly prepared phosphate buffer saline with 20 
times dilution. Tissue homogenate was used for the estimation of TBARS. 
Remaining volume of homogenate was centrifugation at 5000 ×g for 15 
min at 4°C. The supernatant was collected and used for the estimation of 
GSH, catalase and protein levels.

The extent of lipid peroxidation (TBARS) in liver was determined by 
measuring malondialdehyde content based on the reaction with thiobarbi-
turic acid (TBA) [18]. Data were expressed as nmoles per gm liver weight 
using extinction co-effi cient of 1.56 × 10-5 M-1 cm-1. Catalase activity 
was determined by measuring the decomposition of hydrogen peroxide at 
240 nm [19]. Data was expressed as units per mg of protein. Tissue gluta-
thione (GSH) content in liver homogenate was measured by biochemical 
assay using a dithionitrobenzoicacid (DTNB) method [20]. Data were ex-
pressed as μg per gm liver weight. Protein in supernatant was determined 
by Bradford method.

15.2.10 INTRAPERITONEAL GLUCOSE TOLERANCE TEST

In a separate experiment, rats from all three groups were injected intraperi-
toneally with a freshly prepared glucose load of 2 gm/kg of body weight. 
Blood was collected from the retro-orbital plexus just before injecting the 
glucose load (0 min) and at 5, 30, 60 and 120 min for the estimation of 
blood glucose using glucometer (One Touch Horizon, Singapore).
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15.2.11 STATISTICAL ANALYSIS

All values are expressed as mean ± SEM. Data were statistically analysed 
using one way ANOVA for multiple group comparison, followed by Stu-
dent's unpaired 't' test for group wise comparison. Significance was set at 
p ≤ 0.05. Data were computed for statistical analysis by using Graph Pad 
Prism Software.

15.3 RESULTS

15.3.1 BODY WEIGHT GAIN

There was no significant difference in body weight gain between Control 
and Diabetic groups after 8 weeks of feeding. However, a significant (p < 
0.05) decrease in body weight gain was observed in Dia+Garl group when 
compared to both Control and Diabetic groups (Table 1).

TABLE 1: Body weight gain after 3 and 8 weeks of fructose feeding
Control Diabetic Dia + Garl

Body weight gain after 3 weeks 42.62 ± 14.70 45.54 ± 13.95 18.12 ± 7.51*,†
Body weight gain after 8 weeks. 63.84 ± 14.53 65.78 ± 24.65 35.66 ± 24.79*,†

*p < 0.05 vs Control group; †p < 0.05 vs Diabetic group

15.3.2 GLUCOSE LEVELS

After 3 weeks of feeding, no significant change in blood glucose levels 
was observed in fructose fed rats (Diabetic group) compared to rats from 
Control group (Figure 1A). But after 8 weeks of feeding, rats from the 
Diabetic group showed a significant (p < 0.05) increase in blood glucose 
levels compared to Control rats. However, this increase in serum glucose 
levels in fructose feeding rats was significantly (p < 0.05) decreased after 
chronic administration of garlic (Dia+Garl group) (Figure 1B).
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15.3.3 TRIGLYCERIDE LEVELS

Serum triglyceride levels were measured at different time intervals during 
the study. A significant increase in serum triglyceride levels was observed 
after 3 and 8 weeks of fructose feeding in rats from Diabetic group. How-
ever this increased serum triglyceride level in fructose feeding rats was 
significantly (p < 0.05) decreased after chronic administration of garlic 
(Dia+Garl group) (Figure 1C & 1D).

15.3.4 SERUM INSULIN LEVELS

After 8 weeks, serum insulin levels were significantly (p < 0.01) higher in 
the Diabetic group when compared to the Control group. Chronic admin-
istration of garlic (Dia+Garl group) significantly (p < 0.05) reduced serum 
insulin levels when compared to Diabetic group (Figure 2A).

15.3.5 GLYCATED HAEMOGLOBIN

After 8 weeks, no significant increase in blood glycated haemoglobin lev-
els was observed in Diabetic group as compared to Control. However, a 
significant (p < 0.05) decrease in blood glycated haemoglobin levels was 
observed in Dia+Garl group when compared to Diabetic group (Figure 
2B).

15.3.6 TOTAL CHOLESTEROL LEVELS

After 8 weeks, no significant change in serum cholesterol level was ob-
served between Control and Diabetic group. Similarly no change in cho-
lesterol levels was observed after chronic administration of garlic (Figure 
2C).



Garlic Improves Insulin Sensitivity and Metabolic Syndromes 323

FIG
U

R
E 2: Effect of garlic adm

inistration on serum
 insulin levels (A

), glycated haem
oglobin levels (B

), cholesterol levels (C
) and uric 

acid levels (D
) after 8 w

eeks of fructose feeding. D
ata are show

n as M
ean ± SEM

, **p ≤0.01 vs C
ontrol group; †p ≤ 0.05 vs D

iabetic 
group.



324 Functional Foods

FI
G

U
R

E 
3:

 E
ffe

ct
 o

f g
ar

lic
 a

dm
in

is
tra

tio
n 

on
 se

ru
m

 n
itr

ic
 o

xi
de

 le
ve

ls
(A

) a
nd

 se
ru

m
 h

yd
ro

ge
n 

su
lp

hi
de

 le
ve

ls
 (B

) a
fte

r 8
 w

ee
ks

 o
f f

ru
ct

os
e 

fe
ed

in
g.

 (C
) E

ffe
ct

 o
f g

ar
lic

 a
dm

in
is

tra
tio

n 
on

 in
tra

pe
rit

on
ea

l g
lu

co
se

 to
le

ra
nc

e 
te

st
. D

at
a 

ar
e 

sh
ow

n 
as

 M
ea

n 
± 

SE
M

, *
*p

 ≤
 0

.0
1 

vs
 C

on
tro

l 
gr

ou
p;

 †
p 
≤ 

0.
05

, †
†p

 ≤
 0

.0
1 

vs
 D

ia
be

tic
 g

ro
up

.



Garlic Improves Insulin Sensitivity and Metabolic Syndromes 325

15.3.7 URIC ACID LEVELS

After 8 weeks, serum uric acid levels were significantly (p < 0.05) in-
creased in the Diabetic group as compared to the Control group. Chronic 
administration of garlic (Dia+Garl group) significantly (p < 0.05) reduced 
serum uric acid levels as compared to Diabetic group (Figure 2D).

15.3.8 NITRIC OXIDE LEVELS

Serum nitric oxide levels were significantly (p < 0.05) increased in the 
Diabetic group after 8 weeks as compared to the Control group. Chronic 
administration of garlic (Dia+Garl group) significantly (p < 0.05) reduced 
serum nitric oxide levels in fructose fed rats when compared to the Dia-
betic group (Figure 3A).

15.3.9 HYDROGEN SULPHIDE LEVELS

Serum hydrogen sulphide levels were significantly decreased (p < 0.05) 
in the Diabetic group after 8 weeks as compared to Control group. Chron-
ic administration of garlic (Dia+Garl group) significantly (p < 0.05) in-
creased serum hydrogen sulphide levels in fructose fed rats when com-
pared to Diabetic group (Figure 3B).

15.3.10 INTRAPERITONEAL GLUCOSE TOLERANCE TEST

An intraperitoneal glucose load led to a marked increase in blood glucose 
levels in Diabetic group, at 5 and 30 min, compared to the Control group. 
Chronic administration of garlic (Dia+Garl group) prevented this rise in 
serum glucose levels and was observed to be lower than the Control group 
(Figure 3C).
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15.3.11 HEPATIC TBARS, CATALASE AND GSH LEVELS

Hepatic TBARS levels were significantly increased (p < 0.05) in the Dia-
betic group after 8 weeks as compared to Control group. Chronic admin-
istration of garlic (Dia+Garl group) significantly (p < 0.05) decreased he-
patic TBARS levels in fructose fed rats when compared to Diabetic group 
(Table 2). However, we did not observe any significant change in hepatic 
catalase activity in any of the groups (Table 2). Hepatic GSH levels were 
significantly decreased (p < 0.01) in the Diabetic group after 8 weeks as 
compared to Control group. Chronic administration of garlic (Dia+Garl 
group) significantly (p < 0.05) increased hepatic GSH levels in fructose 
fed rats when compared to Diabetic group (Table 2).

TABLE 2: TBARS, catalase and GSH levels in rat livers after 8 weeks
Control Diabetic Dia + Garl

TBARS (nmol/gm wet tissue) 46.92 ± 5.70 60.51 ± 3.49* 47.22 ± 3.67†
Catalase (U/mg protein) 8.69 ± 1.7 10.88 ± 0.66 11.75 ± 1.25
GSH (μg/gm wet tissue) 176.95 ± 7.45 143.83 ± 3.73** 177.16 ± 16.72†

* p < 0.05 and ** p < 0.01 vs Control group; † p < 0.05 vs Diabetic group

15.4 DISCUSSION

High fructose corn syrup (HFCS) - a corn-based sweetener that has been 
on the market since 1970, is a popular food sweetener. Consumption of 
fructose in the form of HCFS is high in many countries including USA. 
Between 1970 and 1990, the consumption of HFCS increased over 1,000 
percent [21]. High fructose intake over long periods is known to be haz-
ardous for human beings as well as animals [21-23]. In the present study, 
a fructose rich diet was used for the induction of diabetes, which is char-
acterized by insulin resistance and metabolic syndrome very much similar 
to human type 2 diabetes mellitus. Previous studies have shown that long-
term fructose feeding induces diabetes associated with insulin resistance 
and metabolic syndrome in experimental animals such as rats and mice 
[16,24-27].
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In the present study, rats were fed with a 65% fructose diet for a period 
of eight weeks in order to induce diabetes associated with insulin resis-
tance and metabolic syndrome. Although blood triglyceride levels were 
increased after 3 weeks of high fructose feeding, we observed an increase 
in blood glucose level only after 8 weeks. Along with triglycerides, there 
was increase in other biochemical parameters associated with the meta-
bolic syndrome such as uric acid and plasma insulin levels although blood 
cholesterol and glycated haemoglobin were not signifi cantly affected in 
this rat model. Most importantly, insulin resistance, an important patho-
genic mechanism in human type 2 diabetes and cause of all metabolic 
complications, was present in this model of diabetes, as evidenced by the 
altered glucose tolerance test.

Current medical research focuses on correcting insulin resistance, the 
primary underlying disorder in type 2 diabetes mellitus. Naturally occur-
ring compounds represent a valuable source of such therapeutic agents 
of which garlic (Allium sativum) holds a unique position in history and is 
well recognized for its therapeutic potential for control of diabetes and its 
metabolic complications.

Although the antidiabetic effect of raw garlic has been well established 
in the type 1 experimental diabetic model [6-10] only one experimental 
study has been conducted so far to evaluate the effect of garlic on insu-
lin resistance in rats [11]. However, in the study by Jalal et al [11] since 
low dose fructose was administered, only a marginal increase in blood 
glucose levels (~8%) was observed while the metabolic syndrome was 
not well characterized. Moreover, in this study, where an aqueous extract 
of garlic was administered intraperitoneally does not simulate the effect 
of oral intake of garlic. In the present study we evaluated whether oral 
administration of raw garlic homogenate improves insulin sensitivity and 
associated metabolic syndrome in fructose fed rats. The dose of 250 mg/
kg was chosen as we have previously shown that garlic homogenate in this 
dose is effective in an animal model of heart disease and does not have any 
adverse effects [14,28].

In the present study, oral administration of raw garlic for a period of 
eight weeks showed salutary effects in an animal model of type 2 diabetes 
mellitus. There was signifi cant reduction of blood glucose and improve-
ment of insulin sensitivity in garlic treated rats. Other metabolic compli-
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cations like increased serum triglyceride, insulin and uric acid levels ob-
served in diabetic rats were also normalised after garlic administration. 
Lowering serum uric acid and triglyceride after garlic administration 
might be responsible for improving insulin resistance in fructose fed rats 
as there is evidence that fructose-induced insulin resistance is mediated by 
fructose-induced hyperuricemia or hypertriglyceridemia [24,25].

Increased weight gain and fat deposition is also responsible for insu-
lin resistance [29]. However, we did not observe any increase of body 
weight gain and neither did the hepatic histopathological studies reveal 
any adiposity in fructose fed rats after 8 weeks (data not shown). After 20 
weeks of high fructose feeding, Abdullah et al (2009) [30] did observed in-
creased liver adiposity, but without any change in body weight. They also 
observed lipid deposition in liver section [30]. Hence it is likely that high 
fructose feeding in rats for 8 weeks is not enough to induce any adiposity 
and liver fat deposition.

An interesting observation of the present study is that chronic adminis-
tration of garlic reduced body weight gain signifi cantly compared to both 
control and diabetic rats. However, the reason for decrease body weight 
by garlic is not clear. Previously, it has been reported that allicin, one of 
the components of raw garlic paste, reduced weight gain in fructose fed 
rats [31,32]. The hypoglycaemic effect of garlic, has also been attributed 
primarily to the presence of allicin-type compounds [16,33,34]. Our fi nd-
ing on the signifi cantly salutary effect of garlic on intraperitoneal glucose 
tolerance test is particularly promising and requires further elucidation. 
The insulin secretagogues activity of garlic and diallyl sulphide (active 
compound of garlic), may possibly contribute to this effect [35,36]. Re-
duction of body weight gain could also be responsible for improving insu-
lin sensitivity in fructose fed rats.

NO and H2S are key players in disease progression [37-40]. Similar to 
NO, H2S is considered to be an important vasodilator, inducing endotheli-
um-dependent and K+-ATP channel-dependent vasorelaxation in vivo and 
in vitro [41]. Increased serum levels of NO [42] and decreased levels of 
H2S [38] have been reported in diabetic patients. In the present study, we 
measured both serum NO and H2S levels in diabetic rats. Serum NO levels 
were signifi cantly higher while H2S levels were signifi cantly lower in dia-
betic rats compared to the control rats. Importantly, chronic administration 
of garlic normalised both gaseous molecules in fructose fed rats.
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Increasing evidence in both experimental and clinical studies indicates 
that oxidative stress plays a major role in the pathogenesis of Type 2 diabe-
tes mellitus. Free radicals are generated in diabetes by glucose oxidation. 
High levels of free radicals and the simultaneous decline of endogenous 
antioxidants can lead to damage of cellular organelles, and development 
of insulin resistance [41]. In the present study, high fructose feeding in-
creased oxidative stress as evidenced by elevation of TBARS levels and 
reduction of GSH levels in diabetic liver in comparison to Control group. 
However, administration of raw garlic homogenate normalised both the 
increased TBARS and decreased GSH levels in diabetic liver.

Thus we may conclude that high fructose feeding for 8 weeks induces 
diabetes along with insulin resistance, metabolic disorder and oxidative 
stress. Oral administration of raw garlic homogenate increases insulin sen-
sitivity and reduces metabolic complications along with oxidative stress in 
diabetic rats. Further human studies are essential to establish the role of 
garlic in controlling type 2 diabetes and its complications.
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CHAPTER 16

A BILBERRY DRINK WITH 
FERMENTED OATMEAL DECREASES 
POSTPRANDIAL INSULIN DEMAND 
IN YOUNG HEALTHY ADULTS

YVONNE E. GRANFELDT and INGER M. E. BJÖRCK

16.1 BACKGROUND

One important nutritional characteristic of carbohydrate foods concerns 
their impact on glycaemic regulation and insulin demand. Whereas the 
glycaemic response to starchy foods are influenced mainly by the rate of 
starch digestion and absorption, the gastric emptying rate and/or the mo-
tility in the small intestine [1], that of fruits may also be influenced by 
other characteristics. Consequently, the carbohydrate composition; starch, 
glucose, fructose and sucrose [2,3], the degree of ripeness, affecting the 
distribution of starch to low molecular weight carbohydrates, and the food 
structure [4] play a role. Additionally, the type and amount of organic ac-
ids present in berries might affect glycaemic regulation, in accordance 
with the benefits seen with organic acids produced upon sour-dough fer-
mentation [5,6]. The glucose and insulin responses to carbohydrate foods 
have been extensively tested most of them being rich in starch rather than 
sugars [7]. The glycaemic and insulin responses to sugars are particularly 
relevant in juices rather than in intact vegetable or fruits, as drinks and 
juices may allow consumption of higher amounts of carbohydrates, thus 
having a greater impact on glycaemia. A major challenge of nutrition sci-
ence is the combat of diet related disorders, in particular, diseases connect-
ed to the insulin resistance syndrome. Quality parameters of importance in 
this connection are the postprandial glucose and insulin responses, where 
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food characterised by a low glycaemic index (GI) or glycaemic load (GL) 
have been found to induce benefits on several risk makers for this syn-
drome as judged from interventions in healthy and type 2 diabetic-subjects 
[8]. In fact, oscillatory hyperglycaemic episodes are considered to trigger 
production of inflammatory markers and oxidative stress, events that are 
increasingly being associated with endothelial damage, and risk of cardio-
vascular disease [9]

Several members of the Vaccinium genus, including Vaccinium myrtil-
lus, bilberry (European blueberry), closely related to blueberries, Vaccini-
um angustifolium, are considered to possess anti-diabetic activity, and are 
used in traditional medicine for the treatments of diabetic symptoms [10]. 
However, the majority of human and animal studies on blueberries and 
bilberries have focused on the anti-oxidative properties [11-14] as evalu-
ated based on serum antioxidant status, and not on the potential effects on 
glycaemic control. Some in vitro results are available, though, showing 
potential anti-diabetic capacity of blueberries caused by the presence of 
specifi c bioactive components displaying insulin-like properties [15]. Fur-
ther, recent studies in diabetic mice have shown decreased blood glucose 
with bilberry extract [16] and with fermented blueberry juice [17].

Although some studies have investigated the glycaemic response after 
mixed berries [18] and certain fruits [2,7,19,20], human data on glycae-
mic and insulinemic response to blueberries, bilberries or products made 
from these berries, are to our knowledge not available. The present study 
was performed to determine the glycaemic and insulinemic responses in 
healthy humans after single meal intakes of fermented oat meal drinks 
containing different amounts of bilberries (0, 10 or 47%) or rosehip (10%).

16.2 METHODS

16.2.1 EXPERIMENTAL DESIGN

The study was divided in two series, series 1 with two fermented oatmeal 
drinks added with bilberry and rosehip, respectively, and series 2 with 
a fermented oatmeal reference drink without fruit, and with 2 oat meal 
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drinks with bilberry added in different amounts. The effect of carbohy-
drate equivalent servings of these drinks on blood glucose and insulin re-
sponses was studied at breakfast in healthy young subjects. White wheat 
bread was used as a reference in both series allowing for calculation of 
glycaemic and insulinemic indices.

16.2.2 SERIES 1

The two test products were; 1) a bilberry drink based on bilberry (10%), and, 
oatmeal (5%), fermented with Lactobacillus plantarum 299v (BFOMD), 
and 2) a rose hip drink based on rose-hip (10%), and oatmeal (5%), fer-
mented with Lactobacillus plantarum 299v (RFOMD). The drinks were 
provided by (Skånemejerier, Malmö, Sweden) (ProViva®). As reference, 
a white wheat bread was baked under standardised conditions [21]. The 
test meals were standardised to contain 30 g available carbohydrates cor-
responding to bilberry drink (302 g), rosehip drink (300 g) and reference 
bread (70,3 g) (Table 1). The content of fluid in the two drinks was com-
pensated for by providing 300 g of water with the reference bread meal.

TABLE 1: Composition of available carbohydrate in test meals and reference meal (series 
1 and 2) (g wet weight)

Product Glucose1 Fructose1 Sucrose1
Available 
starch2

Total 
available 
carbohydrates

Series 1
Reference bread 70.2 g 30.0 30.0
BFOMD 302 g 2.7 2.9 20.5 3.7 29.8
RFOMD 300 g 0.9 0.8 26.9 1.35 29.9
Series 2
Reference bread 70.0 g 30.0 30.0
FOMD 270.3 g 1.9 2.2 21.1 1.1 26.3
BFOMD 270.3 g 1.9 2.2 21.1 4.9 30.1
BBFOMD 307,7 g3 5.7 6.9 14.1 3.2 29.9

1Analysis with HPAEC (high pressure anion exchange chromatography)
2Available starch analysed according to  [43]
3BFOMD contributed to two third of the available carbohydrates (180.2 g) and 
homogenised bilberries with one third (127.5 g)
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16.2.1.1 SUBJECTS

Nine healthy, non-smoking volunteers, 7 women and 2 men, took part in 
the study. Their average age was 32.7 ± 9.9 years (mean ± SD) and their 
mean body mass index 23.0 ± 2.4 kg/m2 (mean ± SD). The night before 
every test breakfast, the subjects were requested to eat a standardised late 
evening meal, based on 2-3 slices of white wheat bread. After 10 pm, the 
subjects were allowed to drink only water. The reference- and test break-
fast meals were served randomised after an overnight fasting. The tests 
were performed approximately one week apart and commenced at the 
same time in the morning. All meals were consumed steadily and com-
pleted within 12-14 min. Tea, coffee or water (150 ml) was served after 
each meal. The test subjects were allowed to choose between water, tea or 
coffee, and maintained the same drink through-out the study.

16.2.2 SERIES 2

The test products in series 2 were 1) a bilberry drink based on bilberry 
(10%), and, oatmeal (5%), fermented with Lactobacillus plantarum 299v 
(BFOMD) (ProViva®) 2) a fermented oatmeal drink (5%) (FOMD). The 
fermented oatmeal drink was supplemented with glucose (1,9 g/serving), 
fructose (2.2 g/serving) and sucrose (21.1 g/serving) to mimic the sug-
ar composition in the bilberry drink, and 3) a bilberry drink BBFOMD, 
BFOMD added with frozen, thawed and homogenised bilberries. In the 
BBFOMD, the BFOMD contributed with two-thirds of the available car-
bohydrates, and homogenised bilberries with one-third. The test meals 
were standardized to contain 30 g available carbohydrates. Thus, the 
volunteers were served; 1) BFOMD (270.3 g), 2) FOMD (270.3 g), 3) 
BBFOMD (307,7 g), homogenised bilberries (127.5 g) added to BFOMD 
(180.2 g) and 4) 70.0 g reference bread (Table 1). The content of fluid in 
the two drinks was compensated for with 300 g of water being served with 
the reference bread. Tea, coffee or water (150 ml) was served after each 
meal. The test subjects were allowed to choose between these drinks and 
retained the same drink throughout the study.
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16.2.2.1 SUBJECTS

Eleven healthy, non-smoking volunteers, 7 women and 4 men, took part in 
the study. Their average age was 26.2 ± 4.6 years (mean ± SD) and their 
mean body mass index 23.5 ± 2.9 kg/m2 (mean ± SD). The night before 
each test breakfast, the subjects were requested to eat a standardised late 
evening meal, based on 2-3 slices of white wheat bread. After 10 pm, the 
subjects were allowed to drink only water. The tests were performed ap-
proximately one week apart and commenced at the same time in the morn-
ing. All meals were consumed steadily and completed within 12-14 min.

16.2.3 SAMPLING AND ANALYSIS

A fasting blood sample was taken before the meal was served. After the 
breakfast, blood samples were taken at 15, 30, 45, 70, 95 and 120 min for 
analysis of glucose, and at 15, 30, 45, 95 and 120 min for analysis of insu-
lin. Capillary blood was used.

Blood glucose concentrations were determined with a glucose oxidase 
peroxidase reagent [21] and serum insulin concentrations with an enzyme 
immunoassay kit (Mercodia Insulin Elisa; Mercodia AB, Uppsala, Swe-
den).

The Ethics Committee of the Faculty of Medicine at Lund University 
approved the study.

16.2.4 STATISTICAL ANALYSIS

The incremental areas under the curves were determined for blood glucose 
and serum insulin (GraphPad Prism version 4.03; GraphPad Software, San 
Diego, CA, USA). GI and II were calculated from the area under the glu-
cose/insulin response (0-120 min) after consumption of 50 g of carbohy-
drates from a test food divided by the area under curve after consumption 
of 50 g of carbohydrates from white wheat bread (reference) and with 
each subject being their own reference. All areas below the baseline were 
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excluded from the calculations. The relationship between the insulin and 
glucose response (II/GI) was used to predict the insulin demand for the 
test product. Values are presented as mean ± SEM. All statistical calcula-
tions were performed in MINITAB Statistical Software (release 13 for 
Windows; Minitab Inc., State College, PA). Significances were evaluated 
with the general linear model (analysis of variance) followed by Tukey's 
multiple comparisons test. Values of P < 0.05 were considered significant.

TABLE 2: Series 1.Glycaemic and insulinaemic data following breakfast meals with 
BFOMD, RFOMD and white wheat bread reference.

Reference 
bread BFOMD RFOMD

Blood glucose:
Fasting value (mmol/L) 4.5 ± 0.1a 4.4 ± 0.1a 4.5 ± 0.1a

Incremental area under curve (0- 88.1 ± 11.6a 78.6 ± 9.4a 73.4 ± 8.8a

120 min) (mmol min/L) GI (0-120 min) (%) 100a 95 ± 10a 87 ± 8a

Serum insulin:
Fasting value (pmol/L) 65 ± 7a 81 ± 10a 80 ± 10a

Incremental area under curve (0- 14.7 ± 2.4a 9.4 ± 2.1b 10,0 ± 1.6ab*
120 min) (nmol min/L) II (0-120 min) (%) 100a 65 ± 6b 79 ± 16ab*
II/GI 1 0.68 0.9

Mean values ± SEM, n = 9. Mean values with different letters in each row are significantly 
different (ANOVA followed by Tukey's test), P < 0.05,
* comparing reference bread with RFOMD P = 0.0673

16.3 RESULTS

16.3.1 SERIES 1

The blood glucose responses after the drinks BFOMD and RFOMD, and 
the white reference bread are shown in Figure 1. At 15 min, the glucose 
response after the BFOMD was significantly higher than after the white 
wheat bread (P < 0.05). A similar tendency was observed at 30 min, but did 
not reach significance (P = 0.0595). The glucose response after both fruit 
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drinks decreased more rapidly than after the reference bread. At 45 min 
there was a tendency to lower blood glucose response after the BFOMD 
compared with the reference bread (P = 0.0526), and at 70 and 95 min the 
blood glucose responses after both fruit drinks were lower than with the 
reference bread (P < 0.05).

The incremental areas under the postprandial glucose curves (0-120 
min) and GI for the two fruit drinks were not signifi cantly different from 
that with the reference bread (Table 2).

The insulin responses are shown in Figure 2. At 30 min, the postpran-
dial insulin response after the RFOMD was signifi cantly lower than after 
the reference bread (P < 0.05), and at 45 and 95 min the insulin responses 
after the bilberry drink (BFOMD) were signifi cantly lower than after the 
reference bread (P < 0.05). The incremental area under the postprandial in-
sulin curve (0-120 min) after the BFOMD drink was signifi cantly smaller 
than the corresponding area after the reference bread (P < 0.05). The cor-
responding area after the RFOMD drink also tended to be smaller than 
after the reference bread, but the difference did not reach signifi cance (P 
= 0.0673) (Table 2).

16.3.2 SERIES 2

The post prandial blood glucose responses are shown in Figure 3. At 30 
min the glucose response after the FOMD was significantly higher than 
that after the BBFOMD (P < 0.05). Further, the FOMD gave a higher re-
sponse than the reference bread at 15 min and a lower at 70 min (P < 0.05). 
The blood glucose responses after the two drinks with bilberry (BFOMD 
and BBFOMD) were not at any time point significantly different from 
each other, nor from the fermented oat meal base (FOMD) (except for 
at 30 min mentioned above) or from the reference bread. However, the 
incremental glucose area in the early postprandial phase (0-45 min), was 
significantly smaller after the BBFOMD (34.7 mmol min/L) compared 
with the FOMD (56.8 mmol min/L) (Table 3). Comparing the glycaemic 
areas (0-120 min), there was a tendency to a smaller area after BBFOMD 
than that after the reference bread but the difference did not reach signifi-
cance (P = 0.0684).
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TABLE 3: Series 2: Glycaemic and insulinaemic data following breakfast meals with 
FOMD, BFOMD, BBFOMD and white wheat bread

Variables
White wheat 
reference bread FOMD BFOMD BBFOMD

Blood glucose:
Fasting value (mmol/L) 4.8 ± 0.1a 4.8 ± 0.2a 4.9 ± 0.1a 5.1 ± 0.2a

Peak value at 30 min (mmol/L) 1.9 ± 0.4ab 2.4 ± 0.2a 2.2 ± 0.2ab 1.4 ± 0.2b

Incremental area under curve 
(0-45 min) (mmol min/L) 44.5 ± 6.9ab 56.8 ± 3.9a 51.5 ± 5.5ab 34.7 ± 3.4b

Incremental area under curve 
(0-120 min) (mmol min/L) 114.9 ± 15.1a 87.3 ± 8.5a 96.5 ± 14.3a 75.6 ± 13.7a*
GI (0-120 min) (%) 100a 95 ± 19a 94 ± 16a 79 ± 17a*
Serum insulin:
Fasting value (pmol/L) 58.2 ± 5.5a 61.3 ± 7.9a 62.4 ± 8.9a 66.7 ± 9.3a

Incremental area under curve 
(0-120 min) (nmol min/L) 13.8 ± 2.5a 9.5 ± 1.5b 7.7 ± 1.2b 5.9 ± 1.0b

II (0-120 min) (%) 100a 76 ± 7b 63 ± 8b 49 ± 6b

II/GI 1 0.80 0.67 0.62

Mean values ± SEM, n = 11. Mean values with different letters in each row are significantly 
different (ANOVA followed by Tukey's test), P < 0.05
* P = 0.0684 comparing reference bread with BBFOMD.

Serum insulin responses are shown in Figure 4. The postprandial in-
sulin responses after 15 min were signifi cantly higher after the FOMD 
than after the two drinks with bilberries (BFOMD and BBFOMD) (P < 
0.05). At 30 min the serum insulin response after the reference bread and 
the FOMD were signifi cantly higher than that after the BBFOMD. At 45 
min, all drinks, including the FOMD, BFOMD and BBFOMD, gave lower 
insulin responses than the reference bread. Also, the area under the insulin 
curves and the II-values were signifi cantly smaller after FOMD and the 
bilberry drinks (BFOMD and BBFOMD) compared to the reference bread 
(P < 0.05, Table 3).

16.4 DISCUSSION

The two fruit drinks in series 1, BFOMD and RFOMD, gave a postpran-
dial blood glucose response similar to that after an equivalent amount of 
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carbohydrate from white bread. The GI was thus 97 and 89 for BFOMD 
and RFOMD, respectively. However, the high blood glucose responses 
were not accompanied by corresponding high insulin responses. Conse-
quently, a tendency to a lower insulin response was present after both fruit 
drinks compared to that after white bread, even though only the area under 
the insulin curve after the BFOMD (0-120 min), was significantly smaller 
than after white reference bread. The II was determined to 65 (P < 0.05) 
and 79 (P = 0.0673) for BFOMD and RFOMD, respectively.

When calculating GI's, according to the content of digestible carbohy-
drates and their GI values (table 4), the BFOMD received a GI of 95 and 
the RFOMD a GI of 97. Accordingly, the determined GI values in series 1 
(97 and 89 for BFOMD and RFOMD respectively) are in good agreement 
with those calculated. Previously, also Gannon et al [3] found that glucose 
response to fruits (oranges and apples) can be predicted from the constitu-
ent carbohydrates present, whereas the insulin response cannot. However, 
in contrast to our fi nding with low insulin responses Gannon et al found 
higher observed insulin responses than predicted from glycaemia in the 
case of orange- and apple juice.

In series 2, the GI and II for a BFOMD, matching that in series 1, were 
determined to 92 and 64, respectively compared with GI = 97 and II = 65 
in series 1. Thus, the favourable effect of a fermented oat meal drink with 
bilberry on insulin demand in series 1 could be repeated. The FOMD gave 
a high GI (GI = 95) whereas that of the BBFOMD was lower (GI = 79). 
Insulin indices (II) for the FOMD and the BBFOMD were; II = 76 and 49, 
respectively. The II for the BBFOMD was remarkably low, consequently 
when using white bread as a reference, beverages like soft drinks (II = 97-
118) [19], and other fruit/berry based drinks like orange-(II = 78) [19] or 
apple juice (II = 54, (estimated from insulin areas) [3] BBFOMD has a low 
II. Apple juice and BBFOMD resembling, that after e.g. pasta products (II 
= 35-53) [22].

The content of carbohydrates in the different products in the present 
study was similar, the amount of sugars being high (approximately 90%) 
and that of starch low. When calculating GI values according to the con-
tent of digestible carbohydrates and their GI values (table 4), the three test 
drinks in series 2, FOMD, BFOMD and BBFOMD received; 95, 95 and 90 
respectively, to be compared with the determined GI values; 95, 94 and 79. 
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TABLE 4: Available carbohydrate composition, and calculated GI (Series 1 and 2)

Product Glucose Fructose Sucrose Available starch
Calculated 
GI1

Series 1
BFOMD
Proportion of total 
amount of digestible 
carbohydrates (%) 9.1 9.9 68.6 12.5
Contribution to GI 12.8 2.7 66.5 12.5 95
RFOMD
Proportion of total 
amount of digestible 
carbohydrates (%) 3.0 2.7 89.8 4.5
Contribution to GI 4.2 0.8 87.1 4.5 97
Series 2
FOMD
Proportion of total 
amount of digestible 
carbohydrates (%) 7.2 8.4 80.2 4.2
Contribution to GI 10.2 2.3 77.8 4.2 95
BFOMD
Proportion of total 
amount of digestible 
carbohydrates (%) 6.3 7.3 70.1 16.3
Contribution to GI 8.9 2.0 68.0 16.3 95
BBFOMD
Proportion of total 
amount of digestible 
carbohydrates (%) 19.1 23.1 47.2 10.7
Contribution to GI 26.9 6.2 45.8 10.7 90

1Glucose GI = 141, Fructose GI = 27, Sucrose GI = 97, Starch GI = 100  [7]

The observed GI value for the BBFOMD was thus lower than expected; 
but for the other drinks the calculated and determined GI values were in 
good agreement. The decreased acute glycaemic response with a larger 
amount of bilberries (145.5 g) is noteworthy, and a hypothesis may be 
that the bilberries cause an increased uptake of glucose into the peripheral 
cells. Thus, Martineau et al [15] found insulin-like properties of ethanol 
extracts from Canadian low bush blueberries (Vaccinium angustifolium), 
another member of the Vaccinium genus. The insulin-like properties were 
evident from enhancement of glucose uptake in differentiated muscle cells 
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and adipocytes using an in vitro assay. Bilberry extract was also shown 
to reduce blood glucose level and enhance insulin sensitivity in type 2 
diabetic mice via activation of AMPK (AMP-activated protein kinase), an 
enzyme central in the regulation of fuel preference, in adipose tissue, mus-
cle- and liver cells [16]. These results support our fi nding of a decreased 
acute glycaemic response with bilberry and show that bilberry (Vaccinium 
myritillus) may contain active molecules with potential anti-diabetic prop-
erties. Such an effect, if present, is also coherent with the lowered insulin 
demand with bilberry drinks seen in both series 1 and 2. The existence of a 
dose-response relation between intake of bilberries and the corresponding 
glucose/insulin responses is currently in progress.

In this study we show an inconsistency between glycaemic and in-
sulinaemic responses, especially in the case of the products containing 
bilberries. Consequently a high glucose response was accompanied by 
a comparatively low insulin response. The insulin demand, if expressed 
as a relationship between insulinaemia and glycaemia (II/GI), was low, 
0.62-0.68. To our knowledge, this apparent discrepancy with a low insulin 
response in parallel to a high glucose response has only been reported pre-
viously for fermented whole-grain oat [23], certain rye products [24] and 
for cinnamon added to a rise pudding [25]. Earlier studies generally have 
shown a good correlation between glucose and insulin responses. Thus, 
studies with cereals [26], and certain fruits like mango, melon, pineapple, 
kiwi, apple and black grapes [19,27] indicate good agreement between GI 
and II. In contrast studies with oranges and apples [28] as well as juice 
from these fruits [3,29] were reported to display unexpectedly high insulin 
responses. Similarly, a discrepancy between GI and II, with unexpectedly 
high insulin responses has been shown, for milk and milk products [30-
32]. Consequently despite extremely low GI (GI = 15-30) for regular and 
fermented milk, the II values were high (II = 90-98) [31], probably due to 
an insulinotrophic effect of whey protein [33]. One cause for the benefi -
cial metabolic effects of a low glycaemic diet is probably a lower insulin 
response [34,35], and increased insulin sensitivity [36]. The present fi nd-
ings of low insulin demand following bilberry drinks might thus indicate 
advantageous metabolic properties.

The fermented oat meal base of the drinks, with sugars added to mimic 
the BFOMD was included as a reference drink (FOMD). A comparison 
between the FOMD and the BFOMD, gave no signifi cant differences 
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in glucose or insulin responses. Also, the insulin response to the FOMD 
(II = 76) was signifi cantly lower than for white bread (II = 100). In a 
previous study with oats (oat porridge and oat fl akes) no differences in 
glucose- or insulin responses were seen compared with a white bread [37]. 
This indicates that the fermentation process per se may decrease insulin 
response to oats. It is also supported by a study with fermented whole 
grain oat showing a lower insulin response than would be expected from 
the glucose values [23]. However, the magnitude of insulin decrease in 
the post prandial phase was more pronounced when more bilberries were 
included in the meal. Of interest in this respect are results from an in vitro 
study evaluating the effect of fermented blueberry juice (intrinsic micro 
fl ora of blueberries) on glucose uptake and transport into muscle cells and 
adipocytes. Treatment of cells with fermented juice potentiated glucose 
uptake by 48% in C2C12 (mouse myoblast cell line) myotubes, and by 
142% in 3T3-L1 adipocytes, whereas non fermented juice had no effect 
on glucose transport [38]. Treatment of cells with fermented blueberry 
juice was shown to activate AMPK. The authors thus suggest an insulin-
independent pathway to be the mechanism for an increased glucose uptake 
[38]. A follow-up study in obese and diabetic mice showed that fermented 
blueberry juice decreased hyperglycaemia, in part due to increased adi-
ponectin levels. However, no positive effects were seen on insulin levels 
[17]. In the presently reported study, we saw a decreased early glucose 
response after BBFOMD. However, insulin responses were signifi cantly 
lower, or close to being signifi cantly lower for the drink with rose hip 
(RFOMD) (P = 0.0673), and for all fermented test drinks whether contain-
ing bilberries or not. Whether the low insulin demand (II/GI) shown in the 
present study could be an effect of fermentation of bilberries is currently 
under investigation.

All tested drinks had a low pH, or about 3 for the bilberry containing 
drinks, and about 4 for the fermented oat meal drink (FOMD). A low pH may 
lower post prandial glycaemia and hormonal responses due to e.g. a lowering 
of the rate of gastric emptying [39]. However, such a mechanism should pref-
erably affect both blood glucose and insulinaemia to a similar extent.

Berries like bilberries and blueberries are known to be a rich source 
of bioactive molecules like phenolic and antocyanin contents [40] and 
phenolic acids [41]. Besides that they both are powerful antioxidants they 
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may also exert effects on other important biological systems as glucose- 
and insulin response. Bilberries mixed with blackcurrants, cranberries and 
strawberries (150 g), other berries rich in antocyanins, have recently been 
shown to decrease the peak glucose increment of 35 g sucrose in healthy 
subjects [18]. Also in type-2 diabetic mice, anthocyanins in bilberry have 
been suggested to reduce blood glucose levels and enhance insulin sensi-
tivity [16]. Water soluble polyphenols isolated from cinnamon has been 
shown to have strong insulin-enhancing activity on cultured fat cells in 
vitro, [42]. Also, when tested in healthy subjects, cinnamon (3 g) added 
to a rice pudding (300 g) was shown to reduce post prandial serum insu-
lin, but not glucose, levels compared to a rice pudding without cinnamon 
[25]. It is impossible to draw any conclusions regarding the effects of the 
antocyanins and/or polyphenols present in the oat meal based fruit drinks 
(RFOMD, BFOMD, BBFOMD) in the present study. However, it cannot 
be excluded that such components might have contributed to the low insu-
lin demand seen after the fermented oat meal drink added with bilberries.

To our knowledge no meal studies have been published showing im-
pact of bilberries on glycaemic and insulinaemic responses in humans.

16.5 CONCLUSIONS

In the present study in healthy volunteers, we found that fermented oat-
meal drinks added with bilberries reduced insulin demand to a consider-
able extent, with the fermented oat meal blueberry drink enriched with 
bilberries also being capable of reducing glycaemia. The mechanism 
remains obscure, and provides an interesting area for further investiga-
tions.
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CHAPTER 17

BRAZIL NUTS INTAKE IMPROVES 
LIPID PROFILE, OXIDATIVE STRESS, 
AND MICROVASCULAR FUNCTION 
IN OBESE ADOLESCENTS: A 
RANDOMIZED CONTROLLED TRIAL

PRISCILA A. MARANHÃO, LUIZ G. KRAEMER-AGUIAR, 
CECILIA L. DE OLIVEIRA, MARIA C. C. KUSCHNIR, 
YASMINE R. VIEIRA, MARIA G. C. SOUZA, JOSELY C. KOURY, 
and ELIETE BOUSKELA

17.1 BACKGROUND

Worldwide prevalence of obesity in adolescence is actually high and in-
creasing [1]. In Brazil, about 29% of adolescents tested between 2008-
2009 have excessive weight [2]. Obesity, especially abdominal, even in 
young subjects leads to metabolic alterations, such as insulin resistance 
and dyslipidaemia, increasing risk factors for cardiovascular disease 
(CVD) in adulthood [3].

Excessive abdominal adiposity is characterized by accumulation of 
adipose tissue and is associated to a low-grade infl ammatory process and 
oxidative stress, both well-established pathogenetic factors for cardiovas-
cular diseases [4]. Morpho-functional microvascular alterations related 
to metabolic disorders have already been described and fi ndings on skin 
were related to microvascular dysfunction on coronary bed [5], occurring 
even in the absence of disglycaemic states [6] pointing to obesity per se 
as independent risk factor for microangiopathy. Possibly, longer duration 
of excessive adiposity is involved on it as well. Recently, we have unrav-
eled that overweight/obese young women have microvascular dysfunction 
linked to adiposity levels and glucose homeostasis [7]. Certainly, obesity 
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in adolescence and its long-term damage to target organs in adulthood 
deserves special focus and strategies to reduce future cardiovascular risks.

Excessive visceral fat induces the release of cytokines, such as tumor 
necrosis factor-alfa (TNFα) and interleukin-6 (IL-6) leading to increased 
production of reactive oxygen species (ROS) and subsequent induction of 
tissue oxidative stress [8]. Some authors consider this pathophysiological 
process as a major mechanism underlying cardiovascular obesity-related 
comorbidities [9]. The antioxidant system is directly linked to environ-
mental factors and nutrient intake. Some minerals such as selenium are 
also involved in decreasing levels of hydrogen peroxide and reducing le-
sions to cellular membranes [10]. Altered metabolic pathway of very low 
density lipoprotein cholesterol (VLDL) secondary to excessive visceral 
adiposity results on higher levels of low density lipoprotein (LDL) par-
ticles, which are more aggressive to endothelium. Additionally, the oxida-
tive stress increases oxidation of these LDL particles[11], a process identi-
fi ed as a risk factor for atherosclerosis [12].

Bioactive substances existing in nuts have already been identifi ed [13] 
and their benefi cial effects on infl ammation [14] and on endothelial func-
tion [15] demonstrated. The Brazil nut (Bertholletia excelsa) comes from 
the Amazon region and has a complex matrix, composed of bioactive 
substances, such as selenium, α- e γ- tocopherol, phenolic compounds, 
folate, magnesium, potassium, calcium, proteins and mono (MUFA) and 
polyunsaturated (PUFA) fatty acids [14]. Its composition is different from 
other nuts and data to corroborate its benefi cial effects, especially in obese 
adolescents with special focus on microcirculatory function are lacking.

The aims of this study were to investigate the infl uence of Brazil nuts 
consumption on nutritive skin microcirculation, serum antioxidant capac-
ity, lipid and metabolic/cardiovascular risk profi les in obese female ado-
lescents.

17.2 SUBJECTS AND METHODS

17.2.1 STUDY POPULATION

Seventeen female adolescents (15.4 ± 2.0 years) were selected, after spon-
taneous interest to participate (male adolescents showed very little interest), 
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from outpatient care clinics for Prevention and Assistance on Cardiovas-
cular and Metabolic Disease in Adolescence (NESA, State University of 
Rio de Janeiro, Brazil). Main inclusion criterion was being above 95th 
percentile for BMI according to age [16]. Main exclusion criteria were: 
use of any nutritional intervention and/or drugs; presence of chronic dis-
eases (diabetes mellitus and/or hypertension) or lactose intolerance; a 
verbally informed weight reduction six months before entering the study; 
being beyond stage IV for Tanner pubertal development [17] and dietary 
habits of an excessive consumption of any kind of nut. All volunteers gave 
their written informed consent and this study was approved by the Ethics 
Committee for Clinical Research of Pedro Ernesto University Hospital 
(COEP 1950/2007).

17.2.2 EXPERIMENTAL DESIGN

The study was a 16-week non-blinded pilot trial with two randomly select-
ed groups of obese female adolescents: Brazil nut (BNG, n = 08) ingested 
15-25 g/day (equivalent to 3 to 5 units/day) of Brazil nuts and placebo 
(PG, n = 09) one capsule/day containing lactose. Lactose was chosen as 
placebo due to its lack of therapeutic effects to improve adolescents' com-
pliance to the study. Both groups were informed that they would receive a 
supplemental dietary intake composed of Brazil nuts but only one group 
would receive it on its natural form. Nuts were consumed as snacks or with 
meals in salads. Before the beginning and at the end of the study, the usual 
food intake of each participant was assessed by a dietary inquiry and, dur-
ing the study, adolescents were advised not to change their dietary habits.

Anthropometry, blood, urine and microvascular parameters were ana-
lyzed at baseline (T0) and after 16 weeks (T1).

17.2.3 BRAZIL NUTS DIET

Brazil nuts (Bertholletia excelsa) consumption was calculated to achieve 
10% of the energy from MUFAs in the diet. Total energy intake was calcu-
lated by energy expenditure to overweight children and adolescents of 3 to 
18 years according to dietary reference intake (DRI). Adolescents received 
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15-25 g/day (equivalent to 3 to 5 units/day) in bags. Serum selenium levels 
and returned empty bags were used as markers of compliance for BNG.

Brazil nut composition was determined in 100 g by Adolph Lutz Insti-
tute-Brazil assays (1985). Lipid, carbohydrates and protein content (mean 
± SD) was 50.6 ± 0.08 g [coeffi cient of variation (CV) 1.6%], 25.9 ± 0.6 
g (CV 2.4%) and 16.8 ± 0.2 g (CV 1.4%). Selenium was measured by 
fl ame atomic absorption spectrometry. Saturated (SFA - 15.3 g), monoun-
saturated (MUFA - 27.4 g) and polyunsaturated (PUFA) fatty acids (21 g) 
contents were calculated according to Brazilian Table of Food Composi-
tion [18]. Therefore, nut intake (15-25 g/day) was about: 124 ± 31 kcal 
with 5.2 ± 1.3 g of carbohydrates and 10.1 ± 2.5 g of lipids. The latter was 
composed of 4.2 ± 1.0 g of PUFA, 5.5 ± 1.4 g of MUFA and 3.0 ± 0.7 g of 
SFA and 108.5 ± 27 μg of selenium.

17.2.4 ANTHROPOMETRY

The same trained examiner collected anthropometric measurements in du-
plicate, waist circumference, height, weight as previously reported [19]. 
BMI was defined as the ratio between weight in kg and squared height in 
meters.

17.2.5 LABORATORY ANALYSIS

All laboratory measurements were performed in duplicate after 10-12 hours 
fast using an automated method (Modular Analytics E 170 and P, Roche, 
Basel, Switzerland). Fasting plasma glucose (FPG), total cholesterol (TC), 
triglycerides (TG) and high-density lipoprotein (HDL) cholesterol were 
measured respectively, by enzyme-colorimetric GOD-PAP [inter-assay 
coefficient of variation (IACV) = 1.09%], enzymatic GPO-PAP (IACV = 
2.93%), enzymatic GPO-PAP (IACV = 1.29%) and enzyme-colorimetric 
without pre-treatment (IACV = 3.23%). Plasma LDL-cholesterol was cal-
culated according to Friedwald equation [20]. C-reactive protein and se-
rum insulin were respectively measured by imunoturbidimetry (IACV = 



8%) and eletrochemiluminescence (IACV = 10.6%). Homeostasis model 
assessment (HOMA-IR) was calculated (fasting serum insulin (μUI/ml) 
X FPG (mmol/l)/22.5). Serum antioxidant capacity was determined by 
glutathione peroxidase (GPx) through Elisa [GPX3 (human) Elisa Kit, 
Axxora, LLC, USA, diluted in 1:200 (IACV = 3.9%; sensitivity = 0.1 
ng/ml]. Oxidized-LDL (ox-LDL) levels were also analyzed through Elisa 
(Kit Mercodia, Sweden), diluted in 1:6561 (IACV = 6.13%; sensitivity 
= 0.05 ng/ml). Oxidative stress was measured by a competitive enzyme-
linked immunosorbant assay in duplicate determining levels of isopros-
tane nominated as 8-epi-prostaglandin F2α (8-epi-PGF2α) in urine samples 
(BIOXYTECH urinary 8-epi-PGF2α - OxisResearch, Portland, OR, USA). 
Urinary samples were acidified during collection with HCl 6 mol/l (final 
pH = 2.0), diluted to 1:2 before measurements and results were corrected 
for creatinine levels in each sample assessed by enzymatic colorimetric 
Modular Evo (Roche) with an intra-assay CV of 5% (2-14%) [19] Serum 
selenium was determined through atomic absorption spectrometry using a 
SpectraAA - 640Z - VARIAN (IACV = 11%).

17.2.6 MICROVASCULAR FUNCTION ASSESSMENT

Nailfold videocapillaroscopy (NVC) was carried out and analyzed accord-
ing to a standardized, well-validated methodology on the 4th finger of the 
left hand [7]. The exam, always made by the same observer who was not 
aware of any patient data, recorded continuously microvascular param-
eters for later measurements using the Cap Image software [21]. Func-
tional capillary density (FCD), number of capillaries/mm2 with flowing 
red blood cells, was evaluated using x250 magnification and an area of 3 
mm of the distal row of capillaries into three different areas [Intra-assay 
coefficient of variation - IACV = 5.5 ± 2.5%]. Capillary diameters [affer-
ent (AF), apical (AP) and efferent (EF)], red blood cell velocity (RBCV) at 
rest, after 1 min arterial occlusion (RBCVmax) and time taken to reach it 
(TRBCVmax) were measured, with a final magnification of x680, before 
and during the post-occlusive reactive hyperemia (PORH) response after 
1 min ischemia. Before RBCV assessment on an individual capillary loop, 
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a pressure cuff (1 cm wide) was placed around the proximal phalanx and 
connected to a mercury manometer. Conceptually, AF, AP and EF are con-
sidered morphological and FCD, RBCV, RBCVmax and TRBCVmax func-
tional microcirculatory parameters. Capillary diameters and basal RBCV 
were measured three times each and IACV for all measurements ranged 
from 16.9 to 17.1%. At PORH, each variable was tested once. NVC was 
repeated on nine subjects in different days and the IACV ranged from 
12.3% to 17.3% and from 2.0% to 9.0% between morphological and func-
tional parameters, respectively.

17.2.7 STATISTICAL ANALYSIS

Data are expressed as median [1st-3rd] and analyzed by Graphpad Prism 
4.0, 2003 and intra- or inter-group analysis compares significant results 
in different time points within the same group or between BNG and PG, 
respectively. Comparisons between groups at T0 and T1 and intra-group 
differences were determined using Mann-Whitney U test and Wilcoxon 
matched pair tests, respectively. GPower 3.1.10 software was used for 
power analysis and sample size estimation. The statistical power for com-
parisons between two dependent groups was above 0.9 with an a error 
probability of 0.01 for RBCV, estimating a total sample size of 7 patients/
group. Significant differences were assumed to be present at p < 0.05.

17.3 RESULTS

Adolescents included in the study had 15.4 ± 2.0 years and BMI of 35.6 
± 3.3 kg/m2. At T0, there were no significant differences between groups 
(inter-group) on anthropometrical-laboratorial-microvascular variables 
(tables 1, 2 and 3). On the counterpart, at T1, we observed lower values 
for total (p = 0.003) and LDL-cholesterol (p = 0.03), and also for TG (p = 
0.05) for BNG compared to PG.



TABLE 1: Anthropometric measurements and metabolic profile of obese female adolescents 
at baseline and after 16 weeks of Brazil nuts (BNG) or placebo (PG) intake

BNG PG
T0 T1 T0 T1

Body mass (kg)
86.3 
[82.2-94.3]

86.3
[80.3-96.9]

91.7 
[82.1-110.8]

93.2
[83.7-108.7]

Height (m)
1.55 
[1.52-1.66]

1.55
[1.53-1.67]

1.64
[1.56-1.69]

1.64
[1.56-1.69]

BMI (kg/m2)
35.3
[33.9-36.0]

35.3
[33.3-36.2]

34.0
[33.0-39.1]

35.6
[32.8-38.9]

Waist circumference 
(cm)

105.0
[93.0-117.8]

112.0
[99.5-116.0]

111.0
[104.0-117.8]

115.0
[107.5-120.0]

Insulin (mcU/ml)
15.9
[14.5-23.6]

15.5
[12.2-22.2]

18.0
[15.2-20.1]

18.0
[10.9-22.8]

Fasting glucose 
(mg/dl)

89.5
[81.5-94.0]

86.0
[82.5-93.0]

87.0
[82.0-90.5]

90.0
[82.0-94.0]

HOMA
3.6
[2.9-5.2]

3.5
[2.6-6.5]

3.9
[3.1-4.4]

3.7
[2.2-5.2]

CRP (mg/dl)
0.31
[0.15-0.63]

0.37
[0.20-0.68]

0.38
[0.14-0.78]

0.52
[0.29-0.79]

Cholesterol (mg/dl)
152.0
[140.5-159.0]

136.0
[129.5-141.5]*†

167.0
[133.5-184.5]

170.0
[148.5-177.0]

HDL-c (mg/dl)
44.0
[41.5-48.5]

43.5
[40.0-50.5]

45.0
[36.0-48.0]

45.0
[41.0-47.5]

LDL-c (mg/dl)
86.5
[80.5-98.0]

72.5
[71.0-83.0]*†

106.0
[77.0-123.0]

103.0
[87.0-109.0]

TG (mg/dl)
84.5
[68.0-98.5]

69.0
[58.5-83.5]†

113.5
[87.0-132.5]

106.0
[77.0-153.0]

* significant results intra-group (p < 0.05)
† significant results inter-group (p < 0.05)

Body mass, BMI, waist circumference and metabolic profi le were all 
kept unchanged during the follow-up on both groups. Additionally, we 
have noticed that Brazil nuts consumption did not infl uence glucose ho-
meostasis (FPG, insulin, HOMA-IR) or CRP levels, although its positive 
infl uence was observed on LDL- (p = 0.01) and total cholesterol (p = 0.01) 
levels (table 1).
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TABLE 2: Biomarkers with antioxidant capacity in obese female adolescents at baseline 
and after 16 weeks of Brazil nuts (BNG) or placebo (PG) intake

BNG PG
T0 T1 T0 T1

8-epi-PGF2α 
(pg/μmol/g of creatinine)

143.2
[102.9-198.8]

100.0
[80.0-131.4]

34.0 
[61.5-126.6]

88.4
[65.0-149.5]

LDL-ox (ng/ml)
622.4
[457.2-665.0]

514.9
[440.3-624.6]†

648.8
[515.9-737.9]

646.9
[595.7-883.5]

GPX-3 (ng/ml)
15.5
[12.4-19.8]

16.7
[12.8-17.3]

17.2
[13.7-19.7]

17.3
[13.9-20.1]

Selenium (μg/L)
110.5
[87.5-131.5]

133.0
[104.5-178.0] *

118.0
[107.5-148.5]

126.0
[106.5-146.5]

* Signicant intra-group results (p < 0.05)
† Signficant inter-group results (p < 0.05)

TABLE 3: Microcirculatory parameters on obese female adolescents at baseline and after 
16 weeks of Brazil nuts (BNG) or placebo (PG) intake

BNG PG
T0 T1 T0 T1

Functional capillary density 
(n/mm2)

10.2
[7.8-11.2]

8.8
[8.2-11.8]

9.9
[8.0-17.4]

10.2[
8.4-13.4]

Afferent diameter (μm)
15.7
[13.9-18.6]

15.2
[11.8-19.5]

15.1
[12.9-18.6]

14.0
[11.6-16.1]

Apical diameter (μm)
19.7
[18.1-22.3]

22.1
[18.2-24.1]

21.9
[18.5-27.5]

20.0
[18.4-25.6]

Efferent diameter (μm)
20.4
[17.5-22.9]

21.6
[19.2-25.3]

18.4
[15.9-21.5]

21.5
[17.8-21.8]

RBCV (mm/s)
1.43
[1.38-1.48]

1.63
[1.6-1.7] *†

1.47
[1.41-1.52]

1.54
[1.40-1.56]

RBCVmax (mm/s)
1.68
[1.64-1.73]

1.84
[1.81-1.94] *

1.71
[1.56-1.79]

1.79
[1.76-1.84]

TRBCVmax (s) 7.5[6.0-8.0]
4.0
[4.0-7.0]

7.5
[5.5-8.5]

5.5
[5.0-7.0]

* Significant results intra-group (p < 0.05)
† Significant results inter-group (P < 0.05)

At T0, antioxidant capacity biomarkers were similar between groups. 
Gpx, LDL-ox and 8-epi-PGF2α did not change during the follow-up in ei-
ther group (Table 2). It should be highlighted that at T1, serum levels of 



LDL-ox were lower on BNG when compared to PG (p = 0.02), while on 
PG, serum selenium levels, a marker of compliance for the proposed inter-
vention, was kept unchanged [118 (107.5-148.5 μg/l) vs. 126 (106.5-146.5 
μg/l), p = 0.74] but on BNG we have observed a signifi cant increase [110.5 
(87.5-131.5 μg/l) vs. 133 (104.5-178 μg/l), p = 0.02] (Figure 1).

Morphological microvascular parameters (capillary diameters - Table 
3) did not change during the follow-up in both groups. Obese female ado-
lescent in PG had all functional microvascular parameters unaltered during 
the follow-up but those supplemented with Brazil nuts (BNG) increased 
RBCV and RBCVmax during PORH 13.9% and 9.52%, respectively (in-
tra-group results) (Figure 2). Additionally, RBCV at T1 was higher on 
BNG when compared to PG at the same time point [1.63(1.6-1.7) vs. 1.54 
(1.4-1.56) mm/s; p = 0.02].

17.4 DISCUSSION

Obesity is associated to metabolic disturbances, including insulin resis-
tance, dyslipidemia and low-grade inflammation, all of them putative fac-
tors for endothelial and microvascular dysfunction (MD). Frequent nut 
intake is associated with many health benefits in adults [22-24], although 
no studies on adolescents could be found. To the best of our knowledge, 
this study is the first one to investigate effects of Brazil nuts intake on 
metabolic-lipid profiles, antioxidant status and microvascular parameters 
in obese female of this specific age period.

Nuts are rich in lipids, mainly in MUFAs and PUFAs and have high 
energy density. Comparing fat composition of diets rich on SFAs, high 
content of MUFAs and PUFAs in foodstuffs is potentially benefi cial to 
health [25]. In spite of the caloric composition, some authors have demon-
strated that consumption of nuts for short periods (less than 4 weeks) did 
not increase body mass[26]. In the present study, both groups kept body 
mass, waist circumference and BMI unchanged suggesting that although 
Brazil nuts have high energy density, possibly the satiety feeling due to 
nuts composition, medium-chain-triglycerides[27], fi ber and protein [26] 
reduced energy intake from other sources. Positive infl uences on lipid pro-
fi le by other types of nuts have been already demonstrated [28]. It has been 
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FIGURE 1: Differences in serum selenium levels observed on female obese adolescents 
during follow-up in both groups. *p = 0.02 (intra-group) BNG = Brazil Nuts Group; PG = 
Placebo Group.

reported that consumption of Brazil nuts during 15 days did not improve 
LDL- and total cholesterol and its benefi ts were noticed on transfer of cho-
lesterol into HDL pool. In our study, supplementation of Brazil nuts during 
16 weeks to obese female adolescents positively infl uenced the lipid pro-
fi le such as, total cholesterol (TC), LDL-C and TG, but the present study 
did not assess cholesteryl esters.

MD has already been described in obesity [29], metabolic syndrome at 
normoglycemia [19] and type 2 diabetes mellitus using NVC. This tech-
nique is a non-invasive method to assess microvascular morphology and 
function and data obtained using this diagnostic tool has been already as-
sociated to cardiovascular risk [30]. In our investigation, adolescents were 
seen every 4 weeks what is roughly during the same phase of the menstru-
al cycle and no especial precaution were taken in this direction because 
it has already been shown that microvascular function is not dependent 
on menstrual cycle in ovulatory women [31]. Even tested for short-term 
period in obese female adolescents, we could observe an improvement of 
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microvascular reactivity by supplementing their diet with Brazil nuts and 
to our knowledge this is the fi rst clinical study that showed its positive 
infl uence on nutritive skin microvascular function, although the effects 
of PUFAs and MUFAs contained in nuts have been well established on 
macro and microvascular functions [15].

Capillary morphology was not infl uenced by Brazil nuts consumption. 
The analysis of the hemodynamic behavior of the microcirculation was 
pursued by measuring RBCV before and after 1 min arterial occlusion as 
well as the time taken to reach RBCVmax. We have chosen 1 min arterial 
occlusion because our purpose was to measure the effect of an increased 
shear stress during the reactive hyperemia response and to decrease the 
discomfort for our patients (1 min ischemia is more tolerable than 4-6 min) 
[32]. Longer duration of the occlusion is commonly used to evaluate capil-
lary recruitment [33]. In the BNG, a signifi cant improvement on RBCV at 
baseline and during PORH could be detected in conjunction with a trend 
towards a positive infl uence on time for reperfusion (TRBCVmax), which 
needs further elucidation. PORH is thought to be determined at the level of 
small arterioles [34] and to be independent of the autonomic nervous sys-
tem [35]. After the onset of reperfusion there is a sharp rise in blood fl ow 
followed by a gradual return to its baseline level, infl uenced by accumula-
tion of vasodilator metabolites (including nitric oxide) and formation of 
ROS, normally washed out or destroyed by circulating blood and smooth 
muscle cell reactivity. During reperfusion, the myogenic response, due to 
rapid stretch of microvascular smooth muscle cells, is responsible, at least 
partially, for the return of blood fl ow to its baseline values. Our sample 
size did not allow us to correlate variables to fi nd out associations between 
them, but we suppose that higher intake of MUFAs and PUFAs by obese 
adolescents on BNG resulting in an improved lipid profi le and lower levels 
of LDL-ox, positively infl uenced microvascular reactivity. To strengthen 
this hypothesis we have previously noticed a multiple association between 
total and LDL-cholesterol levels and capillary microfl ow on obese meta-
bolic syndrome subjects [19], suggesting that interventions with benefi cial 
effects on the lipid profi le could positively infl uence RBCV and RBCV-
max. Consumption of nutrients rich in PUFAs (especially linolenic acids) 
such as fi sh oil and also Brazil nuts was associated to reduction in fi brino-
gen levels and in blood viscosity [36].



Nuts as sources of MUFAs have also been inserted in diets aiming to 
improve not only lipid profi le but also insulin sensitivity, but in healthy, 
type 2 diabetes mellitus patients [37], and our own results in obese adoles-
cents, nuts-enriched diets did not infl uence glucose homeostasis and CRP, 
an acute-phase protein, associated to atherosclerosis, metabolic disorders 
and CV disease [38].

Brazil nuts consumption during 15 days increased selenium levels, 
showing that shorter periods with higher amounts of nuts per day were fol-
lowed by increments of 370% on selenium levels [24]. Physiological values 
for selenium ranged from 53 to 161.1 μg/l [39]. In the present study, sele-
nium levels increased on BNG and were considered as a marker of good 
compliance although a signifi cant difference could not be found inter-group 
(perhaps the intervention time was too short). Oxidative imbalance has been 
pointed as a causal factor for CVD. Nutrients and bioactive substances with 
antioxidant action are able to avoid arachidonic acid oxidation [33] and im-
provement of lipid peroxidation could reduce plasmatic and urinary levels of 
8-epi-PGF2α, an oxidative product of arachidonic acid related to cell mem-
branes. Urinary 8-epi-PGF2α levels, also called isoprostanes, have shown 
large variation already at baseline inter- (two adolescents at PG had reduced 
urinary 8-epi-PGF2α levels) and also intra-group in a reduced sample size 
and no signifi cant changes could be detected on either group. However, we 
have noticed that its levels in BNG showed a decremental direction while in 
PG results went in the opposite way. It should be recalled that isoprostanes, 
derived from the arachidonic acid, are only one form of metabolite related 
to oxidative stress thus not able to refl ect the whole oxidative status on cell 
membranes. Although our data do not explain improvements in the nutritive 
microvascular reactivity by an amelioration of urinary isoprostanes, we sug-
gest that this pathophysiological focus deserves further elucidation with the 
use of other biomarkers of oxidative stress.

While investigated markers of oxidative stress were not altered by 
Brazil nuts consumption (Table 2), we could notice that LDL-ox levels 
were signifi cantly reduced in BNG, probably due to reduction on oxida-
tive stress status. The exact mechanism involved on it was not our aim, 
but the knowledge that LDL-ox is associated to endothelial dysfunction 
and atherosclerosis rise possible questions about the benefi cial long-term 
effects of Brazil nuts consumption on obesity.
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Limitations of the present study warrant mention. Although a power 
analysis was done to strengthen our results, the reduced number of patients 
investigated limits our conclusion to the population studied. Although the 
present study was randomized, it was not blinded and we have to consider 
that some changes in diet that we were not aware of, might have happened. 
Long-term benefi cial cardiovascular outcomes could be inferred by these 
data.

Finally, treatment strategies for obese adolescent should focus on life-
style interventions, aiming weight reduction, even if some supplements 
with established benefi cial effects are added to diets.

17.5 CONCLUSION

Our results show that short-term intake of Brazil nuts added to diet of an 
obese female adolescent group did not change body mass or waist cir-
cumference, but, as a nutrient rich in bioactive substances, it positively 
influenced lipid profile and nutritive microvascular reactivity.

REFERENCES

1. Daniels SR, Arnett DK, Eckel RH, Gidding SS, Hayman LL, Kumanyika S, et al.: 
Overweight in children and adolescents: pathophysiology, consequences, preven-
tion, and treatment. Circulation 2005, 111:1999-2012. 

2. IBGE: Pesquisa de Orçamentos Familiares 2008-09 - Antropometria e Estado Nutri-
cional de crianças e adolescentes do Brasil. 2010.

3. World Health Organization: Obesity: Prevention and managing: The global epidem-
ic. Report of a WHO Consultation on Obesity 2007. Report of a WHO Consultation 
on Obesity.

4. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, McQueen M, Budaj A, 
Pais P, Varigos J, Lisheng L: Effect of potentially modifiable risk factors associated 
with myocardial infarction in 52 countries (the INTERHEART study): case-control 
study. Lancet 2004, 364:937-952. 

5. Pasqui AL, Puccetti L, Di RM, Bruni F, Camarri A, Palazzuoli A, Biagi F, Servi M, 
Bischeri D, Auteri A, Pastorelli M: Structural and functional abnormality of system-
ic microvessels in cardiac syndrome X. Nutr Metab Cardiovasc Dis 2005, 15:56-64. 



6. Kraemer-Aguiar LG, Maranhao PA, Cyrino FZ, Bouskela E: Waist circumference 
leads to prolonged microvascular reactive hyperemia response in young overweight/
obese women. Microvasc Res 2010, 80(3):427-432. 

7. Kraemer-Aguiar LG, Maranhao PA, Sicuro FL, Bouskela E: Microvascular dys-
function: a direct link among BMI, waist circumference and glucose homeostasis in 
young overweight/obese normoglycemic women? Int J Obes (Lond) 2010, 34:111-
117. 

8. Stapleton PA, James ME, Goodwill AG, Frisbee JC: Obesity and vascular dysfunc-
tion. Pathophysiology 2008, 15:79-89. 

9. Ceriello A: Hypothesis: the "metabolic memory", the new challenge of diabetes. 
Diabetes Res Clin Pract 2009, 86(Suppl 1):S2-S6. 

10. Roberts CK, Sindhu KK: Oxidative stress and metabolic syndrome. Life Sci 2009, 
84:705-712. 

11. Dandona P, Mohanty P, Ghanim H, Aljada A, Browne R, Hamouda W, Prabhala 
A, Afzal A, Garg R: The suppressive effect of dietary restriction and weight 
loss in the obese on the generation of reactive oxygen species by leukocytes, 
lipid peroxidation, and protein carbonylation. J Clin Endocrinol Metab 2001, 
86:355-362. 

12. Berliner JA, Heinecke JW: The role of oxidized lipoproteins in atherogenesis. Free 
Radic Biol Med 1996, 20:707-727. 

13. Kocygit A, Koylu AA, Keles H: Effects of pistachio nuts consumption on plasma 
lipid profile and oxidative status in healthy volunteers. Nutr Metab Cardiovasc Dis 
2006, 16(3):202-209. 

14. Ros E: Nuts and novel biomarkers of cardiovascular disease. Am J Clin Nutr 2009, 
89:1649S-1656S. 

15. Ros E, Nunez I, Perez-Heras A, Serra M, Gilabert R, Casals E, Deulofeu R: A walnut 
diet improves endothelial function in hypercholesterolemic subjects: a randomized 
crossover trial. Circulation 2004, 109:1609-1614. 

16. CDC: Center Of Disease Control and Prevention National Center For Health Statis-
tics. CDC Growth Charts 2000; 2007.

17. Tanner J: Growth at adolescence. Oxford: Blackwell; 1962.
18. Nepa Unicamp: Tabela Brasileira de Composição de Alimentos (TACO). 2006.
19. Kraemer-Aguiar LG, Laflor CM, Bouskela E: Skin microcirculatory dysfunction is 

already present in normoglycemic subjects with metabolic syndrome. Metabolism 
2008, 57:1740-1746. 

20. Friedwald W, Levy AL, Frederickson DS: Estimation of concentrations of low den-
sity cholesterol in plasma, without use of the preparative ultracentrifuge. Clinical 
Chemistry 1972, 18:499-502. 

21. Klyscz T, Junger M, Jung F, Zeintl H: Cap image--a new kind of computer-assisted 
video image analysis system for dynamic capillary microscopy. Biomed Tech (Berl) 
1997, 42:168-175. 

Brazil Nuts Intake Improves Lipid Profile, Oxidative Stress 369



370 Functional Foods

22. Ip C, Lisk DJ: Bioactivity of selenium from Brazil nut for cancer prevention and 
selenoenzyme maintenance. Nutr Cancer 1994, 21:203-212. 

23. Thomson CD, Chisholm A, McLachlan SK, Campbell JM: Brazil nuts: an effective 
way to improve selenium status. Am J Clin Nutr 2008, 87:379-384. 

24. Strunz CC, Oliveira TV, Vinagre JC, Lima A, Cozzolino S, Maranhao RC: Brazil 
nut ingestion increased plasma selenium but had minimal effects on lipids, apolipo-
proteins, and high-density lipoprotein function in human subjects. Nutr Res 2008, 
28:151-155. 

25. Ros E, Mataix J: Fatty acid composition of nuts--implications for cardiovascular 
health. Br J Nutr 2006, 96(Suppl 2):S29-S35. 

26. Brennan AM, Sweeney LL, Liu X, Mantzoros CS: Walnut consumption increases 
satiation but has no effect on insulin resistance or the metabolic profile over a 4-day 
period. Obesity (Silver Spring) 2010, 18:1176-1182. 

27. St-Onge MP: Dietary fats, teas, dairy, and nuts: potential functional foods for weight 
control? Am J Clin Nutr 2005, 81:7-15. 

28. Rajaram S, Haddad EH, Mejia A, Sabate J: Walnuts and fatty fish influence different 
serum lipid fractions in normal to mildly hyperlipidemic individuals: a randomized 
controlled study. Am J Clin Nutr 2009, 89:1657S-1663S. 

29. de Jongh RT, Serne EH, Ijzerman RG, Jorstad HT, Stehouwer CD: Impaired local 
microvascular vasodilatory effects of insulin and reduced skin microvascular vaso-
motion in obese women. Microvasc Res 2008, 75:256-262. 

30. Ijzerman RG, de Jongh RT, Beijk MA, van Weissenbruch MM, Delemarre-van de 
Waal HA, Serne EH, Stehouwer A: Individuals at increased coronary heart disease 
risk are characterized by an impaired microvascular function in skin. Eur J Clin 
Invest 2003, 33:536-542. 

31. Ketel IJ, Stehouwer CD, Serne EH, Poel DM, Groot L, Kager C, Hompes PG, Hom-
burg R, Twisk JW, Smulders YM, Lambalk CB: Microvascular function has no 
menstrual-cycle-dependent variation in healthy ovulatory women. Microcirculation 
2009, 16:714-724. 

32. Fagrell B, Intaglietta M: The dynamics of skin microcirculation as a tool for the 
study of systemic diseases. Bibl Anat 1977, 231-234.

33. de Jongh RT, Serne EH, Ijzerman RG, de VG, Stehouwer CD: Impaired microvascu-
lar function in obesity: implications for obesity-associated microangiopathy, hyper-
tension, and insulin resistance. Circulation 2004, 109:2529-2535. 

34. Meininger GA: Responses of sequentially branching macro- and microvessels dur-
ing reactive hyperemia in skeletal muscle. Microvasc Res 1987, 34:29-45. 

35. Walmsley D, Wiles PG: Reactive hyperaemia in skin of the human foot measured 
by laser Doppler flowmetry: effects of duration of ischaemia and local heating. Int J 
Microcirc Clin Exp 1990, 9:345-355.

36. Hostmarck A, Bjerkedal A, Kierulf P, Flaten H, Ulshagen K: Fish oil and plasma 
fibrinogen. British Medical Journal 1988, 297:180-181. 



Brazil Nuts Intake Improves Lipid Profile, Oxidative Stress 371

37. Lovejoy JC, Most MM, Lefevre M, Greenway FL, Rood JC: Effect of diets enriched 
in almonds on insulin action and serum lipids in adults with normal glucose toler-
ance or type 2 diabetes. Am J Clin Nutr 2002, 76:1000-1006. 

38. Gabay C, Kushner I: Acute-phase proteins and other systemic responses to inflam-
mation. N Engl J Med 1999, 340:448-454. 

39. Versiek J, Cornelis R: Trace elements in plasma or serum. CRC press; 1989.

This chapter was originally published under the Creative Commons Attribution License. Maranhão, 
P. A., Kraemer-Aguiar, L. G., de Oliveira, C. L., Kuschnir, M. C. C., Vieira, Y., R., Souza, M. G. C., 
Koury, J. C., and Bouskela, E. Brazil Nuts Intake Improves Lipid Profile, Oxidative Stress and Mi-
crovascular Function in Obese Adolescents: A Randomized Controlled Trial. Nutrition & Metabolism 
2011, 8:32. doi:10.1186/1743-7075-8-32.



This page intentionally left blankThis page intentionally left blank



AUTHOR NOTES

CHAPTER 1

Acknowledgments 
This work was supported in part by the Irish Health Research Board (ref-
erence HRC/2007/13) and the European Commission, Framework Pro-
gramme 6 (LIPGENE), contract number FOOD-CT-2003-505944.

Conflict of Interest 
The author declares no conflict of interest.

CHAPTER 2

Competing interests
Corneel Vandelanotte is supported by a National Health and Medical Re-
search Council of Australia (#519778) and National Heart Foundation of 
Australia (#PH 07B 3303) post-doctoral research fellowship.

All Authors declare that they have no competing interests that are di-
rectly relevant to the content of this review.

 Authors’ contributions
PJT contributed to the literature review, prepared initial draft of the manu-
script, rated and tabulated primary articles and prepared final draft for 
publication. GSK contributed to the conceptual phase and editing of the 
manuscript and drafts. CV contributed in the conceptual phase of the paper 
as well as editing drafts of manuscript. CMC contributed to conceptual 
phase and editing of the manuscript and drafts. KWM contributed to the 
conceptual phase and editing of the manuscript and drafts. ESG contrib-
uted to the literature review and in the editing of the manuscript. MK con-
tributed to the conceptual phase and editing of the manuscript and drafts. 



374 Functional Foods

MJN contributed to the project development, preparation and editing of 
the manuscript and ranking and tabulation of primary articles. All authors 
read and approved the final manuscript.

 Acknowledgments
Queensland Health provided funding to conduct this project.

CHAPTER 3

Competing interests
The authors declare that they have no competing interests.

Authors’ contribution
AAA and BJS each contributed equally to the formulation and writing of 
the manuscript. Both authors read and approved the final manuscript.

CHAPTER 5

Competing interests
The authors are employed full time by Archer Daniels Midland Company 
(ADM). ADM is a major oilseed and grain commodity processor and pro-
duces, among other products, fructose-containing sweeteners.

Authors’ contributions
The two authors, SZS and MWE, have made similar contributions to the 
review. Both authors have read and approved the final manuscript.

Acknowledgments
The authors kindly thank Drs. Walter Glinsmann, Sheldon Hendler and 
Brent Flickinger for helpful discussions on the manuscript.

CHAPTER 6

Acknowledgments
Author gratefully acknowledges Dr.S.G.Bhat, Head, Department of Bio-
chemistry and Nutrition and Dr.V.Prakash, Director, CFTRI, Mysore for 
their encouragement in preparing this review. The author also acknowledges 



Author Notes 375

Dr. Santo V.Nicosia and Dr. D.Coppola, Moffitt Cancer Research Center, 
University of South Florida, Tampa, FL, USA for supporting the work on 
ascorbyl stearate in his laboratory.

CHAPTER 7

Competing interests
The authors declare that they have no competing interests.

Author contributions
The authors contributions are as follows: DLK served as the Principal In-
vestigator and is responsible for oversight of all study related activities, 
data analysis and manuscript preparation. VYN was responsible for the 
protocol development, data analysis, interpretation, manuscript prepara-
tion, and critical review of the paper. ZF was responsible for study man-
agement, ultrasound reading, data collection, and manuscript preparation. 
SD contributed to manuscript preparation. AGS contributed to manuscript 
preparation. All Authors have read and approved the final manuscript.

Acknowledgments
We wish to thank the study participants for taking part in the study. Ad-
ditionally the technical assistance of Dr. Yuka Yazaki and Mrs. Michelle 
Pinto-Evans is greatly appreciated.

Funding sources
Funding for this study was provided by the Egg Nutrition Center and the 
Centers for Disease Control & Prevention (Grant#U48-CCU115802).

CHAPTER 8

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
LT participated in the conduct of the study, the analysis of the data. SC 
participated in the conduct of the study. EY participated in the conduct 
of the study. CC participated in the study design and statistical analysis. 



376 Functional Foods

GT participated in the study coordination. ZL conceived of the study, par-
ticipated in its design and coordination, and drafting the manuscript. All 
authors read and approved the final manuscript.

Acknowledgments
Funding was provided by Herbalife, International, Los Angeles, Califor-
nia. LT was supported by NIH Training Grant No. DK0718033. SC, and 
EY were supported by NIH Training Grant No. T32 DK 07688.

CHAPTER 9

Acknowledgments
The authors gratefully acknowledge Nicolaas Busscher at University of 
Kassel and Friedrich-Karl Lü cke at University of Applied Sciences Fulda 
for valuable comments on the earlier stage of the manuscript.

CHAPTER 11

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KE designed and conducted research, analyzed data and drafted the manu-
script. SW helped to design research, conducted research, helped to draft 
the manuscript. IR conducted research, helped to draft the manuscript. UB 
helped to design research, helped to draft the manuscript. All authors read 
and approved the final manuscript.

Expert and Affiliation
Lindsay H. Allen - Western Human Nutrition Research Center, USA; 
Narendra K. Arora - International Clinical Epidemiology Network, IN-
CLEN, India; Zulfiqar A. Bhutta - Aga Khan University, Pakistan; Ro-
dolfo F. Florentino - Nutrition Foundation of the Philippines; Guillermo 
Meléndez - Mexican Health Foundation, Mexico; Noel W. Solomons - 
Program Director for Central America, International Nutrition Founda-
tion, Guatemala; Edgar Vasquez-Garibay - University of Guadalajara, 
Mexico.



Author Notes 377

Acknowledgments
Thanks also to Richard Hurrell (Swiss Federal Institute of Technology, 
Switzerland) and Monika Potter (Dietitian) who provided valuable advice. 
Thanks to Paul Kelly for English language editing.

The study was supported by the Nestlé Nutrition Institute. The support-
ing source had no infl uence on study design; in the collection, analysis, 
and interpretation of the data; in the writing of the manuscript; and in the 
decision to submit the manuscript for publication.

CHAPTER 12

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
DSS and IG contributed equally to the study design, collection of data, 
development of the animals and vegetables sampling, analyses, interpre-
tation of results and preparation of the paper. Both authors read and ap-
proved the final manuscript.

Acknowledgments
This work was supported by CNCSIS - UEFISCSU, project number 
1116/2009 PNII - IDEI, code 896/2008.

CHAPTER 13

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
WC was responsible for the conception and the design of the model pro-
gramme, interpretation of data, field works, drafting and approval of the 
manuscript. PS participated in design the programme on the aspect of io-
dine enrichment for animal feeds, field works, data analysis and drafting 
the manuscript. PT participated in the analysis of urine samples by ICPMS. 
JW participated in field works and specimens collection. All authors read 
and approved the final manuscript.



378 Functional Foods

Acknowledgments
The authors would like to thank Dr. Saksom Attamangkune for the tech-
nical assistance on the aspect of iodine enriched eggs and the supports 
from the staff of Department of Medical Sciences, Kasetsart University 
and Napu Sub-district Municipality are also appreciated

CHAPTER 14

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MSS carried out the in vitro and in vivo experiments, participated in its 
design, analysed and interpreted the data and drafted the manuscript. KT 
conceived of the study, designed, coordinated, involved in drafting the 
manuscript and revised it critically. HPD participated in the in vivo stud-
ies and helped drafting the manuscript.All authors read and approved the 
final manuscript.

Acknowledgments
The VIT University has provided the lab facility and funded this study.

CHAPTER 15

Competing interests
The authors declare that they have no competing interests.

Author details
RP (M.Sc) is Junior Research Fellow (ICMR), TNK (M. Pharm) is Senior 
Research Fellow (CSIR), PKB is doing MS in Pharmacology (NIPER, 
Hyderabad), MK (PhD) is Senior Technical Assistant and SKB (PhD) is 
Principle Investigator and Scientist in the Division of Pharmacology and 
Chemical Biology, Indian Institute of Chemical Technology (IICT), Hy-
derabad-500607, India.

Authors’ contributions
RP, TNK, PKB and MK carried out animal experimentation, biochemical 
estimation and statistical analysis of results. SKB conceived the study, and 



Author Notes 379

participated in its design, coordination and drafted the manuscript. The 
authors read and approved the manuscript.

Acknowledgments
Financial support was provided by Ramalingaswami Fellowship fund 
(SKB) from Department of Biotechnology (DBT), Junior Research Fel-
lowship (RP) from Indian Council of Medical Research (ICMR), and Se-
nior Research Fellowship (TNK) from Council of Scientific and Industrial 
Research (CSIR), Govt. of India and IICT institute fund. We wish to thank 
Dr J S Yadav, Director, IICT, Hyderabad for providing all kind of support 
for this work and gratefully acknowledge Dr Mohua Maulik for her sug-
gestions and critical review of the manuscript.

CHAPTER 16

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
YEG participated in the design, conducted research, analyzed data and 
statistical analyses, wrote the paper I.MEB participated in the design and 
wrote the paper. Both authors read and approved the final manuscript.

Acknowledgments and founding
We thank Anna Berggren Probi AB and Lena Nyberg, Skånemejerier for 
providing of Proviva products. The study was sponsored by Dr Persfoods 
foundation, Probi, Lund Sweden and Skånemejerier, Malmö, Sweden

CHAPTER 17

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
PM - Performed microvascular analyses, statistical analyses and draft the 
manuscript; LGK - Participated to draft the manuscript and performed 
statistical analyses; CL - Participated in study design; MCK- Performed 
patients selection; YR - Carried out immunoassays; MG - Carried 



380 Functional Foods

out immunoassays; JK- Performed statistical analyses and participated in 
study design; EB - Participated in study design and to draft the manuscript. 
All authors read and approved the final manuscript.

Acknowledgments
Authors would like to thank Drs. Tatiane Bertoni de Toledo and Fabiana 
Barreto Lima for their help in recruiting patients and EMBRAPA for se-
lenium measurements and Funding: National Research Council (CNPq), 
Foundation to Support Research in the State of Rio de Janeiro (FAPERJ) 
and Agency to Finance Studies and Projects (FINEP). During this study 
Ms. Priscila Maranhão received a fellowship from the Coordination to Im-
prove Graduate Personnel (CAPES).



This page intentionally left blankThis page intentionally left blank




	Front Cover
	About the Editor
	Contents
	Acknowledgment and How to Cite
	List of Contributors
	Introduction
	Part I: The Connection Between Nutrition and Health
	Chapter 1: Nutrigenetics and Metabolic Disease: Current Status and Implications for Personalised Nutrition
	Chapter 2: A Review of the Nature and Effectiveness of Nutrition Interventions in Adult Males: A Guide for Intervention Strategies
	Chapter 3: Nutrient Timing Revisited: Is there a Post-Exercise Anabolic Window?
	Chapter 4: Nutritional Therapies for Mental Disorders
	Chapter 5: Fructose Metabolism in Humans: What Isotopic Tracer Studies Tell Us
	Chapter 6: Vitamin C in Human Health and Disease is Still a Mystery? An Overview
	Chapter 7: Daily Egg Consumption in Hyperlipidemic Adults: Effects on Endothelial Function and Cardiovascular Risk
	Chapter 8: Protein-Enriched Meal Replacements Do Not Adversely Affect Liver, Kidney or Bone Density: An Outpatient Randomized Controlled Trial
	Chapter 9: Functional Food and Organic Food are Competing Rather than Supporting Concepts in Europe

	Part II: Functional Foods: The Connection Between Health and Food Science
	Chapter 10: Exercise and Functional Foods
	Chapter 11: Effects of Micronutrient Fortified Milk and Cereal Food for Infants and Children: A Systematic Review
	Chapter 12: Effect of Mineral-Enriched Diet and Medicinal Herbs on Fe, Mn, Zn, and Cu Uptake in Chicken
	Chapter 13: Consuming Iodine Enriched Eggs to Solve the Iodine Deficiency Endemic for Remote Areas in Thailand
	Chapter 14: Cinnamon Extract Inhibits α-Glucosidase Activity and Dampens Postprandial Glucose Excursion in Diabetic Rats
	Chapter 15: Garlic Improves Insulin Sensitivity and Associated Metabolic Syndromes in Fructose Fed Rats
	Chapter 16: A Bilberry Drink with Fermented Oatmeal Decreases Postprandial Insulin Demand in Young Healthy Adults
	Chapter 17: Brazil Nuts Intake Improves Lipid Profile, Oxidative Stress, and Microvascular Function in Obese Adolescents: A Randomized Controlled Trial

	Author Notes



