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The editor and publisher thank each of the authors who contributed to
this book. The chapters in this book were previously published in various
places in various formats. To cite the work contained in this book and to
view the individual permissions, please refer to the citation at the beginning of each chapter. Each chapter was read individually and carefully
selected by the editor; the result is a book that provides a nuanced look at
current nutrition research. The chapters included are broken into five sections, which describe the following topics:
• Chapter 1 offers an introductory overview, stressing that gene-nutrient interactions in growth and development and in disease prevention are fundamental to health. It makes the point that nutritional security should be given
the same priority as food security.
• Chapter 2 discusses the potential role of nutritional genomics in the current
surge of chronic disease in the Middle East and North Africa which has
manifested due to the abrupt transition from a traditional to an industrialized diet in these regions. This situation provides an ideal opportunity to
apply our current knowledge of nutritional genomics in an effort to help
understand and ameliorate an emerging and imminent nutritional disparity.
• A follow-up to their previous pivotal findings in older, overweight subjects (Stanhope et al, May 2009, JCI), in Chapter 3 the Havel group
provides additional important evidence regarding the role of sugar consumption in the current epidemic of obesity and chronic disease in young
healthy individuals.
• With the diagnosis of metabolic syndrome becoming common in an everincreasing overweight, aged population, the need for effective interventions
is imminent. Dietary restriction and exercise can be effective interventions
for those who are motivated; Chapter 4 provides important new information regarding protein requirements in these individuals and how changes in
protein intake can affect the efficacy of this type of intervention.
• Chapter 5 is an interesting study comparing the efficacy of oral nutritional
supplements with that of nutrition education in patients with Alzheimer’s
disease. As the diagnosis of dementia becomes more common, it is important to assess the most practical way to deal with the nutritional challenges
of this growing population group.
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• Vitamin D deficiency has become more prevalent worldwide and it is wellaccepted that there is a need for supplementation in susceptible groups;
however there is still much debate as to what the appropriate dosage should
be. Chapter 6 provides important information regarding the pharmacokinetics of oral vitamin D supplements, and also compares outcomes in both
pregnant and non-pregnant women.
• Chapter 7 is an interesting study of the role of vitamin D deficiency in
the pathophysiology of childhood obesity and provides evidence that nutritional status, not just body weight, may influence levels of inflammatory
mediators and insulin sensitivity in this unfortunately growing population
group.
• The success of folic acid fortification in reducing the incidence of neural
tube defects is considered one of the success stories of modern nutrition
science. Chapter 8 presents an elegant study which provides evidence that
increased folic acid intake may also reduce the prevalence of other neurodegenerative disorders such as autism.
• Chapter 9, authored by the editor of this volume, is important because it
shows that, when consumed at 25% of energy requirements, fructose can
actually cause the liver to synthesize so much fat after a meal that fat synthesis actually surpasses net whole-body fat oxidation, leading to a temporary state of negative net fat oxidation in body. These data provide additional insights into the mechanisms by which increased sugar consumption
leads to the development of obesity.
• High-protein diets are currently a popular fad perhaps in part because of
the evidence that this type of diet may lead to reductions in circulating triglyceride levels. In Chapter 10, Oliver and colleagues attempt to determine
whether exercise in combination with a high-protein diet has differential
effects on triglyceride levels in women with either normal or elevated fasting triglyceride levels.
• Tea is one of the most commonly consumed beverages globally and there
have been many studies examining the potential health benefits of various
types of teas. In Chapter 11, Rajavelu and colleagues provide data suggesting a potential biochemical mechanism by which compounds found in
black tea and coffee may modulate the methylation of DNA.
• Supplement use is at an all-time high in the United States and finding peerreviewed data validating the efficacy of many of these products can be very
difficult. Chapter 12 examines the efficacy of several commercially available supplement products and measures their ability to modulate the mitochondrial content of human rhabdomyosarcoma cells.
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Introduction

Nutrition is becoming ever more central to our understanding of virtually
all metabolic processes. Its biological basis offers insight into the mechanisms by which diet influences human health and disease. Nutritional
biochemistry broadens and deepens our understanding of many aspects
of human biology including immunity, development, and aging. Research
in this complex field must integrate information from a myriad of fields
including cellular and molecular biology, molecular genetics, physiology,
epidemiology, and clinical medicine.
Nutritional biochemistry is a vital field of study. According to the US
Department of Health and Human Services, poor nutrition (along with
inactivity) contributes to approximately half a million deaths each year.
Poor nutrition is also a leading cause of disability and loss of independence. Healthier dietary practices, according to the US Department of
Agricuture, could prevent at least $71 billion per year in medical costs,
lost productivity, and premature deaths in the United States alone. At the
international level, the World Health Organization focuses on nutrition
as one of the most significant factors influencing human health; undernutrition contributes to about a third of all child deaths around the world,
and growing rates of overweight and obesity worldwide are associated
with the increasing prevalence of chronic diseases such as cancer, cardiovascular disease, and diabetes.
The research gathered in this compendium focuses on a few select
elements of nutritional biochemistry: vitamins and minerals, macronutrients and energy, cell function and metabolism, as well as clinical
nutrition. Each chapter contributes to our larger understanding of this
complex field. Together, these articles offer a springboard for ongoing
research in a field that is essential for more informed nutritional policies
and programs at the individual, clinical, educational, and governmental
levels.
Chad Cox, PhD
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Introduction

Chapter 1, by Simopoulos and colleagues, discusses the Bellagio Report
on Healthy Agriculture, Healthy Nutrition, Healthy People: the result of
the meeting held at the Rockefeller Foundation Bellagio Center in Lake
Como, Italy, 29 October–2 November 2012. The meeting was sciencebased but policy-oriented. The role and amount of healthy and unhealthy
fats, with attention to the relative content of omega-3 and omega-6 fatty
acids, sugar, and particularly fructose in foods that may underlie the epidemics of non-communicable diseases (NCD’s) worldwide were extensively discussed. The report concludes that sugar consumption, especially
in the form of high energy fructose in soft drinks, poses a major and insidious health threat, especially in children, and most diets, although with
regional differences, are deficient in omega-3 fatty acids and too high in
omega-6 fatty acids. Gene-nutrient interactions in growth and development and in disease prevention are fundamental to health, therefore regional Centers on Genetics, Nutrition and Fitness for Health should be
established worldwide. Heads of state and government must elevate, as a
matter of urgency, Nutrition as a national priority, that access to a healthy
diet should be considered a human right and that the lead responsibility for
Nutrition should be placed in Ministries of Health rather than agriculture
so that the health requirements drive agricultural priorities, not vice versa.
Nutritional security should be given the same priority as food security.
The Middle East and North Africa (MENA) region suffers a drastic
change from a traditional diet to an industrialized diet. This has led to an
unparalleled increase in the prevalence of chronic diseases. Chapter 2, by
Fahed and colleagues, discusses the role of nutritional genomics, or the
dietary signature, in these dietary and disease changes in the MENA. The
diet-genetics-disease relation is discussed in detail. Selected disease categories in the MENA are discussed starting with a review of their epidemiology in the different MENA countries, followed by an examination of
the known genetic factors that have been reported in the disease discussed,
whether inside or outside the MENA. Several diet-genetics-disease relationships in the MENA may be contributing to the increased prevalence
of civilization disorders of metabolism and micronutrient deficiencies. Future research in the field of nutritional genomics in the MENA is needed to
better define these relationships.

Introduction

xxvii

The American Heart Association Nutrition Committee recommends
women and men consume no more than 100 and 150 kcal of added sugar per day, respectively, whereas the Dietary Guidelines for Americans,
2010, suggests a maximal added sugar intake of 25% or less of total energy. To address this discrepancy, the authors of Chapter 3, Stanhope and
colleagues, compared the effects of consuming glucose, fructose, or highfructose corn syrup (HFCS) at 25% of energy requirements (E) on risk
factors for cardiovascular disease. Forty-eight adults (aged 18–40 yr; body
mass index 18–35 kg/m2) resided at the Clinical Research Center for 3.5
d of baseline testing while consuming energy-balanced diets containing
55% E complex carbohydrate. For 12 outpatient days, they consumed usual ad libitum diets along with three servings per day of glucose, fructose,
or HFCS-sweetened beverages (n = 16/group), which provided 25% E
requirements. Subjects then consumed energy-balanced diets containing
25% E sugar-sweetened beverages/30% E complex carbohydrate during
3.5 d of inpatient intervention testing. Twenty-four-hour triglyceride area
under the curve, fasting plasma low-density lipoprotein (LDL), and apolipoprotein B (apoB) concentrations were measured. Twenty-four-hour triglyceride area under the curve was increased compared with baseline during consumption of fructose (+4.7 ± 1.2 mmol/liter × 24 h, P = 0.0032) and
HFCS (+1.8 ± 1.4 mmol/liter × 24 h, P = 0.035) but not glucose (−1.9 ± 0.9
mmol/liter × 24 h, P = 0.14). Fasting LDL and apoB concentrations were
increased during consumption of fructose (LDL: +0.29 ± 0.082 mmol/liter, P = 0.0023; apoB: +0.093 ± 0.022 g/liter, P = 0.0005) and HFCS (LDL:
+0.42 ± 0.11 mmol/liter, P < 0.0001; apoB: +0.12 ± 0.031 g/liter, P <
0.0001) but not glucose (LDL: +0.012 ± 0.071 mmol/liter, P = 0.86; apoB:
+0.0097 ± 0.019 g/liter, P= 0.90). Consumption of HFCS-sweetened beverages for 2 wk at 25% E increased risk factors for cardiovascular disease
comparably with fructose and more than glucose in young adults.
The recommended dietary allowance (RDA) for protein intake has
been set at 1.0–1.3 g/kg/day for seniors. To date, no consensus exists on
the lower threshold intake (LTI = RDA/1.3) for the protein intake (PI)
needed in senior patients ongoing both combined caloric restriction and
physical activity treatment for metabolic syndrome. Considering that age,
caloric restriction and exercise are three increasing factors of protein need,
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Chapter 4, by Dutheil and colleagues, was dedicated to determining the
minimal PI in this situation, through the determination of albuminemia
that is the blood marker of protein homeostasis. Twenty eight subjects
(19 M, 9 F, 61.8 ± 6.5 years, BMI 33.4 ± 4.1 kg/m2) with metabolic syndrome completed a three-week residential programme (Day 0 to Day 21)
controlled for nutrition (energy balance of −500 kcal/day) and physical
activity (3.5 hours/day). Patients were randomly assigned in two groups:
Normal-PI (NPI: 1.0 g/kg/day) and High-PI (HPI: 1.2 g/kg/day). Then,
patients returned home and were followed for six months. Albuminemia
was measured at D0, D21, D90 and D180. At baseline, PI was spontaneously 1.0 g/kg/day for both groups. Albuminemia was 40.6 g/l for NPI
and 40.8 g/l for HPI. A marginal protein under-nutrition appeared in NPI
with a decreased albuminemia at D90 below 35 g/l (34.3 versus 41.5 g/l
for HPI, p < 0.05), whereas albuminemia remained stable in HPI. During
the treatment based on restricted diet and exercise in senior people with
metabolic syndrome, the lower threshold intake for protein must be set at
1.2 g/kg/day to maintain blood protein homeostasis.
Weight loss in patients with Alzheimer’s disease (AD) is a common
clinical manifestation that may have clinical significance. Chapter 5, by
Pivi and colleagues, aimed to evaluate if there is a difference between
nutrition education and oral nutritional supplementation on nutritional status in patients with AD. A randomized, prospective 6-month study which
enrolled 90 subjects with probable AD aged 65 years or older divided
into 3 groups: Control Group (CG) [n = 27], Education Group (EG) [n
= 25], which participated in an education program and Supplementation
Group (SG) [n = 26], which received two daily servings of oral nutritional supplementation. Subjects were assessed for anthropometric data
(weight, height, BMI, TSF, AC and AMC), biochemical data (total protein,
albumin, and total lymphocyte count), CDR (Clinical Dementia Rating),
MMSE (Mini-mental state examination), as well as dependence during
meals. The SG showed a significant improvement in the following anthropometric measurements: weight (H calc = 22.12, p =< 0.001), BMI (H calc
= 22.12, p =< 0.001), AC (H calc = 12.99, p =< 0.002), and AMC (H calc
= 8.67, p =< 0.013) compared to the CG and EG. BMI of the EG was significantly greater compared to the CG. There were significant changes in
total protein (H calc = 6.17, p =< 0.046), and total lymphocyte count in the
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SG compared to the other groups (H cal = 7.94, p = 0.019). The study concluded that oral nutritional supplementation is more effective compared to
nutrition education in improving nutritional status.
Improvements in antenatal vitamin D status may have maternal-infant
health benefits. To inform the design of prenatal vitamin D3 trials, the
authors of Chapter 6, Roth and colleagues, conducted a pharmacokinetic
study of single-dose vitamin D3 supplementation in women of reproductive age. A single oral vitamin D3 dose (70,000 IU) was administered to 34
non-pregnant and 27 pregnant women (27 to 30 weeks gestation) enrolled
in Dhaka, Bangladesh (23°N). The primary pharmacokinetic outcome
measure was the change in serum 25-hydroxyvitamin D concentration over
time, estimated using model-independent pharmacokinetic parameters.
Baseline mean serum 25-hydroxyvitamin D concentration was 54 nmol/L
(95% CI 47, 62) in non-pregnant participants and 39 nmol/L (95% CI 34,
45) in pregnant women. Mean peak rise in serum 25-hydroxyvitamin D
concentration above baseline was similar in non-pregnant and pregnant
women (28 nmol/L and 32 nmol/L, respectively). However, the rate of rise
was slightly slower in pregnant women (i.e., lower 25-hydroxyvitamin D
on day 2 and higher 25-hydroxyvitamin D on day 21 versus non-pregnant
participants). Overall, average 25-hydroxyvitamin D concentration was
19 nmol/L above baseline during the first month. Supplementation did
not induce hypercalcemia, and there were no supplement-related adverse
events. The response to a single 70,000 IU dose of vitamin D3 was similar
in pregnant and non-pregnant women in Dhaka and consistent with previous studies in non-pregnant adults. These preliminary data support the
further investigation of antenatal vitamin D3 regimens involving doses
of ≤70,000 IU in regions where maternal-infant vitamin D deficiency is
common.
Obesity is associated with vitamin D deficiency, and both are areas of
active public health concern. In Chapter 7, Vimaleswaran and colleagues
explored the causality and direction of the relationship between body mass
index (BMI) and 25-hydroxyvitamin D [25(OH)D] using genetic markers
as instrumental variables (IVs) in bi-directional Mendelian randomization
(MR) analysis. The authors used information from 21 adult cohorts (up
to 42,024 participants) with 12 BMI-related SNPs (combined in an allelic score) to produce an instrument for BMI and four SNPs associated
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with 25(OH)D (combined in two allelic scores, separately for genes encoding its synthesis or metabolism) as an instrument for vitamin D. Regression estimates for the IVs (allele scores) were generated within-study
and pooled by meta-analysis to generate summary effects. Associations
between vitamin D scores and BMI were confirmed in the Genetic Investigation of Anthropometric Traits (GIANT) consortium (n = 123,864).
Each 1 kg/m2 higher BMI was associated with 1.15% lower 25(OH)D (p
= 6.52×10−27). The BMI allele score was associated both with BMI (p =
6.30×10−62) and 25(OH)D (−0.06% [95% CI −0.10 to −0.02], p = 0.004) in
the cohorts that underwent meta-analysis. The two vitamin D allele scores
were strongly associated with 25(OH)D (p≤8.07×10−57 for both scores) but
not with BMI (synthesis score, p = 0.88; metabolism score, p = 0.08) in
the meta-analysis. A 10% higher genetically instrumented BMI was associated with 4.2% lower 25(OH)D concentrations (IV ratio: −4.2 [95% CI
−7.1 to −1.3], p = 0.005). No association was seen for genetically instrumented 25(OH)D with BMI, a finding that was confirmed using data from
the GIANT consortium (p≥0.57 for both vitamin D scores). On the basis
of a bi-directional genetic approach that limits confounding, this study
suggests that a higher BMI leads to lower 25(OH)D, while any effects of
lower 25(OH)D increasing BMI are likely to be small. Population level
interventions to reduce BMI are expected to decrease the prevalence of
vitamin D deficiency.
Many factors such as genetic, psychological, environmental and behavioral characteristics influence development of human disease, and
there is a great deal of scientific evidence supporting a close relationship
between nutrition and disease. Though typical Western diets are not overtly deficient in essential nutrients, intake of a few micro nutrients, such as
folic acid, have been reported to be sub-optimal, particularly in women
of childbearing age. The role of folic acid in the prevention of macrocytic
anemia and neural tube defects is well established. However, the relationship between folic acid and risk of autistic spectrum disorder (ASD) is still
evolving. In Chapter 8, authored by Yasmin Neggars, the association between maternal folic acid intake, including folic acid supplementaion and
risk of ASD in the offspring, will be evaluated. It is of interest that though
there is some evidence that folate intake during pregnancy decreases the
risk of ASD, several investigators have speculated that a high maternal
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folate intake due to folic acid fortification of foods may be linked to increased prevalence of ASD.
The results of short-term studies in humans suggest that, compared
with glucose, acute consumption of fructose leads to increased postprandial energy expenditure and carbohydrate oxidation and decreased postprandial fat oxidation. The objective of Chapter 9, by Cox and colleagues,
was to determine the potential effects of increased fructose consumption compared with isocaloric glucose consumption on substrate utilization and energy expenditure following sustained consumption and under
energy-balanced conditions. As part of a parallel arm study, overweight/
obese male and female subjects, 40–72 years, consumed glucose- or fructose-sweetened beverages providing 25% of energy requirements for 10
weeks. Energy expenditure and substrate utilization were assessed using
indirect calorimetry at baseline and during the 10th week of intervention.
Consumption of fructose, but not glucose, led to significant decreases of
net postprandial fat oxidation and significant increases of net postprandial
carbohydrate oxidation (P<0.0001 for both). Resting energy expenditure
(REE) decreased significantly from baseline values in subjects consuming
fructose (P=0.031) but not in those consuming glucose. Increased consumption of fructose for 10 weeks leads to marked changes of postprandial substrate utilization including a significant reduction of net fat oxidation. In addition, we report that REE is reduced compared with baseline
values in subjects consuming fructose-sweetened beverages for 10 weeks.
A diet high in protein has been shown to have beneficial effects on
weight loss and triglyceride (TG) levels when combined with exercise.
Recent research has also shown that a diet high in protein in the absence of
exercise promotes more favorable results for individuals above the median
TG (mTG) levels (>133 mg/dL). The purpose of Chapter 10, by Oliver and
colleagues, was to determine if women with TG above median values experience greater benefits to a diet and circuit resistance-training program.
Black tea is, second only to water, the most consumed beverage globally. Previously, the inhibition of DNA methyltransferase 1 was shown
by dietary polyphenols and epi-gallocatechin gallate (EGCG), the main
polyphenolic constituent of green tea, and 5-caffeoyl quinic acid, the main
phenolic constituent of the green coffee bean. In Chapter 11, Rajavelu
and colleagues studied the inhibition of DNA methyltransferase 3a by a
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series of dietary polyphenols from black tea such as theaflavins and thearubigins and chlorogenic acid derivatives from coffee. For theaflavin 3,3
digallate and thearubigins IC50 values in the lower micro molar range
were observed, which when compared to pharmacokinetic data available,
suggest an effect of physiological relevance. Since Dnnmt3a has been associated with development, cancer and brain function, these data suggest
a biochemical mechanism for the beneficial health effect of black tea and
coffee and a possible molecular mechanism for the improvement of brain
performance and mental health by dietary polyphenols.
Obesity is a common pathology with increasing incidence, and is associated with increased mortality and healthcare costs. Several treatment
options for obesity are currently available ranging from behavioral modifications to pharmaceutical agents. Many popular dietary supplements
claim to enhance weight loss by acting as metabolic stimulators, however
direct tests of their effect on metabolism have not been performed. Chapter 12, by Vaughan and colleagues, identified the effects of popular dietary
supplements on metabolic rate and mitochondrial biosynthesis in human
skeletal muscle cells. Human rhabdomyosarcoma cells were treated with
popular dietary supplements at varied doses for 24 hours. Peroxisome
proliferator-activated receptor coactivator 1 alpha (PGC-1α), an important stimulator of mitochondrial biosynthesis, was quantified using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Mitochondrial content was measured using flow cytometry confirmed with
confocal microscopy. Glycolytic metabolism was quantified by measuring extracellular acidification rate (ECAR) and oxidative metabolism was
quantified by measuring oxygen consumption rate (OCR). Total relative
metabolism was quantified using WST-1 end point assay. Treatment of
human rhabdomyosarcoma cells with dietary supplements OxyElite Pro
(OEP) or Cellucore HD (CHD) induced PGC-1α leading to significantly
increased mitochondrial content. Glycolytic and oxidative capacities were
also significantly increased following treatment with OEP or CHD. This is
the first work to identify metabolic adaptations in muscle cells following
treatment with popular dietary supplements including enhanced mitochondrial biosynthesis, and glycolytic, oxidative and total metabolism.

PART I

NUTRITIONAL GENOMICS

CHAPTER 1

Bellagio Report on Healthy Agriculture,
Healthy Nutrition, Healthy People
ARTEMIS P. SIMOPOULOS, PETER G. BOURNE,
AND OLE FAERGEMAN

1.1 INTRODUCTION
The meeting on Healthy Agriculture, Healthy Nutrition, Healthy People
took place at the Rockefeller Foundation Bellagio Center in Italy, 30 October–1 November 2012. The meeting was sponsored by The Center for
Genetics Nutrition and Health, The Rockefeller Foundation, Green Templeton College of the University of Oxford, W.K. Kellogg Foundation,
Nutrilite Health Institute, Health Studies Collegium, Hellenic American
University, and Hellenic American Union. The focus of the meeting was
the Implementation of the Action Plan on Healthy Agriculture, Healthy
Nutrition, Healthy People, which had been developed at the meeting on
Healthy Agriculture, Healthy Nutrition, Healthy People, held at Ancient
Olympia, Greece, 5–8 October 2010 [1,2].
The meeting in Bellagio was science-based but policy-oriented. There
were 19 participants from 9 countries, including distinguished physicians,
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nutritionists, agriculturists, economists, policy experts, lawyers, representatives of industry and representatives from United States Agency for
International Development (USAID), Pan American Health Organization
(PAHO), and the W.K. Kellogg Foundation. This international constellation of expertise provided a superb opportunity for in depth discussions of
the most current scientific evidence on sustainable agriculture and nutrition security for health.
The group’s broad, overall concerns were with human health, particularly child health, with societal economics, and with planetary ecosystems.
Our lifestyles—including where we live, our activity levels, economic
well-being and exposure to stress—all affect human health. We are also
embedded in larger systems of agriculture, food cultures and food supply chains that can increase as well as decrease our chances of becoming
and remaining healthy. At the same time that some children starve, others
(sometimes in the same societies) are prone to obesity and other chronic
diseases that stem from poor nutritional content of foods.
While many substances in the diet may affect health, the meeting focused primarily on those elements where the scientific evidence shows the
link to be strongest and where the impact on the epidemic of non-communicable diseases (NCDs) worldwide is greatest.
1.2 GOALS
1. To develop strategies that would translate the current state of scientific knowledge on nutrition into specific interventions that will
result in people eating healthier diets.
2. Agronomic, nutritional and medical sciences should not be subservient to business interests.
1.3 THE MEETING FOCUSED ON THE FOLLOWING ISSUES
1. Health-oriented agriculture is needed to tailor the food chain to
eradicate critical deficiencies and imbalances (e.g., change animal
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feeds to balance the omega-6/omega-3 fatty acid ratio, decrease the
excessive production of high fructose corn syrup (HFCS) [3,4,5,6].
Agronomic, nutritional and medical sciences should be independent of business interests.
Need for new forms of agriculture such as agroecology and urban
agriculture.
Future dietary guidelines to be based on ecological (including climatological) as well as nutritional science.
Nutrition research should be the basis of food sciences research
and not the reverse as it is now.

1.4 NOVEL ASPECTS OF THE MEETING
Over the past 10 years there have been many reports on diet and chronic
diseases, obesity, global health, and non-communicable diseases (NCD’s)
issued by WHO-FAO, national governments, scientific institutions, medical associations and foundations. However, the novelty of this meeting
was the emphasis on:
1. The vital role of political leadership in translating the current
well-documented level of scientific knowledge into national and
international policies that will change the composition of the food
people consume.
2. The importance of specific nutrients such as the balance of omega-6
and omega-3 fatty acids in the diet and the excessive production and
consumption of fructose and its detrimental effects on growth and
development of children and the development of chronic diseases [7].
3. The importance of developing national food composition tables. To
date, only a few countries have these data, and as a result FAO and
WHO depend on data per capita consumption of major food groups
for policy making [8].
4. The differences and similarities between more affluent countries
and developing countries, and what needs to be done going forward that is practical, feasible, and sustainable.
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5. The economic and political contexts in which meaningful actions
affecting population nutrition must occur.
6. The role of genetics. Gene expression patterns and their frequencies differ geographically between populations and within populations, but the effect of genetic variants on disease is modified
by environmental factors including diet. For example, the dietary intake of vegetable oils high in omega-6 fatty acids increases the risk for cardiovascular disease as a function of genetic variation in European populations and perhaps even more so
in populations of African ancestry with genetic variants affecting
rates of metabolism of omega-6 fatty acids due to their higher
frequency [9,10]. Gene/diet interactions should be considered
in all studies relating diet to health and diseases such as diabetes, obesity, cardiovascular disease and African sleeping sickness. Recently the NIH and Wellcome Trust have joined forces
to fund large-scale population studies by African researchers on
African populations.
1.5 MEETING CONTENT
One of the important issues included in all the presentations, given over
three days, was the obstacles governments face in implementing policies
that would lead to optimal scientifically based diets for their populations.
The sources of opposition to those policies were also discussed. Participants were asked to consider the complexities for government adoption
of policy, including regional considerations, leadership issues (academic
institutions, medical school education, industry, including agribusiness);
management; economic issues (which was discussed in detail by Dr. Ole
Faergeman of Denmark); and nutritional determinants of health. Specific
attention was also given to commercial considerations with attention to
developing policies without unnecessary negative impact on the food
industry. However, it was agreed government must not be influenced by
industry to pursue policies contrary to the health and nutrition needs of
its people.
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1.6 LOCAL INITIATIVES TO ENLIGHTEN INDUSTRY
Two countries have initiated nutritional programs with demonstrable benefit
on the nutrition and health of their peoples. In both instances a pre-condition
for success was a high level of political commitment to assuring a strong
food supply with optimal nutritional content. Dr. Dan L. Waitzberg (Brazil)
gave a presentation of how Brazilian government policy, under presidential direction, has resulted in the “right to nutrition and food” for all of its
citizens, and how this new policy has had an impact on the health of the
Brazilian people [11]. Similarly, Dr. Kraisid Tontisirin (Thailand) provided
an exciting presentation on how the nutrition, agriculture and health departments of the Thai government have worked together to develop nutritional
policies based on consideration of all three disciplines [12].
1.7 ROLE OF SPECIFIC FOOD GROUPS
One of the more hotly discussed topics was on the role of the nutritional
content of foods. This included a discussion of the role of healthy and unhealthy fats, with attention to the relative content of omega-3 and omega-6
fatty acids in food by Dr. Artemis P. Simopoulos (USA) [13,14,15,16,17].
In addition, Dr. Richard J. Johnson (USA) reviewed the evidence that the
worldwide increase in added sugars containing fructose may underlie the
epidemics of obesity and diabetes [7,18,19,20].
1.8 CONCLUSIONS
1.8.1 GENERAL CONCLUSIONS
1. Good health requires food of good quality. Access to optimal nutrition and health are fundamental human rights. They apply to us all,
rich and poor, young and old.
2. Malnutrition remains common. One in seven humans is malnourished because of poverty. The poor live in poor countries, but they
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also live in rich countries with major inequalities in wealth. The
poor have little choice about what is available for them to eat. In
contrast, the affluent suffer from overnutrition having a wide selection of foods with both poor and good nutritional content, but
inadequate knowledge or government guidance to avoid a diet that
impacts adversely on their health.
Malnutrition is a societal issue, and it is a gigantic one. The last
30 years have seen a dramatic growth of economic and geopolitical power of emerging markets—Brazil, China, India, Indonesia,
Mexico, Russia, South Africa—and the magnitude of the nutrition
and health issues facing those countries will soon exceed that in
wealthy countries. The issues include simultaneously both the continuously growing chronic non-communicable diseases of the affluent, and the infectious diseases of the poor. The dietary choices
made by the affluent in these countries will have a steadily increasing negative impact on the health of their populations. There is an
opportunity to prevent this.
Malnutrition is also a function of what food we choose to produce,
how we produce it, and whether and how we make it available
to us all. Farmers, industrial agriculture and food processing and
distribution profoundly affect ecosystems and climate, moreover,
and they are major actors in our economic and financial systems.
These players also directly determine the quality of the dietary options available.
Good nutrition and malnutrition are understood by scientists, and
they should have a key role in the adoption of good nutrition, ecology and agronomy policies by governments.
Governments are influenced to varying degrees by corporate interests. The task of government leaders is to work out policies for
food and nutrition with appropriate respect to culture and agricultural tradition as well as the food industry.
Adding to the difficulties of formulating policy, the ivory tower
of unadulterated university research no longer exists. The food
industry including agriculture also performs research, it contributes to and influences research performed in universities, and it
understandably exploits the results of research in choosing what
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to produce and bring to market. All of these various complexities
continue to affect if not determine debates about nutrition and human health.
8. Chronic non-communicable diseases such as atherosclerosis, type
2 diabetes, obesity, respiratory diseases, and certain cancers are
common in rich countries and on the increase in countries on the
way to affluence. All of these conditions are more or less determined by what we eat, and the debates about what to eat to avoid
disease are almost countless. Some of them are nevertheless scientifically well informed by studies at many different levels of nutrition understanding.
9. Well performed epidemiological studies have documented effects
of micronutrients on health. Vitamin D is an example. Still other
studies have been performed on the level of the three major sources of food energy: carbohydrates, fats and proteins. The following discussion is an attempt to exemplify aspects of this particular
branch of nutrition research that are relevant for policy.
10. Advancing science has provided convincing evidence that providing food solely based on calorie content is not enough to provide
good health and nutrition. Rather, the choice of carbohydrates, fats,
and proteins affect risk of disease. Even obesity is not a simple
function of caloric intake. Increasing evidence, for example, suggests that large amounts of a sugar such as fructose in processed
foods and beverages may increase the risk for developing diabetes
and liver disease. The adverse effects of excessive sugar consumption had been known for more than fifty years but we have failed to
intervene appropriately.
1.8.2 SPECIFIC CONCLUSIONS
1.8.2.1 FRUCTOSE FROM ADDED SUGARS
1. Fructose is a monosaccharide found in honey, ripened fruits and
vegetables. Table sugar is sucrose, a disaccharide composed of
fructose chemically coupled to glucose, another monosaccharide.
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Sources of fructose are sugar cane, sugar beets and corn. It is an effective and low-cost sweetener, and it is therefore extensively used
in food and beverages (high-fructose corn syrup, HFCS). It does
have a dependence producing effect making it hard for people to
reduce or eliminate it from their diet [21,22,23].
2. Intake of sugar and sweeteners containing fructose has increased
markedly in many countries throughout the world. The U.S. National Health and Nutrition Examination Survey (NHANES), for
example, reported that about 15% of Americans consume greater than 25% of their energy from added sugars. Annual intake of
added sugars in the United States is approximately 35 kg/capita or
about one sixth of food energy.
3. There is increasing evidence from experimental and clinical studies that intake of added sugars not only increases the well-known
risk of caries, but also risk of cardiovascular disease, non-alcoholic fatty liver disease, obesity, diabetes, and possibly even cancer.
While some authorities, primarily those funded by the food industry, have argued that the high amounts of added sugars in food and
beverages may contribute to health risks solely as a consequence of
their caloric content, there is also mounting evidence that fructose
may have a specific ability to cause fatty liver (which can progress
to cirrhosis of the liver), high triglycerides in blood (which can
contribute to cardiovascular disease), insulin resistance (leading to
type 2 diabetes) and increased appetite (which obviously can lead
to obesity) [5,6]. Obesity itself promotes cardiovascular disease,
type 2 diabetes and certain cancers, moreover. Immoderate intake
of added sugars, fructose in particular, may therefore increase
health risks with important public health implications.
1.8.2.2 FATTY ACIDS
1. Studies performed since the middle of the 20th century indicated
that saturated fat increased, and polyunsaturated fat lowered, the
risk of disease, cardiovascular disease in particular. That understanding encouraged farmers and the food industry to increase

Bellagio Report on Healthy Agriculture, Healthy Nutrition, Healthy People

11

production of vegetable oils rich in polyunsaturated fats from soy,
sunflower and, particularly in the United States, corn (maize).
2. Fat in food is mainly fatty acids chemically coupled to glycerol. Fatty
acids can be saturated with hydrogen. If not, they are more or less
unsaturated. The polyunsaturated fatty acids contribute importantly
to average diets, but the balance of two kinds of polyunsaturated fatty
acids in modern diets is quite different from that in diets during human
evolution [3,16]. Whereas the latter contained about one omega-3
fatty acid for every four omega-6 fatty acids, modern diets can contain as much as fifty to a hundred times more omega-6 than omega-3
polyunsaturated fatty acids. The evidence that this imbalance contributes to disease is now convincing, and governments should formulate
policies for agriculture and food to affect costs and availability of
various fatty acids to the general public so that the ratio of omega-6
to omega-3 fatty acids can once again approach that to which we are
genetically adapted, i.e. four to one [4,24]. High omega-6/omega-3
ratios typify Western diets and, increasingly, diets throughout the
world, and they are associated with increased risk for cardiovascular
disease, obesity, type 2 diabetes and cancer of the breast and prostate,
particularly in individuals who are genetically predisposed. Of concern, animal experiments indicate that low intakes of docosahexanoic
acid, an omega-3 fatty acid, in combination with a high intake of fructose, leads to metabolic syndrome in the brain [25].
1.8.2.3 ALL CALORIES ARE NOT THE SAME
1. We use the apparent self-contradiction, “a calorie is not a calorie”,
to emphasize that different nutrients with the same amount of food
energy (calories) can differ in their effects on body weight. Fructose, for example, increases appetite more effectively than glucose
[6,26]. One calorie of fructose is therefore more obesogenic than
one calorie of glucose. Similarly, omega-6 fatty acids may be more
obesogenic than omega-3 fatty acids. Weight loss regimens must
therefore take nutritional as well as overall caloric concerns into
account [27,28].
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2. The metabolic effects of whole food calories also differ from those
of processed and restructured foods [29].
1.8.2.4 NUTRITION IS PART OF A LARGER PICTURE
1. We acknowledge the monetary importance of agriculture and food
production, but we also acknowledge the importance of agriculture
for societal fabric and the impact of agriculture on the ecosystems
on which we depend. World-wide increased agricultural production is ascribed to the further industrialization of agriculture since
the mid 20th century (“Green Revolution”), but industrial agriculture is also an important reason that mankind has now passed several planetary boundaries for sustainability.
2. They include disruption of the nitrogen cycle, loss of biodiversity,
and global warming. Demand for chemical fertilizers is also rapidly
depleting known deposits of phosphorus, and profligate use of phosphorus, nitrogen and pesticides is an important cause of destruction of
ecosystems including those in soil. Others compromising soil health
are erosion by wind and water, compaction by heavy machinery, and
pollution by effluents from intensive production of livestock.
3. The allocation of farm land to raising biofuels and feed for animals
rather than food for humans increases demand for and transnational purchases of farm land in poor countries by rich countries. Such
allocation also increases the price of food. Food prices have fluctuated, moreover, because of the speculation in agricultural commodities made possible by deregulation of financial markets. Most
of these complexities affect nutrition detrimentally, and they all
make life more difficult and precarious for the poor.
1.8.2.5 THE BRAZILIAN MODEL
1. Brazil is a good example of how presidential leadership can mobilize all aspects of government, national agriculture and public
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health to achieve better health through dramatically improved nutrition. President Luiz Ignacio Lula da Silva publicly announced
the very high priority he attached to ending hunger and reducing
poverty in the country. This set in motion changes throughout
the society that enhanced the availability and nutritional quality
of food. The government provided leadership in supporting local
food production. Legislation required that 30% of meals served at
schools must come from local markets, thus supporting local farmers and providing fresh and nutritious foods consistent with the
culture of the various local communities.
Brazil has sought original ways to eliminate hunger and poverty,
obliging the state to implement public policies that guarantee fundamental human rights to minimum income, food, health, education and work.
Some of the key lessons learned include: (i) the importance of
participatory pacts related to concepts and principles; (ii) the appropriateness of the choice of a systemic and intersectoral approach; (iii) the relevant role of civil society ensured through formal spaces of social dialogue (CONSEAs); (iv) the importance of
the state in the protection of human rights above market interests;
(v) the necessary practice of intersectoral coordination in the design and management of public policies on food and nutrition
security; (vi) the strategic role of women in the struggle to guarantee food sovereignty as well as the conservation and sustainable management of natural resources; and (vii) the respect for
and guarantee of ethno-development principles in the design and
implementation of public policies for indigenous peoples, blacks,
traditional peoples and communities.
The continuity of the main public policies that have contributed
to this progress and the convergence of political and social forces
are indispensable conditions to overcoming the challenges that still
hinder the elimination of all forms of social inequality and violation of rights.
Brazil provides a model that other countries can emulate.
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1.8.2.6 THE THAI MODEL
1. Thailand, an emerging economy with a distinctive heritage of a
unique cultural cuisine, is today one of the leaders in the progressive management of food production, marketing, nutrition and
human health. Under the nation’s Strategic Framework for Food
Management, nutrition policy is formulated in a way that goes
well beyond the office of any one department or ministry of government. As in Brazil Thailand has shown high level government
commitment to food and nutrition policy. Ministers and secretaries
of health, food, agriculture, urban and rural planning, commerce,
foreign aid, and finance all have responsibilities and rights to guide
policy agendas with implications for food. Food policy has therefore been elevated to the highest levels, and the head of government serves as chairperson of the strategic planning group. Perhaps
even more progressive is the assumption that the highest levels of
government are there to support self-directed community-based
leaders in fulfilling locally defined objectives for food production,
health promotion and environmental stewardship.
1.9 RECOMMENDATIONS
1. Heads of state and government must elevate, as a matter of urgency, nutrition as a national priority (e.g., Brazil and Thailand).
2. Good nutrition is a human right, but it is impossible to achieve for
whole populations without good policies for food, health, nutrition,
agriculture, ecology, economy and commerce. It is therefore the
responsibility of heads of state and government to provide the leadership that will lead to an “all society” approach for good nutrition.
3. Advance public understanding of the following key aspects of
nutrition:
• With the increasing decline in infectious diseases most experts believe that poor nutrition is now the single most important obstacle to
better health worldwide.
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• Under-nutrition and malnutrition primarily affect the developing
world where people with no choice have inadequate intake of calories and micronutrients. It differs from the problem in industrialized
nations where many people knowingly and unknowingly choose a
diet with a composition that leads to serious chronic disease and premature death.
• Emerging market countries such as Brazil, China, India and Russia
simultaneously face the nutritional problems of both developed and
developing countries.
• Sugar consumption, especially in the form of high energy fructose
in soft drinks, poses a major and insidious health threat, especially
to children. The health threat is comparable to that from cigarette
smoking.
• Most diets, although with regional differences, are deficient
in omega-3 fatty acids and too high in omega-6 fatty acids.
• Access to a healthy diet should be considered a human right.

4. Place the lead responsibility for nutrition in ministries of health
rather than agriculture so that the health requirements drive agricultural priorities not vice versa. Nutritional security should be
given the same priority as food security.
5. The American Heart Association warnings on the “overconsumption” of added sugar should be strongly promoted (no more than 6
teaspoons for an adult woman and 9 teaspoons for adult men daily)
[30]. As an example, this would limit the average woman to one
8-oz sugar-sweetened beverage per day or its equivalent. Health
warnings on all sugar-sweetened beverages should be considered.
6. A concerted effort is needed to decrease the ratio of omega-6 to
omega-3 fatty acids in the diet. Education and if necessary government intervention should be used to get populations to switch from
oils high in omega-6 such as corn, safflower, and sunflower oils,
to those high in omega-3 such as rapeseed, flax seed and oils high
in monounsaturated fatty acids such as olive oil, hazelnut oil in
combination with rapeseed oil. Increased fish consumption should
be stressed. Scientists should collaborate with the fishing industry
to achieve this end. A ratio of 4:1 of omega-6 to omega-3 in the diet
should be the goal.
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7. Governments through their agricultural policies, taxation, subsidies, pricing and controls at the point of distribution should support the availability of foods rich in healthful components. They
should also strongly consider penalizing those who put on the market products that are harmful to health. In so doing governments
should place a higher emphasis on the health of the population over
market interests. They should also foster and support cultivation at
the local level including urban agriculture. The production of vegetables and fruits high in anti-oxidants should be stressed.
8. In view of the limited knowledge most physicians and other health
providers have concerning nutrition, a major initiative should be
launched to incorporate nutrition into curricula stressing its crucial
role in the epidemic of non-communicable diseases. A similar initiative should be launched with those already practicing.
9. Food consumption patterns vary around the globe as a result of food
availability, cultural determinants, and economic circumstances. A
series of Research Centers on Genetics, Nutrition and Fitness for
Health should be established in different regions, along with educational components for professionals and the public. They would
collect and analyze food consumption data focusing particularly on
the chemical content of the food consumed in their regions.
10. The Center for Genetics Nutrition and Health representing the Bellagio group will work to implement the conclusions reached at the
meeting of 29 October–2 November 2012. This will include:
• Distributing copies of the Bellagio Report to a wide diversity of academic and non-academic outlets.
• Consulting and collaborating with other groups concerned with malnutrition and under-nutrition, food security, access to a nutritionally
adequate diet for the economically deprived, and particularly the
health and nutrition of children.
• Working with leaders of national governments, both executive and
legislative, and international organizations such as FAO, WHO and
its regional organizations, especially PAHO, the World Bank and
other agencies of the UN to achieve the incorporation of the recommendations above into their policies and programs.
• Establishing a coalition with the WHO Commissions on Non-Communicable Disease and the Social Determinants of Health to insure
that the essentiality of nutrition for normal growth and development

Bellagio Report on Healthy Agriculture, Healthy Nutrition, Healthy People

17

and in combating chronic non-communicable diseases is always considered in their deliberations.
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CHAPTER 2

Diet, Genetics, and Disease:
A Focus on the Middle East
and North Africa Region
AKL C. FAHED, ABDUL-KARIM M. EL-HAGE-SLEIMAN,
THERESA I. FARHAT, AND GEORGES M. NEMER

2.1 INTRODUCTION
Over the past few decades, the MENA has been witnessing significant
changes in food habits paralleled by an important preponderance of metabolite-related diseases. In a region whose traditional diet is known to be
healthy due to high vegetable proteins, fibers, minerals, and vitamins with
low content of unfavorable food products, the “industrialization/westernization of the diet” is a well-studied and documented phenomenon [1–3].
The MENA has been losing its traditional diet which was distinguished by
its diversity and richness in raw foods, proteins, and multivitamins, in the
favor of a more industrial diet which consists of increased preprocessed
foods, sugars, fats, alcohol, animal products, saturated- and trans-fatty acids, and relatively less vitamins and minerals with decreased consumption
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of milk, fruits, and vegetables [4]. A big part of this change is attributed
to the lifestyle changes and globalization with the invasion of western fast
food to the MENA countries. Dietary choices, minimum physical activity, religious habits, consumer ignorance, high population growth rates,
economic factors, and lack of both protection laws and food fortification
programs are other critical factors that influence the nutritional status in
the region [5]. These changes in dietary and lifestyle patterns contribute to
an increase in the rates of micronutrients deficiencies, diet-related chronic
diseases, and obesity in all groups of the population in the region [5].
Due to this grave impact on chronic diseases, diet became a target of public health initiatives that aim at restoring the traditional diet of MENA
countries in order to improve health conditions in their populations [6–8].
The epidemiology of diet-related diseases in the MENA region and background information on the diet-genetics-disease interaction, followed by
nutrigenomic examples on diet-related diseases in the MENA region, will
be discussed for the first time in this paper.
1.2 EPIDEMIOLOGY OF DIET-RELATED DISEASES IN THE MENA
We review the numbers and trends for selected chronic metabolic diseases and micronutrient deficiencies in the different countries of the MENA
where data are available (Figure 1). Given the lack of nationwide data,
prevalence rates are commonly reported as estimations [9, 10]. Since 1982,
the need for “direct evidence of a secular [increase]” in diseases has been
established, prospecting an association with “acculturation” of traditional
or rural populations [11]. Still, the numbers show alarming trends for cardiovascular diseases and metabolic disorders, namely, insulin resistance,
adiposity, dyslipidemias, and atherosclerosis. Likewise, micronutrient deficiencies (MNDs) have been heavily studied recently due to their crucial
contribution to the global burden of many chronic diseases.
The region is witnessing an “explosion” of Type 2 Diabetes Mellitus
(T2DM) according to the International Diabetes Foundation (IDF) (Figure
2(a)) with five countries of the MENA ranking among the top ten diabetic
worldwide [15]. Similarly, the IDF reports an increase in the incidence of
Type 1 DM in children of the MENA over the past decade (Figure 2(b)).
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The World Health Statistics of the WHO show a sharp rise in the prevalence of obesity (Figure 3), which is the most powerful and easily reported
risk marker and hence the sole epidemiological WHO indicator for cardiovascular and metabolic comorbidities. In one epidemiological study, cardiovascular mortality in the MENA has been estimated to triple from 1990
to 2020 (Figure 4). Table 1 summarizes rates of cardiovascular diseases
and two major comorbid risk factors, hypertension and the metabolic syndrome, with wide variations across countries of the MENA.

TABLE 1: Rates of cardiovascular disease, hypertension, and the metabolic syndrome in
MENA countries from different studies.
Coronary artery disease (CAD)
Iran

Age-adjusted prevalence (%)

12.7

Nabipour et al. [73]

Jordan

Prevalence (%)

5.9

Nsour et al. [74]
Al-Nozha et al. [75]

Saudi Arabia,
(rural)

Prevalence (%)

4.0

(urban)

Prevalence (%)

6.2

(overall)

Prevalence (%)

5.5

Tunisia

Prevalence (%), [men]

12.5

Prevalence (%), [women]

20.6

Ben Romdhane et al. [76]

Cerebrovascular Accidents
Bahrain

Age-adjusted incidence (per 100,000)

96.2

Al-Jishi and Mohan [77]

Iran

Age-adjusted incidence (per 100,000)

61.5

Ahangar et al. [78]

Kuwait

Age-adjusted incidence (per 100,000)

92.2

Abdul-Ghaffar et al. [79]

Libya

Age-adjusted incidence (per 100,000)

114.2

Radhakrishnan et al. [80]

Palestine

Age-adjusted incidence (per 100,000)

62.7

Sweileh et al. [81]

Qatar

Age-adjusted incidence (per 100,000)

123.7

Hamad et al. [82]

Saudi Arabia

Age-adjusted incidence (per 100,000)

38.5

Al-Rajeh et al. [83]

Prevalence (%), [Age > 25]

36.2

Yahia-Berrouiguet et al.
[84]

Bahrain

Prevalence (%), [Age > 20]

42.1

Al-Zurba [85]

Egypt

Age-adjusted prevalence (%)

27.4

Ibrahim et al. [86]

Prevalence (%), [Age > 25]

26.3

Galal [87]

Prevalence (%), [Age > 19]

25.6

Sarraf-Zadegan et al. [88]

Prevalence (%), [Age: 30–55]

23.0

Haghdoost et al. [89]

Prevalence (%), [Age > 55]

49.5

Hypertension (HTN)
Algeria

Iran
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TABLE 1: Cont.
Iraq

Prevalence (%), [Age > 20]

19.3

WHO: STEPwise, [90]

Jordan

Prevalence (%), [Age > 18]

30.2

Zindah et al. [91]

Lebanon

Prevalence (%), [Age: 18–65]

31.2

Sibai et al. [92]

Morocco

Prevalence (%), [Age > 20]

33.6

Tazi et al. [93]

Oman

Prevalence (%), [Age > 20]

21.5

Hasab et al. [94]
Abdul-Rahim et al. [95]

Palestine (WB),
(rural)

Prevalence (%), [Age: 30–65]

25.4

(urban)

Prevalence (%), [Age: 30–65]

21.5

Qatar

Prevalence (%), [Age: 25–65]

32.1

Saudi Arabia

Prevalence (%), [Age: 30–70]

26.1

Al-Nozha et al. [97]

Sudan

Prevalence (%), [Age: 25–64]

23.6

WHO: STEPwise, [90]

Syria

Prevalence (%), [Age: 18–65]

40.6

Maziak et al. [98]

Turkey

Age-adjusted prevalence (%)

25.7

Sonmez et al. [99]

UAE

Prevalence (%), [Age > 20]

20.8

Baynouna et al. [100]

Yemen

Prevalence (%), [Age > 35]

26.0

Gunaid and Assabri [101]

Middle East

Prevalence (%), (overall)

21.7

Motlagh et al. [102]

Prevalence (%), [Age > 20]

17.4

Mehio Sibai et al. [103]

Bener et al. [96]

Metabolic Syndrome
Algeria
Iran

Prevalence (%), [Age > 19]

23.3

Mehio Sibai et al. [103]

Jordan

Prevalence (%), [Age > 18]

36.3

Khader et al. [104]

Kuwait

Prevalence (%), [Age > 20]

24.8

Al Rashdan and Al Nesef
[105]

Lebanon

Prevalence (%), [Age: 18–65]

25.4

Mehio Sibai et al. [103]

Morocco, (rural)

Prevalence (%), [women]

16.3

Rguibi and Belahsen [106]

(overall)

Prevalence (%), [Age > 20]

21.0

Al-Lawati et al. [107]

(Nizwa)

Age adjusted prevalence (%)

8.0

Al-Lawati et al. [107]

Prevalence (%), [Age: 30–65]

17.0

Abdul-Rahim et al. [95]

Oman,

Palestine (WB)
Qatar

Prevalence (%), [Age > 20]

27.7

Musallam et al. [108]

Age adjusted prevalence (%)

26.5

Bener et al. [109]

Saudi Arabia

Age adjusted prevalence (%)

39.3

Al-Nozha et al. [110]

Tunisia

Prevalence (%), [Age > 20]

16.3

Bouguerra et al. [111]

UAE

Prevalence (%)

39.6

Malik and Razig [112]

Nonadjusted rates from different studies are not valid for comparison but displayed to present
the burden of the morbidities. HTN is defined as BP > 140/90 or use of antihypertensive
medications. Metabolic Syndrome definition is based on Adult Treatment Panel III, except
for Palestine and Tunisia where, respectively, WHO criteria and hypercholesterolemia
(Total Cholesterol ≥5.2 mmol/l) instead of low HDL cholesterol were used. UAE: United
Arab Emirates; WB: West Bank [103, 113–116].
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FIGURE 1: Map of the Middle East and North Africa (MENA) region. The MENA region
includes countries such as Algeria, Armenia, and Turkey, that are not members of the WHO
Eastern Mediterranean Region (EMR) that is referred to in the literature.
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FIGURE 2: Increasing prevalence of diabetes mellitus in the MENA. (a) General increase in
reported prevalence (%) of Type 2 Diabetes Mellitus in the MENA between the years 2000 and
2010. Numbers are reported as approximated by the International Diabetes Federation [12–
15]. The expected 2-fold increase for the year 2030 is approximated based on demographic
parameters, without accounting for changes in age strata or other risk factors [16]. (b) Overall
growth in annual incidence (per 100,000) of Type 1 diabetes mellitus in children younger
than 14 years old in the MENA. Numbers are estimations by the International Diabetes
Federation based on various years between 1986 and 2000 [12–15].
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FIGURE 3: Increasing prevalence of obesity in the MENA. Prevalence (%) of obesity increased in both men and women in countries of the
MENA between 2004 and 2008. Numbers are WHO estimates in World Health Statistics of 2005 and 2011. Totals of men and women are
integrated for purposes of comparative illustration and do not represent adjusted arithmetic total prevalences. Obesity was defined as body
mass index (BMI) ≥30 Kg/m2. Obesity data about Jordanian men in 2004 are not available, but prevalence was estimated to be less than that
of women [17, 18]. KSA: Kingdom of Saudi Arabia; UAE: United Arab Emirates.
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FIGURE 4: Expected overall increase in mortality due to cardiovascular diseases in the
MENA [19]. CAD: Coronary Artery Disease; CVE: Cerebrovascular Event.
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TABLE 2: Rates of Vitamin D deficiency and iron deficiency in MENA countries from
different studies.
Vitamin D deficiency (VDD)
Iran

Prevalence (%), [girls], [adolescent]

Jordan

Prevalence (%),

Lebanon

Up to 70

Moussavi et al.
[143]

[adult females]

37.3

Batieha et al. [144]

[adult males]

5.1

Prevalence (%),
[girls]

32

[boys]

9–12

El-Hajj Fuleihan et
al. [145, 146]

Morocco
(Rabat)

Prevalence (%), [women]

91

Arabi et al. [147]

Saudi Arabia

Prevalence (%), [girls], [adolescent]

Up to 80

Siddiqui and Kamfar [148]

Tunisia (Ariana)

Prevalence (%), [women], [Age: 20–60]

47.6

Arabi et al. [147]

Turkey (Ankara)

Prevalence (%),
[mothers]

46

Arabi et al. [147]

[newborns]

80

Iron deficiency
Arab Gulf
countries

Bahrain

Egypt

Iran

Jordan

Prevalence (%),
[children], [preschool age]

20–67

[children], [school age]

12.6–50

[pregnant women]

22.7–54

Musaiger [149]

Prevalence (%),
[children], [Age: 6–59 months]

48

[women], [Age: 15–49]

37.3

Bagchi [150]

Prevalence (%),
[children], [Age: 6–59 months]

25

[women], [Age: 15–49]

11

Bagchi [150]

Prevalence (%),
[children], [Age: 6–59 months]

15–30

[women], [Age: 15–49]

33.4

Prevalence (%),[children], [school age]

20

Prevalence (%), [women], [Age: 15–49]

28

Bagchi [150]
Bagchi [150]
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TABLE 2: Cont.
Lebanon

Prevalence (%), [children], [Age: 6–59
months]

Morocco

Prevalence (%),

Oman

Pakistan

Palestine

23

Bagchi [150]

[children], [Age: 6–59 months]

35

Bagchi [150]

[women], [Age: 15–49]

30.1

Prevalence (%),
[children], [Age: 5–14]

41

[women], [Age: 15–49]

40

Prevalence (%),
[children], [Age: 6–59 months]

60

[women], [Age: 15–49]

30

[children], [Age: 6–59 months]

53

[women], [Age: 15–49]

36.2

Prevalence (%), [children], [preschool age]

Syria

Prevalence (%),

Yemen

Bagchi [150]

Prevalence (%),

Saudi Arabia

UAE

Bagchi [150]

Bagchi [150]

17

Bagchi [150]

[children], [Age: 6–59 months]

23

Bagchi [150]

[women], [Age: 15–49]

40.8

Prevalence (%),
[children], [Age: 6–59 months]

34

[pregnant women]

14

Prevalence (%), [children], [preschool age]

70

Bagchi [150]
Bagchi [150]

Different limits of blood levels define VDD, ranging from insufficiency to severe deficiency,
similar for Iron deficiency. UAE: United Arab Emirates [147, 150].

In the other category of diseases, deficiencies in vitamins and minerals
affect particularly children and women of childbearing age. MNDs impair
physical and mental development of children, exacerbate infections and
chronic diseases, and impact morbidity and mortality. Most countries of
the MENA have widespread MNDs, yet countries of the Gulf Cooperation
Council, Iran, and Tunisia have moderate levels of MNDs [20]. Among
MNDs, iron deficiency is the most prevalent nutritional problem in the
MENA [21]. Its prevalence in the region varies from 17 to 70% among
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preschoolers, 14 to 42% among adolescents, and 11 to more than 40%
among women of childbearing age. Severe iron deficiency is a direct cause
of anemia. Nonnutritional genetic anemias are known to be relatively common in the region but will not be tackled because they are not affected by
dietary factors. Nutritional deficiencies other than iron, such as folic acid,
vitamin B12, and vitamin C, are also prevalent in some countries of the region but data are scarce [20]. The Middle Eastern and South Asian regions
have the highest rates of Vitamin D Deficiency (VDD) worldwide [22].
The prevalence ranges of VDD in the MENA are 46–83% for adolescents
and adults, and 50–62% among veiled women [5]. It reaches up to 70% in
Iran [23] and 80% in Saudi Arabia [24]. Table 2 shows prevalence of VDD
and iron deficiency in countries of the MENA where data are available.
2.3 THE DIETARY SIGNATURE ON THE GENOME
The effect of food on gene function is the focus of nutritional genomics, an
emerging field of study that focuses on the molecular, cellular, and systemic
levels of this effect [25, 26]. The abundance of calories, macro- and micronutrients, and bioactive food elements constitutes the nutritional environment
that alters the genome, the epigenome, the posttranscriptional regulation, and
the posttranslational modifications, leading to a variety of metabolic functional gene-products, as shown in Figure 5. The nutritional environment
channels the function of gene-products into certain pathways, preferring
certain biological activities over others and resulting in the final phenotypic
outcome and health-disease status. Correspondingly, two disciplines of nutritional genomics are entertained: nutrigenomics and nutrigenetics. The former
started as a focus on the effect of nutrients on gene expression, while the latter, yet a different field of study, emerged in search of approaches to alter the
clinical manifestations of certain rare diseases, such as certain inborn errors
of metabolism, via personalized diet. The link between them is the functional
gene product. It is the end-point in nutrigenomics and the starting point in
nutrigenetics. Other conventional terminologies relevant to the diet-geneticsdisease relation will also be treated in the following section, prior to discussion of the dietary signature on the genome in the MENA.
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“Diet (nutrients, bioactive food components, and caloric balance) among other environmental factors”

Nutrigenetics

Nutrigenomics

A
1

3
2

Genome

Transcriptome
Gene
Expression

Functional Gene Product
Mature mRNA

Translation

Proteins

Phenotype

DNA
replication
Metabolome

A

Biological inheritance

1

DNA sequence variations

B

Sociocultural inheritance

2

Epigenetic profiles

3

Posttransctriptional regulators

Health
status

Diseases of
civilization

Lifestyle
choices

B

FIGURE 5: The dietary signature. The biologically inherited DNA genome accumulates
DNA sequence variations over generations. Epigenetic profiles determine which parts of
it are to be transcribed. Once transcribed to RNA, it matures into different mature RNA
outcomes depending on the post-transcriptional regulators. Among the effects of the
environment on DNA sequence variations, epigenetic profiles, and post-transcriptional
regulators, the effect of diet is studied in nutrigenomics. After translation, and under
the impact of dietary status surrounding the primarily translated proteome, the final set
of functional proteins, activated pathways, and subsequent metabolites constitutes the
functional Gene Product. The gene product is only potentially functional towards a certain
phenotypic outcome. The downstream end result of health status depends greatly on what
nutrients are fed into the systemic machine of gene products. The functional gene product
is the end-point in nutrigenomics and the starting point in nutrigenetics. It is a marker of
the phenotypic outcome: expression of disease and prognosis. Phenotype may dictate the
lifestyle choices available to a certain individual, including taste preferences, which are
also delineated by culturally inherited customs and habits. In their turn, lifestyle choices
including dietary habits determine environmental exposures. Furthermore, civilization
diseases have been hidden for a long period of time due to the sociocultural inheritance of
adequately evolved matching lifestyle preferences and diet choices that have been masking
a biologically inherited limited gene pool. The genes being in status quo, in presence of a
nutritional transition, the rates of civilization diseases are on the rise because of the loss
of the protective adequacy of the diet. This highlights the presence of hidden genes, the
phenotypic expression of which can be masked by a specific nutritional state, such as
that corresponding to the Mediterranean diet, as more increasingly being recommended
recently in the literature. However this cannot be answered if sequence variations and
specific SNPs affecting nutritional needs are not tested for in the specific populations.
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1. The genome sequence of DNA base pairs dictates the primary genetic profile and hence gene function. DNA sequence variants—
gene variants and single nucleotide polymorphisms (SNPs)—designate an alteration of gene structure with or without functional
changes that might or might not lead to a complex gene-function
relationship depicted in different diseases [27]. The epigenome, an
emerging concept in genetic research, is a set of nongenetic factors,
such as diet, that change the expressed gene outcome without affecting the structure of the DNA per se.
2. Nutrigenomics considers environmental factors of alimentary
source that may disrupt the DNA sequence in peptide-coding
and in promoter regions, affecting the gene product. Other environmental nutrigenomic factors include abundance of macro and
micronutrient components of the diet, presence of other bioactive
food elements, and caloric content. Under- or overnutrition in the
maternal environment sets epigenetic programming mechanisms
via energetic control of function and oxidation. Through regulation of many biological functions including mitochondrial activity,
cellular stress, inflammation, and telomere shortening, the dietary
signature starts when epigenetic mechanisms induce or limit the
risk to disease [28]. Possible levels of expression of a certain gene
lie in a range of disease susceptibility that is determined by epigenetic mechanisms. These mechanisms are dictated by the functional
profile of the cell, which obeys its nutritional state and reflects the
nutritional environment.
3. Although sustainability of epigenetic programming along life span
is not well understood [28], two temporally distinct profiles may be
distinguished. First, the basal epigenome is determined early on in
life. Depending on the basal expressivity of DNA, it behaves like
a permanently edited version of the genome. Accordingly, increasing evidence of trans-generational inheritance of epigenetics was
found in mice [29] through the effect of grandmaternal nutrition on
grandchildren during gamete stage, throughout the mother’s fetal
stage [30]. Second, later in life, similar mechanisms affect gene expressivity in response to temporary environmental factors, resulting
in a short-lived epigenetic profile. These changes are mainly due

34

Nutritional Biochemistry: Current Topics in Nutrition Research

to interference of nutrients and bioactive food components with
transcription factor conformations [26]. This signature serves as a
means for the organism to receive information about its nutritional
environment in order for the cells to execute appropriate modifications on the profile of expressed genes [31]. The nutrigenomic
signature is not well studied in humans yet; however obvious importance is due to its impact on gene expression, chronic diseases
susceptibility, and health status of future generations [31–33].
4. Regulators of posttranscriptional modifications affect alternative
RNA splicing which gives rise to different mature mRNA isoforms.
Alternative splicing is as highly prevalent as in 35 to 59% of human genes [34]. Post-trancriptional regulators, such as microRNAs
and their coacting and counteracting proteins, are part of the RNA
and protein pools [35]. They are hence influenced by epigenetic
and metabolic factors as well [26, 36].
5. Proteomics is the study of the protein pool in the organism, as an
integral part of the cellular function. On the other hand, the metabolome designates the structure, the localization, the post-translational modifications, and the functions of proteins and metabolites along with their interactions in the organism [37]. It defines
the current metabolic state and active intracellular pathways in the
organism (Figure 5). The functional gene products comprise all the
potentially functional molecules and pathways, whether currently
active or not, that result from a certain genome-epigenome combination, leading to a certain range of possible phenotypic outcomes,
rather than a clearly defined health status.
6. Nutrigenetics is a quite different approach that emerged when dietary interventions were able to successfully alter the course of certain diseases. The basic principle considers how the same dietary
environment can result in different phenotypic outcomes of health
or disease in metabolizers with different functional gene-products
or programmed phenotypes [38]. The concept is similar to how
individuals possess different phenotypes as drug-metabolizers. The
study of genetic variations affecting nutrient metabolism, from
digestion to detoxification, can decipher ambiguities in the dietdisease relationship [38]. However, the challenge lies in the ability
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of researchers to describe the processes through which the dietary
environment imposes itself to precipitate metabolic disorders.
7. Finally, hypotheses of Thrifty Profile, namely thrifty genes and
thrifty phenotypes, offer explanations for etiology, predisposition,
and rising prevalence of DM and obesity. Early life dietary habits foretell the basal appetite control and cellular nutritional needs
through psychological and molecular habituations [28]. Thrifty
genes that enable survival during periods of food shortages may
have been conserved over generations under the selection pressure
of under-nutrition [39]. Thrifty phenotypes may be due to early
nutritional challenges that enhance nutrients-saving mechanisms
in the growing individual, leading to excessive storage later on and
increased risk of metabolic disorders [40]. Both models have not
gathered enough evidence apiece; however combined they provide
a fertile base for further nutritional genomic research.
An example of a phenotype that has evolved accordingly is taste preferences and ability to digest, absorb, and appropriately respond to nutrients [41]. Genes for taste receptors, among other proteins that handle the
metabolism of different nutrients, have been extensively studied. In an
extensive review by Garcia-Bailo et al., an important aspect of the dietary
signature is addressed: the genetic variations that affect dietary habits and
food choices, with an emphasis on their effects on the nutritional environment and the health outcome [41].
Given the rise in multifactorial diseases, nutrigenetics started to involve public health research, hinting at personalized dietary recommendations for prevention of civilization diseases many years before clinical
manifestations arise [31]. Adequacy of the general dietary recommendations to the ancient nature of our genes is becoming increasingly dubious.
The human genome, as we know it, was sculpted throughout 2 million
years of evolution under the diets of our hunters-gatherers ancestors [42].
Later on, the available food choices changed since the introduction of agriculture, but too rapidly for the ancestral stone-age genome to keep up with.
This fast nutritional transition revealed evolutionary origins of obesity and
diabetes among other civilization epidemics [43]. The experiment-based
advancement of dietary recommendations during the past 25 years showed
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a convergence towards what looks more like a Paleolithic hunter-gatherer
diet [44]. Despite low compliance to recommended diets and increasing
industrialization of actual dietary habits, personalized and ancestral dietary recommendations still seem promising.
2.4 NUTRITIONAL GENOMICS IN THE MENA
Diet, genetics, and disease are linked in many ways as could be shown in
Figure 5. The MENA is a region that has been witnessing simultaneously
a dietary change and a worsening prevalence of chronic diseases. Because
of this, nutritional genomics research in such a region can improve our
understanding of this rapid change in disease prevalence and shed light
on the genomic effects of this dietary transition in the region. Nutritional
genomics research in the MENA is minimal. To our knowledge, this is the
first review on the topic in the region. We aim to collate studies in MENA
countries that discuss any aspect of the dietary signature that we discussed
in Figure 5. We approach that using examples of common diseases with
rising prevalence in the MENA. The paper discusses two categories of
diseases: (1) civilization disorders of metabolism (cardiovascular diseases
and metabolic risk factors), and (2) micronutrient deficiencies (MNDs).
We also look at other populations where nutritional genomics research
in these disease categories was done and discuss how it applies to our
region with recommendations for future research on MENA populations.
2.5 DIET-RELATED CIVILIZATION DISORDERS OF METABOLISM
IN THE MENA REGION
Populations of the MENA belong to a unique genetic pool because of the
mixture of ethnicities with horizontal mixing of populations throughout
history, the high rate of consanguineous marriages within subpopulations,
and the geography of the states making up the region (Figure 1). Nevertheless, wide prospective population studies on the effects of polymorphisms
on such disorders of metabolism in the MENA are still lacking [25]. Based
on literature reports on other populations, a large set of genes and DNA se-
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quence variants are potentially culpable of the rise of metabolic disorders
under the effect of industrialized diets. In this part of the paper, we present
numerous polymorphisms that predispose to metabolic disorders including T2DM, obesity, dyslipidemias, atherosclerosis, cardiovascular events,
and hypertension. The civilization disorders have common pathophysiologies and risk factors of metabolism and, since interrelated and comorbid,
will accordingly be treated as one major health outcome in the following
discussion about genetic entities common to the different disorders, under
the effect of diet.
The Brain-Derived Neurotrophic Factor (BDNF) is important for
energy balance in mice and for regulation of stress response in humans
(OMIM 113505). Polymorphisms in this gene are associated with obesity
and all subtypes of psychological eating disorders in Europeans (NCBI
627). Recently, three-way association was identified between hoarding
behavior of obsessive-compulsive disorder, obesity, and the Val/Val genotype of BDNF in the Valine (Val) to Methionine (Met) amino acid change
at position 66 (Val66Met) in Caucasians [45]. The suggested evolutionary
mechanism for this complex relationship between gene, psychopathology, and body weight is the conservation of a thrifty gene, once an old
survival strategy.
Control of fetal appetite was recently shown to be a function of the Fat
Mass- and Obesity-Associated (FTO) gene expression [28] which codes a
nuclear oxygenase that affects tissue lipid metabolism [46] (NCBI 79068)
and depends on energy balance during development [28]. A strong relation
links FTO SNPs to higher risk of obesity and T2DM in many international
studies (OMIM 610966) [47, 48].
Transcription Factor 7-Like 2 (TCF7L2) gene codes a transcription
factor involved in blood glucose homeostasis. The rs7903146 variant association to T2DM varies greatly over ethnicities (OMIM 602228). However in Palestinians, this SNP (114758349C > T) increases the risk for
T2DM, and homozygotes are affected at younger age [49].
Calpain 10 (CAPN10), which codes a calcium-dependent cysteine protease, is being increasingly studied for its role in T2DM (NCBI 11132).
SNP-44 of CAPN10 has significant association with T2DM and total cholesterol in Gaza [50], while only UCSNP-19 SNP and haplotype-111 are
proven to be high risks for T2DM in Tunisia [51].
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The association of T2DM with polymorphisms of the Angiotensin
Converting Enzyme (ACE) and the Methylene Tetrahydrofolate Reductase
(MTHFR) is not well proven [52]. However data in Tunisians suggest synergistic action of the ACE Insertion/Deletion (I/D) dimorphism with the
MTHFR C677T SNP on risk of T2DM [52]. Fairly common, ACE D and
MTHFR 677T alleles are, respectively, present in around 77 and 27% of
Moroccans [53]. Nevertheless, ACE DD genotype in Tunisians is associated with higher ACE activity and might become a useful clinical marker
for CAD risk assessment of acute myocardial infarction [52, 54]. In Lebanon, ACE D allele and age, combined, are associated with higher risk for
hypertension [54]. Also, Lebanese with MTHFR C677T turned out to be
more susceptible to diabetic nephropathy than Bahrainis with the same
SNP [55]. The SNP cannot constitute an independent risk factor in Arabs
[56]. Its effect is presumably due to high homocysteine levels and hence
must be evaluated depending on dietary and ethnic backgrounds [55].
In genes encoding the G protein-coupled Beta-2- and 3-Adrenergic Receptors (ADRB2, ADRB3), evolutionary selection of specific alleles exists
in Africans, Asians, and Europeans. ADRB2 Glu27 and Gln27 are, respectively, factors of exercise-dependent obesity risk and metabolic syndrome
susceptibility (OMIM 109690). Glu/Glu and Glu/Gln can independently
predict severe Coronary Artery Disease (CAD) in Saudi Arabs [57]. However ADRB3 Trp64Arg SNP is a CAD predictor only in presence of other
risk factors in Arabs, but not an independent one [57]. ADRB3 is mainly
located in adipose tissues causing easier weight gain and earlier T2DM
onset in Trp64Arg individuals in several populations [58] (NCBI 155)
(OMIM 109691).
Peroxisome Proliferator-Activated Receptor Gamma (PPARG) genes
encode nuclear receptors and regulators of adipocyte differentiation and
possibly lipid metabolism and insulin sensitivity (OMIM 601487). Pro12Ala isoform of PPARG2 seems to activate transcription less effectively
and carry less morbidity. Carriers of a Pro12Ala polymorphism may have
a weaker BMI correlation to amount of dietary fat when compared to Pro
homozygotes [59], while response to quality of dietary fat is greater in
terms of BMI, lipid profile, and fasting insulin levels [60, 61]. However
these associations were not found for many of the studied populations
(OMIM 601487).
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Apolipoproteins (APOs) are involved in lipid metabolism. APOE polymorphisms have been heavily studied. In the APOE G219T SNP, TT individuals have prolonged postprandial lipemia [62]. Apo E has three major
isoforms, E2, E3, or E4. APOE E4 individuals may be protected effectively by lower dietary fat intake [63] while non-E4 individuals have minimal
to no benefit from dietary intervention on lipid profile [64]. In Iranians,
E2 allele was associated with lower total cholesterol levels [65]. However, despite correlation between APOE2 and LDL subfraction profiles in
healthy Arabs, no similar association was found in Arabs with CAD [66].
APOE E2, E3, and E4 carriers constitute approximately 11, 79, and 10%
of Moroccans, respectively [53].
Moreover, mutations in Lipoprotein Lipase (LPL), which is crucial for
receptor-mediated lipoprotein uptake, drastically affect lipoprotein metabolism disorders (NCBI 4023). In Saudi Arab population however, lack
of association between LPL polymorphisms and CAD was noticed [56].
Strong evidence exists for Hepatic Lipase (LIPC) C514T homozygotes.
They have more atherogenic lipid profile in response to dietary fat in addition to impaired adaptation to higher animal fat with higher cardiovascular
diseases risk [67, 68].
Finally, the Paraoxonase (PON1) gene encodes for an anti-atherosclerotic esterase which capacitates high-density lipoproteins to prevent lipoprotein oxidation. Gln192Arg and Leu55Met are two common polymorphisms
of PON1 that modulate PON1 activity in the serum, which predicts the architecture of apolipoprotein, lipoprotein, and lipid levels [69]. In the late
1990s, PON1 status, including genotype and serum activity levels, has been
proven to predict cardiovascular risk much better than genotype alone [70].
However, in Turkish subjects, there was no consistent association between
the polymorphisms and the lipid levels [71]. An individual’s polymorphism
might be suggestive of a high risk while his dietary signature is making the
actual PON1 activity favorable, that is, low risk. This interaction between
diet and genes can hinder the significance of genetic screening, and enhance
the relevance of proteomics and metabolomics. The lesson learned from the
PON1 role in cardiovascular disease is of utmost relevance. Functional genomic analysis is required for adequate risk assessment; an individual may
be screened for all known polymorphisms of PON1, but still not be assigned
a risk category for cardiovascular disease [72].
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Discrepancies between genotype and function impose limitations on
genetic screening. Similarly for most of the polymorphisms presented previously, the degree to which genetic screening can be helpful in decisionmaking is controversial. More activity correlation studies are needed to
examine the “penetrance” of polymorphisms. Also, insufficient nutrigenomic and proteomic evidence may be misleading [117]. Hence, further
multidisciplinary studies, with coordination between laboratories, will be
needed to decide which gene/polymorphism would be worth screening in
a particular population.
Further multidisciplinary nutritional genomics research is needed for
more specific targeted individualized advising and therapy. However,
given the current lack of adequate understanding of the genetic etiologies of civilization diseases and wide-scale regional genetic screening
studies, reversal of dietary changes is rendered the simplest available
measure to control the metabolic epidemic of civilization diseases in
the MENA.
2.6 MICRONUTRIENT DEFICIENCIES (MNDS)
IN THE MENA REGION
Micronutrients (vitamins and minerals) are required throughout life, in
minute amounts in the human body, to function as cofactors of enzymes
or as structural components of proteins, or to maintain genome stability,
among other physiological roles [118]. Both their excess and deficiency
may cause DNA damage, alter growth and development, contribute to a
wide array of chronic diseases, and jeopardize health [118]. MNDs are
highly prevalent in MENA countries as was established earlier. Deficiencies in iodine, iron, and vitamin A are very important MNDs in terms of
prevalence and potential threat to public health worldwide; however relevant gene-diet interaction has not been sufficiently studied in the MENA.
This section will thus be restricted to the following MNDs of particular
interest in diet-genetics-disease interaction: vitamin D, calcium, iron, folate, and vitamins C, E, B6, and B12.
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FIGURE 6: Vitamin D pathway and sites of interaction with dietary factors. Cutaneous or
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kidney to form 1α,25-dihydroxyvitamin D (3). 1α,25-dihydroxyvitamin D binds to VDR
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2.6.1 VITAMIN D DEFICIENCY (VDD)
Vitamin D is a fat-soluble vitamin, with two forms, one present in a narrow range of foods (D2) and another formed under the skin when exposed
to the ultraviolet B (UVB) light fraction of sunlight (D3); both are activated by the liver and kidneys [119] (Figure 6). Prolonged VDD can result
in rickets in young children and osteoporosis and fractures in adults [120].
Recently, low vitamin D levels have been associated with increased risk of
hypertension, cardiovascular diseases [121], cancer [122], diabetes [123],
musculoskeletal and immunity disorders, and infectious diseases [124].
Despite the sunny climate, the MENA has a highly prevalent VDD
across all age groups, with the highest rate of rickets worldwide [22]. The
main reasons are limited sun exposure and low dietary vitamin D intake,
along with frequent pregnancies, short breastfeeding periods [125], skin
pigmentation [126], body mass index [127], religious practices [128], and
educational levels [129].
In addition to nutritional and social factors of VDD, genetic factors
also play an important role and are depicted on the metabolic pathway of
vitamin D shown in Figure 6. Genetic variations predisposing to VDD are
related to Vitamin D Receptor (VDR) polymorphisms at intron 8 (BsmI)
and exon 2 (FokI) [130]. The Fok1 polymorphism (C>T) in the translation
initiation site creates an upstream initiation codon and a three amino acids
longer molecule in the f allele compared to the F allele [131] which gives
a more transcriptionally active VDR [132] leading to the tolerance to low
vitamin D levels observed in Egyptian FF homozygotes [130]. This suggests possible evolutionary adaption to dietary intake or lifestyle changes.
Only FF homozygote children have increased calcium absorption and
bone mineral density [131]. Conversely, the decreased calcium absorption
linked to the f allele was correlated with an increase in colon cancer risk
only when calcium dietary intake is low [133]. FF genotype seems hence
more advantageous than ff genotype. Paradoxically, FF (shorter VDR)
was correlated with rickets unlike ff (longer VDR) in Turks and Egyptians.
Thus, further studies are needed to understand the complex genetics and
risks of rickets. VDR B allele also predisposes to VDD since Egyptian B
homozygotes had severe rickets [130]. In other studies in the Middle East,
high vitamin D doses were needed to treat patients with rickets [134].
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Thus, the unexpected high prevalence of VDD in the MENA could be
linked to VDR polymorphisms.
Moreover, a G>A polymorphism at position −3731 of the cdx-2 (Caudal-Type Homeobox Transcription Factor) binding element on the VDR
gene promoter is another genetic variant of VDR that affects calcium absorption. The Cdx2 promoter A allele (cdx-A) binds cdx2 more strongly
and has a greater transcriptional activity compared to the cdx-G allele.
Thus, the A allele may increase intestinal VDR expression, subsequently
enhancing calcium intestinal absorption and increasing bone mineral density. The differential expression of VDR shows how genetic differences
influence the body response to nutrients [135].
Bioactive food components may exert an effect on gene expression
and enzyme activity, subsequently decreasing disease risk. For example,
4′,5,7-Trihydroxyisoflavone (genistein), a soy component, is a genomeprotective nutrient. It inhibits the activity of CYP24A1 (Figure 6) and thus
1,25(OH)2D degradation, increasing VDR stability and the half-life and
biological effects of vitamin D [136]. Folate can also inhibit this activity
by increasing methylation of the promoter of CYP24A1. Also, addition of
vitamin D and calcium to the western diet significantly decreases the incidence of colon cancer [133].
2.6.2 IRON DEFICIENCY
Iron (Fe) is an essential mineral needed in small amounts mainly for the
production of hemoglobin and utilization of oxygen among other vital
functions. Iron deficiency is a common MND mostly caused by low intake of iron, blood loss, and parasitic infections [137]. Iron absorption is
enhanced by vitamin C, low pH, and heme iron and hindered by bioactive
vegetables components (polyphones, tannins, phytates) and calcium [138].
Genetic factors that contribute to iron deficiency, in addition to the dietary intake, are underscored by the ability of many individuals to maintain
normal iron levels despite low iron dietary intake. Nutritional iron deficiency and genetic iron deficiency have been experimentally distinguished
in mice. Hephaestin (Heph) is a multicopper oxidase that allows iron basolateral surface export. Sex-linked anemia (Sla) mice bearing a deletion
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in Heph gene compared to control mice showed different responses to
diet; Sla mice had duodenal iron accumulation and low plasma iron [139].
Additionally, mutations in the genes of human hemochromatosis protein
(HFE) and its interacting protein beta-2 microglobulin (B2M), which play
an important role in iron metabolism, cause murine iron deficiency [140].
2.6.3 FOLATE DEFICIENCY
Folic acid is a water soluble B vitamin of exclusive dietary origin. It
provides the one-carbon metabolism with its main coenzyme form, tetrahydrofolate (THF). A key enzyme herein, methylenetetrahydrofolate
reductase (MTHFR), catalyzes vitamin B12-dependent conversion of homocysteine to methionine, a precursor of S-adenosylmethionine (SAM),
a methyl donor to DNA [141]. Thus, folate deficiency results in hyperhomocysteinemia (HHC), a risk factor for CAD [142].
MTHFR C677T is prevalent in 4% of Pakistanis [32], 2% of Yemenite
Jews, 10% of Muslim Arab Israelis, and 11% of Lebanese [151]. It leads to
a thermolabile MTHFR, which precipitates HHC in low folate states. This
gene-environment combination is a risk factor for cardiovascular diseases
[152], neural tube defects, and other chronic diseases [153].
C677T is a genetic variation that affects individual dietary requirements because it makes prevention of folate-related diseases that require
higher folate intake. Korean C homozygotes develop HHC only with low
folate levels, while T homozygotes have HHC even with normal folate
levels [154]. Surprisingly however, the hyperhomocysteinemia, low folate
levels, and increased cardiovascular risk observed in Indian Asians compared to European whites were not attributed to the MTHFR 677T variant
[155]. Studies specific to the MENA are therefore needed because of possible variations from other regions.
The example of MTHFR and folate also underscores the genomeepigenome interplay. The TT genotype alters DNA methylation and gene
expression in peripheral blood mononuclear cells only in folate deficient
patients [156]. Paradoxically, the same polymorphism is inversely associated with and hence has a protective role against colorectal cancer (CRC).
CRC risk decreases with adequate methionine intake, which leads to an in-
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creased formation of SAM and a negative feedback inhibition of MTHFR
activity. However, the protective roles of MTHFR mutation and methionine dietary intake require an adequate dietary folate intake [157]. These
findings suggest that inadequate folate intake puts carriers of particular
genetic variants at higher risk of cancer. Thus personalized dietary interventions might be beneficial in reducing cancer risks.
Serum vitamin B12 deficiency is highly prevalent in Iran [158]. Thus,
low folate and vitamin B12 levels can be inversely linked to the hyperhomocysteinemia observed in this population. Importantly, high prevalence
of CAD was observed in a Turkish population with low plasma folate despite low plasma cholesterol concentrations [159]. It remains to determine
the link between hyperhomocysteinemia, low folate intake, CAD risk, and
MTHFR variants, to explain this prevalence in Turkey and possibly in
other countries of the MENA region. This would add folate supplementation as a possible treatment for hyperhomocysteinemia. Other studies have
also reported the possible contribution of the level of pyridoxal phosphate
(PLP or vitamin B6) to hyperhomocysteinemia and vascular disease; low
PLP levels were observed in individuals with the homozygote TT genotype compared to healthy individuals from some countries of the MENA
[160, 161]. These data corroborate the various dietary signatures on the
specific genetic profile and show that other mechanisms, enzymes, and
vitamins should be examined as well.
2.6.4 VITAMIN B12 DEFICIENCY
Like folate deficiency, vitamin B12 (cobalamin) deficiency can affect
establishment of the disease depending on the genetic background. A
common genetic variant is detected in Methionine Synthase Reductase
(MTRR), an important enzyme for maintaining Methionine Synthase in
its active state. The polymorphism is an A66G substitution resulting in
an Ile22Met residue. The homozygous genotype was associated with an
increased risk of neural tube defects (NTDs) when combined with low
vitamin B12 levels. Vitamin B12 deficiency is highly prevalent among Iranian women of childbearing age [158]. However polymorphisms in both
MTHFR and MTRR increase NTDs risk [162].
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2.6.5 VITAMINS C AND E DEFICIENCIES
As antioxidants, vitamins C and E have an important function in the dietgene interaction. Glutathione S-transferases (GSTs) transfer glutathione
to different substrates. A common deletion of GSTM1 gene, a deletion
polymorphism in GSTT1, and an A313G polymorphism of GSTP1 result,
respectively, in a nonfunctional genotype, loss of enzyme activity, and altered activity of the GST isoforms. The GST enzymes were found protective against serum ascorbic acid deficiency when vitamin C consumption
is low, since GST null genotypes with low vitamin C intake had an increased serum ascorbic acid deficiency risk [163]. The Hp1 and Hp2 polymorphisms in the hemoglobin-binding protein haptoglobin (Hp) were also
studied in vitamin C deficiency. Unlike Hp1 carriers, Hp2 homozygotes
had lowest serum vitamin C concentrations when dietary vitamin C intake
is insufficient. Thus, Hp1 has a greater antioxidant capacity preventing
hemoglobin-iron-related vitamin C oxidation and depletion [164].
A protective role for vitamin E against atherosclerosis, cancer, and
neurodegenerative diseases has also been reported. Polymorphisms in the
proteins involved in vitamin E metabolism lead to differential vitamin E
uptake and response among individuals, and subsequently different disease risk [165]. Dietary vitamin E intake also influences the body mass
index (BMI) and risk of obesity via modifying genetic variants of SIRT1
(sirtuin protein family of nicotinamide-adenine-dinucleotide- (NAD+)dependent histone deacetylases) [166].
Well-studied gene-diet interactions are also critical in the pathophysiology of cancer. Given the evidence that VDR polymorphisms, MTHFR
genotype, and DNA methylation in a low calcium or folate intake are associated with an increased cancer risk, the dietary signature greatly influences carcinogenesis. Significant dietary factors include antioxidants such
as vitamin C, carotenoids, lycopene, tocopherols (vitamin E), and many
other micronutrients present in fruits and vegetables.
Being one of the leading causes of death worldwide as well as in the
MENA, cancer has been extensively studied, and the diet-genetics-cancer
interaction is currently being thoroughly investigated for each and every
one of the involved micronutrients. So, the effect of the diet-genetics interaction on carcinogenesis will not be dwelled upon in this paper.
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The aforementioned studies collectively depict the interaction between
diet, genetic variability, and disease. Genetic variants might affect gene
expression patterns and epigenetic events resulting in differential body responses to diet. However, a small individualized nutritional intervention
that is well studied to provide the needed concentrations of micronutrients
can influence genetic variants to decrease disease risk. Thus, nutrigenetics is a tool for choosing the appropriate diet according to the individual’s
genetic makeup.
2.7 A CALL FOR NUTRITIONAL GENOMICS RESEARCH
IN THE MENA
All previous data support the crosstalk between diet and genome. Differential responses to dietary components among individuals are determined
by genetic factors. The deleterious effects of some genotypes can be circumvented by an increased intake of particular nutrients to overcome the
genetic susceptibility, which opens the horizon for personalized diet. In turn,
nutrients might affect genome, gene expression, and phenotype. Although
hard and complex, it is worthwhile to identify the genes that predispose individuals to chronic diseases and the nutrients that regulate their expressions
to modify personal risks and to prevent, mitigate, or treat diseases. Studying
on an individual basis the interactions between diet and genetics could help
select appropriate diet to optimize health status. Indeed, the picture becomes
more complicated when lifestyle, behavioral, and other environmental factors interfere with the diet-genetics interaction.
Of note is the unique ethnic combination of the region’s native populations that make studies from other regions inapplicable to the MENA.
In spite of the multiethnic origins, high rates of consanguinity in the subpopulations render the genetic pool paradoxically limited and significantly
increase not only the risk of congenital abnormalities but also the susceptibility of the population to chronic diseases and genetic disorders [167].
Screening for the common polymorphisms in the MENA can give insights
on their prevalence in the region or can help discover polymorphisms indigenous for the region. Such action could help alleviate the burden of
chronic diseases in the MENA simply by suggesting adequate adjust-
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ments of dietary factors to hide a genetic polymorphism or to prevent
DNA damage.
In some of the examples provided previously, success can be achieved,
but in others, researchers ought to be more cautious. Selecting which polymorphisms are to be screened for, at the population level in the MENA,
should be made after careful understanding of the effects of these variants
on diet and disease. This is crucial to avoid misleading results and unnecessary costs. Unfortunately, functional studies are limited, but wide-scale
screening and associations from other regions in the world could guide the
decision-making process regarding screening in the MENA. At the same
time, more effort and money should be invested in molecular and cellular
research in nutritional genomics in order to better understand the function
of the dietary signature and to more confidently guide population screening and personalized diet.
2.8 CONCLUSIONS
1. MENA countries are witnessing a radical change in dietary patterns from a traditional diet to a less healthy industrialized diet.
2. Rising prevalence for civilization diseases of metabolism and micronutrient deficiencies in the MENA parallels the change in dietary habits and is mostly caused by it.
3. Nutrigenomic factors and the dietary signature on the genome play
a role in the diet-disease interactions.
4. Genetic sequence variations, epigenetic profiles, and posttranscriptional and posttranslational modifications are some of the mechanisms that define the diet-genetics-disease relationship.
5. A large set of gene polymorphisms have been correlated with civilization diseases of metabolism, only a little of which have been
studied in MENA countries.
6. There are different mechanisms through which diet-genetics interaction affects micronutrient pathways and contributes to disease, including vitamin D and calcium, iron, folate, and vitamins
C and E.
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7. Given the drastic dietary changes in the region over a short period
of time, diet is the most obvious public health intervention, yet system biology and genomics research should not be underestimated.
8. Wide-scale screening for certain gene polymorphisms in the MENA
might allow for efficient intervention with personalized diet.
9. More nutrigenomics research is needed to look at function and
mechanisms of the diet-genetics-disease interaction.
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PART II

CLINICAL NUTRITIONAL
BIOCHEMISTRY

CHAPTER 3

Consumption of Fructose and
High Fructose Corn Syrup Increase
Postprandial Triglycerides,
LDL-Cholesterol, and Apolipoprotein-B
in Young Men and Women
KIMBER L. STANHOPE, ANDREW A. BREMER,
VALENTINA MEDICI, KATSUYUKI NAKAJIMA, YASUKI ITO,
TAKAMITSU NAKANO, GUOXIA CHEN, TAK HOU FONG,
VIVIEN LEE, ROSEANNE I. MENORCA, NANCY L. KEIM,
AND PETER J. HAVEL

In epidemiological studies, consumption of sugar and/or sugar-sweetened
beverages has been linked to the presence of unfavorable lipid levels (1–
5), insulin resistance (6, 7), fatty liver (8, 9), type 2 diabetes (10–12), cardiovascular disease (13), and metabolic syndrome (14). We have recently
reported that consumption of fructose-sweetened beverages at 25% of energy requirements (E) increased visceral adipose deposition and de novo
lipogenesis, produced dyslipidemia, and decreased glucose tolerance/insulin sensitivity in older, overweight/obese men and women, whereas consumption of glucose-sweetened beverages did not (15). Because the com-
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monly consumed sugars, sucrose and high-fructose corn syrup (HFCS),
are composed of 50–55% fructose, these results provide a potential mechanistic explanation for the associations between sugar consumption and
metabolic disease. However, the adverse metabolic effects of fructose consumption observed in the older, overweight/obese population (15) may not
occur in a younger, leaner population.
Authors of three recent reviews have concluded that long-term sugar
intakes as high as 25–50% E have no adverse effects with respect to components of metabolic syndrome (16) and that fructose consumption up to
140 g/d does not result in biologically relevant increases of fasting or postprandial triglycerides (TG) in healthy, normal-weight (17), or overweight
or obese (18) humans. These reviews (16, 17) are cited in the Report of
the Dietary Guidelines Advisory Committee on the Dietary Guidelines for
Americans 2010, released June of 2010, in which a maximal intake level
of 25% or less of total energy from added sugars is suggested (19). However, in August of 2009, the American Heart Association Nutrition Committee recommended that women consume no more than 100 kcal/d and
men consume no more than 150 kcal/d of added sugar (20). This equates
to differences between the two guidelines of 400 kcal/d for women consuming 2000 kcal/d and 525 kcal/d for men consuming 2500 kcal/d. To
address this discrepancy, we compared the effects of consuming 25%E as
glucose, fructose or HFCS for 2 weeks on risk factors for cardiovascular
disease in young adults.
3.1 MATERIALS AND METHODS
The subjects who participated in this study are a subgroup of participants
from an ongoing 5-yr National Institutes of Health-funded investigation
in which a total of eight experimental groups (n = 25/group) will be studied. The objectives include comparing the metabolic effects of fructose,
glucose, and HFCS consumption at 25% E and to compare the metabolic
effects of fructose and HFCS consumption at 0, 10, 17.5, and 25% E. The
results reported in this paper are from the first 48 subjects to complete the
study protocol in the experimental groups consuming 25% E as glucose,
fructose, or HFCS (n = 16/group). Participants were recruited through an
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internet listing (Craigslist.com) and underwent telephone and in-person
interviews with medical history, complete blood count, and serum biochemistry panel to assess eligibility. Inclusion criteria included age 18–40
yr and body mass index (BMI) 18–35 kg/m2 with a self-report of stable
body weight during the prior 6 months. Exclusion criteria included diabetes (fasting glucose >125 mg/dl), evidence of renal or hepatic disease, fasting plasma TG greater than 400 mg/dl, hypertension (>140/90 mm Hg),
or surgery for weight loss. Individuals who smoked, habitually ingested
more than two alcoholic beverages per day, exercised more than 3.5 h/
wk at a level more vigorous than walking, or used thyroid, lipid-lowering,
glucose-lowering, antihypertensive, antidepressant, or weight loss medications were also excluded. The University of California, Davis, Institutional Review Board approved the experimental protocol for this study,
and subjects provided written informed consent to participate.
For the 5 wk before study, subjects were asked to limit daily consumption of sugar-containing beverages to one 8-oz serving of fruit juice. Fiftyfive subjects were enrolled in the experimental groups consuming 25% E
as glucose, fructose, or HFCS. Four subjects withdrew due to unwillingness to comply with the study protocol (two in the HFCS group, two before
group assignment), and two were withdrawn due to medical conditions not
apparent during screening (HFCS and glucose group). The samples from
one subject (HFCS group) who completed the study protocol were not
analyzed because of illness during the 24-h serial blood collection. The
experimental groups were matched for gender (nine men, seven women/
group), BMI, fasting TG, cholesterol, high-density lipoprotein (HDL) and
insulin concentrations. The subjects and University of California, Davis,
Clinical Research Center (CCRC) and technical personnel were blinded to
the sugar assignments.
This was a parallel-arm, diet intervention study with three phases: 1) a
3.5-d inpatient baseline period during which subjects resided at the CCRC;
2) a 12-d outpatient intervention period; and 3) a 3.5-d inpatient intervention period at the CCRC. During d 2 and 3 of the baseline and intervention
inpatient periods, subjects consumed energy-balanced meals consisting
of conventional foods. Daily energy requirements were calculated by the
Mifflin equation (21) with adjustment of 1.3 for activity on the days of the
24-h serial blood collections, and adjustment of 1.5 for the other days. The
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baseline diet contained 55% E mainly as complex carbohydrate, 30% fat,
and 15% protein. The intervention inpatient meals were as identical as possible to baseline meals, excepting the carbohydrate component consisted
of 25% E as glucose-, fructose-, or HFCS-sweetened beverages and 30%
E as complex carbohydrate. Sugar-sweetened beverages were provided to
subjects as three daily servings consumed with meals and were flavored
with an unsweetened drink mix (Kool-Aid; Kraft Foods, Northfield, IL).
The timing of inpatient meal service and the energy distribution were:
breakfast, 0900 h (25%); lunch, 1300 h (35%); dinner, 1800 h (40%).
During the 12-d outpatient phase of the study, the subjects were provided with and instructed to drink three servings of sugar-sweetened beverage per day (one per meal), to consume their usual diet, and to not consume other sugar-containing beverages, including fruit juice. To monitor
compliance, the sugar-sweetened beverages contained a biomarker (riboflavin), which was measured fluorometrically in urine samples collected at
the time of beverage pickup. These measurements indicated that the three
groups of subjects were comparably compliant.
Twenty-four-hour serial blood collections were conducted on the third
day of the baseline (0 wk) and intervention (2 wk) inpatient periods. Three
fasting blood samples were collected at 0800, 0830, and 0900 h. Twentynine postprandial blood samples were collected at 30- to 60-min intervals from 0930 until 0800 h the next morning. Additional 6-ml samples
were collected at the fasting time points, 0800, 0830, and 0900 h and also
at 2200, 2300, and 2400 h, the period during which TG concentrations
peaked during our previous study (15). The additional plasma from the
three fasting samples was pooled, as was that from the three late-evening
postprandial samples; multiple aliquots of each pooled sample were stored
at −80 C.
3.1.1 ANALYSES
Primary outcomes include fasting TG, 24-h TG incremental area under the
curve (AUC), late-evening postprandial TG concentrations, and fasting
LDL, non-HDL-cholesterol (-C), apolipoprotein (apo)B concentrations,
and the apoB to apoAI ratio. Secondary outcomes included body weight,
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fasting HDL, postprandial LDL, non-HDL-C, apoB, remnant lipoproteincholesterol (RLP)-C and RLP-TG, and fasting and postprandial small
dense LDL-cholesterol (sdLDL-C). Fasting concentrations, 24-h AUC,
and postmeal peaks for glucose and insulin, and homeostasis model assessment insulin resistance index (HOMA-IR) are presented in the online
supplement, published on The Endocrine Society's Journals Online web
site at http://jcem.endojournals.org. Fasting measures were conducted on
samples collected or pooled from the 0800, 0830, and 0900 h time points,
and postprandial measures were conducted on samples collected or pooled
from the 2200, 2300, and 2400 h time points. Lipid and lipoprotein concentrations (total cholesterol, HDL, TG, apoB, apoA1) were determined
with a Polychem chemistry analyzer (PolyMedCo, Inc., Cortlandt Manor,
NY). LDL concentrations were determined by direct homogenous assay
using detergents (Denka Seiken, Tokyo, Japan) (22) and sdLDL-C concentrations were quantified using the sdLDL-C-EX“SEIKEN” homogeneous assay kit (Denka Seiken) (23). RLP concentrations were quantified
with an immunoseparation assay (24). Glucose was measured with an automated glucose analyzer (YSI, Inc., Yellow Springs, OH), and insulin by
RIA (Millipore, St. Charles, MO).
The incremental 24-h area AUC was calculated for TG, glucose, and
insulin by the trapezoidal method. Glucose and insulin postmeal peaks
were assessed as the mean amplitudes of the three postmeal peaks; specifically the peak postmeal value minus the premeal value was averaged
for breakfast, lunch, and dinner for each subject. The absolute change (Δ
from 2 wk when 25% E sugar/30% E complex carbohydrate was consumed compared with 0 wk when 55% E complex carbohydrate was
consumed) for each outcome was analyzed with SAS 9.2 (SAS, Cary,
NC) in a mixed procedures (PROC MIXED) model with sugar and gender as factors, and BMI, the change (2 to 0 wk) in body weight (ΔBW),
and outcome concentration at baseline (outcomeB) as continuous covariables. ΔBW and outcomeB were removed if they did not improve the precision of the model. Significant differences (P < 0.05) among the three
sugars were identified by the Tukey’s multiple comparisons test. Outcomes that were significantly affected by 2 wk of glucose, fructose, or
HFCS consumption were identified as least squares means (LS means)
of the change significantly different than zero. Primary outcomes were
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also analyzed with BMI as a factor (BMI <25 m/kg2 vs. >25 m/kg2). Data
are presented as mean ± sem.
3.2 RESULTS
There were no significant differences among the three experimental groups
in anthropomorphic (Table 1) or outcome measures at baseline (Tables 2
and 3 and Supplemental Table 1). Body weight (Table 3) and blood pressure (data not shown) were not affected by 2 wk consumption of glucose,
fructose, or HFCS.

TABLE 1. Subjects’ baseline anthropomorphic and metabolic parameters
Parameter

Glucose (n = 16)

Fructose (n = 16)

HFCS (n = 16)

Age (yr)

27.0 ± 7.2

28.0 ± 6.8

27.8 ± 7.6

Weight (kg)

76.8 ± 14.1

76.8 ± 10.6

74.3 ± 14.9

BMI (kg/m2)

26.2 ± 3.6

25.4 ± 3.8

24.9 ± 4.8

Waist circumference (cm)

80.6 ± 10.4

77.8 ± 9.6

78.0 ± 10.8

Body fat (%)

28.0 ± 9.3

26.7 ± 11.8

25.0 ± 10.1

TG (mmol/liter)

1.2 ± 0.5

1.2 ± 0.4

1.3 ± 0.6

Total cholesterol (mmol/liter)

4.5 ± 0.8

3.9 ± 0.8

4.1 ± 0.8

HDL-C (mmol/liter)

1.2 ± 0.4

1.2 ± 0.4

1.2 ± 0.4

Insulin (pmol/liter)

97.9 ± 30.4

102.8 ± 86.4

89.1 ± 31.6

P > 0.05 for differences among groups at baseline for all parameters, PROC MIXED
ANOVA. Mean ± sd.

3.2.1 PRIMARY OUTCOMES: COMPARING
GLUCOSE, FRUCTOSE, AND HFCS WITH COMPLEX
CARBOHYDRATE CONSUMPTION
Table 2 presents the primary outcomes during consumption of complex
carbohydrate at baseline (0 wk) and at the end of the 2-wk sugar interven-
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tions. The 24-h TG profiles during baseline and the end of the 2-wk intervention are shown in Fig. 1, A–C. The 24-h TG AUC (Fig. 2A) was significantly increased compared with baseline (LS means of Δ different from zero)
in subjects consuming fructose (+4.7 ± 1.2 mmol/liter × 24 h, P = 0.0032)
and HFCS (+1.8 ± 1.4 mmol/liter × 24 h, P = 0.035), whereas it tended to
decrease during consumption of glucose (−1.9 ± 0.9 mmol/liter × 24 h, P
= 0.14). The consumption of all three sugars resulted in a late-evening TG
peak between 2200 and 2400 h that was not apparent when complex carbohydrate was consumed (Fig. 1, A–C). The late-evening peaks (Fig. 2B) were
significantly increased compared with baseline during consumption of fructose (+0.59 ± 0.11 mmol/liter, P < 0.0001) and HFCS (+0.46 ± 0.082 mmol/
liter, P < 0.0001) but not by glucose (+0.22 ± 0.10 mmol/liter, P = 0.077). All
three sugars tended to increase fasting TG, but this was significant only in
the group consuming glucose (Fig. 2C). Fasting LDL-C concentrations (Fig.
3A) were increased during consumption of fructose (+0.29 ± 0.082 mmol/
liter, P = 0.0023) and HFCS (+0.42 ± 0.11 mmol/liter, P < 0.0001) but not
glucose (+0.012 ± 0.071 mmol/liter, P = 0.86). Similarly, fasting non-HDLC (Fig. 3B), apoB (Fig. 3C), and the apoB to apoAI ratio (Fig. 3D) were all
significantly increased in subjects consuming fructose (non-HDL-C: +0.29
± 0.066 mmol/liter, P = 0.0081; apoB: +0.093 ± 0.022 g/liter, P = 0.0005;
apoB to apoAI ratio: +14.6 ± 3.8%, P = 0.0006) and HFCS (non-HDL-C:
+0.55 ± 0.14 mmol/liter, P < 0.0001; apoB: +0.12 ± 0.031 g/liter, P < 0.0001;
apoB to apoAI ratio: +19.5 ± 4.4%, P < 0.0001) compared with baseline but
not in subjects consuming glucose (non-HDL-C: +0.055 ± 0.080 mmol/liter,
P = 0.49; apoB: +0.0097 ± 0.019 g/liter, P = 0.90; apoB to apoAI ratio: +1.9
± 2.5%, P = 0.81).

TABLE 2: Primary outcomes during consumption of complex carbohydrates at 0 wk and
during consumption of glucose-, fructose-, or HFCS-sweetened beverages at 2 wk
Primary
outcomes

Glucose
0 wk

5.6 ± 1.1
24-h TG
AUC (mmol/
liter per 24
h)a

Fructose

HFCS

Effects

2 wk

0 wk

2 wk

0 wk

2 wk

3.6 ±
1.3b

2.9 ±
1.5

7.6 ±
1.9*c

3.8 ± 1.4

5.5 ± 1.7**c Sugar

P value

0.0058
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TABLE 2: Cont.
Primary
outcomes

Glucose
0 wk

Late-evening 1.3 ± 0.2
TG (mmol/
liter)d

Fasting TG
1.2 ± 0.1
(mmol/liter)e

Fasting
LDL-C
(mmol/liter)a

Fasting
non-HDL-C
(mmol/liter)a

2.6 ± 0.2

3.2 ± 0.2

Fasting apoB 0.82 ±
0.06
(g/liter)a

apoB to
apoAI ratioe

0.70 ±
0.06

2 wk

1.5 ±
0.2b

1.4 ±
0.2*

2.6 ±
0.2b

3.3 ±
0.2b

Fructose
0 wk

1.2 ±
0.1

1.2 ±
0.1

2.1 ±
0.2

2.7 ±
0.2

2 wk

1.8 ±
0.2***c

1.3 ± 0.1

2.4 ±
0.2*,b,c

3.0 ±
0.2*,b,c

0.83 ± 0.65 ± 0.74 ±
0.06b 0.04
0.05****c

0.70 ± 0.54 ± 0.63 ±
0.05b 0.04
0.05*c

HFCS
0 wk

1.3 ± 0.2

1.3 ± 0.2

2.3 ± 0.2

2.9 ± 0.2

0.73 ±
0.05

0.60 ±
0.06

Effects

P value

2 wk

1.8 ±
0.2***,b,c

1.4 ± 0.1

Gender

0.13

BMI

0.0033

Sugar

0.016

Gender

0.40

BMI

0.015

Sugar

0.54

Gender

0.035

BMI

0.94

2.7 ± 0.2***c Sugar

3.4 ±
0.2***c

0.85 ±
0.06***c

0.71 ±
0.07***c

0.0098

Gender

0.057

BMI

0.40

Sugar

0.0077

Gender

0.017

BMI

0.48

Sugar

0.0051

Gender

0.027

BMI

0.47

Sugar

0.0031

Gender

0.34

BMI

0.61

P > 0.05 for differences among groups at baseline for all outcomes. Mean ± sem. aPROC
MIXED two-factor (sugar, gender) analysis with adjustment for BMI, ΔBW (2 wk to 0 wk),
and outcomeB on absolute Δ (2 wk vs. 0 wk). bΔ (2 wk vs. 0 wk) significantly different from
c
Δ (2 wk vs. 0 wk), Tukey's multiple comparison test. dPROC MIXED two-factor (sugar,
gender) analysis with adjustment for BMI on absolute Δ (2 wk vs. 0 wk). ePROC MIXED
two-factor (sugar, gender) analysis with adjustment for BMI and Δ BW (2 wk to 0 wk) on
absolute Δ (2 wk vs. 0 wk). *P < 0.01, **P < 0.05, ***P < 0.0001, ****P < 0.001, LS
means of Δ different from zero.
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TABLE 3: Secondary outcomes during consumption of complex carbohydrates at 0 wk and
during consumption of glucose-, fructose-, or HFCS-sweetened beverages at 2 wk
Secondary
outcomes
Body
weight
(kg)a

Fasting
HDL
(mmol/
liter)b

PP LDL
(mmol/
liter)b

PP nonHDL-C
(mmol/
liter)b

PP apoB
(g/liter)b

PP RLP-C
(mmol/
liter)a

PP RLPTG (mmol/
liter)e

Glucose

Fructose

HFCS

0 wk

2 wk

0 wk

2 wk

0 wk

2 wk

76.8 ±
3.5

77.2 ±
3.7

76.8 ±
2.6

76.7 ±
2.6

74.3 ±
3.7

74.7 ± 3.7

1.2 ± 0.1

2.5 ± 0.2

3.0 ± 0.2

0.78 ±
0.05

0.17 ±
0.02

0.34 ±
0.07

1.2 ±
0.1

2.6 ±
0.2c

3.2 ±
0.2c

0.83 ±
0.05c

0.19 ±
0.02c

0.44 ±
0.06

1.2 ±
0.1

2.0 ±
0.2

2.5 ±
0.2

0.62 ±
0.04

0.16 ±
0.02

0.35 ±
0.06

1.1 ± 0.1

2.3 ±
0.2*,c,d

3.0 ±
0.2**,c,d

0.73 ±
0.05***,c,b

0.23 ±
0.03**,b

0.58 ±
0.08***

1.2 ±
0.1

2.1 ±
0.2

2.6 ±
0.2

0.68 ±
0.05

0.15 ±
0.02

0.33 ±
0.06

1.2 ± 0.1

2.7 ±
0.2**,d

3.4 ±
0.2**,d

0.84 ±
0.06**,d

0.21 ±
0.02***,c,b

0.54 ±
0.09***

Effects

P value

Sugar

0.32

Gender

0.62

BMI

0.50

Sugar

0.92

Gender

0.37

BMI

0.22

Sugar

0.0033

Gender

0.010

BMI

0.54

Sugar

0.0012

Gender

0.017

BMI

0.27

Sugar

0.031

Gender

0.10

BMI

0.56

Sugar

0.035

Gender

0.37

BMI

0.034

Sugar

0.088

Gender

0.20

BMI

0.012
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TABLE 3: Cont.
Secondary
outcomes
Fasting
sdLDL-C
(mmol/
liter)f

PP sdLDLC (mmol/
liter)f

Glucose

Fructose

HFCS

0 wk

2 wk

0 wk

2 wk

0 wk

2 wk

0.65 ±
0.08

0.77 ±
0.10****

0.47 ±
0.04

0.59 ±
0.06***

0.61 ±
0.08

0.78 ±
0.09**

0.65 ±
0.08

Gender

<0.0001

BMI

0.0125

0.79 ±
0.10*,c

0.48 ±
0.04

0.64 ±
0.07**,c,d

0.60 ±
0.08

0.86 ±
0.10**,d

Effects

P value

Sugar

0.37

Gender

0.0019

BMI

0.11

Sugar

0.019

P > 0.05 for differences among groups at baseline for all outcomes. Mean ± sem. PP,
Postprandial. aPROC MIXED two-factor (sugar, gender) analysis with adjustment for BMI
on absolute Δ (2 wk vs. 0 wk). bPROC MIXED two-factor (sugar, gender) analysis with
adjustment for BMI, ΔBW (2 wk to 0 wk), and outcomeB on absolute Δ (2 wk vs. 0 wk). cΔ (2
wk vs. 0 wk) significantly different from d Δ (2 wk vs. 0 wk), Tukey's multiple comparison test.
ePROC MIXED two-factor (sugar, gender) analysis with adjustment for BMI and outcomeB
on absolute Δ (2 wk vs. 0 wk). fPROC MIXED two-factor (sugar, gender) analysis with
adjustment for BMI and ΔBW (2 wk to 0 wk) on absolute Δ (2 wk vs. 0 wk). *P < 0.01, **P <
0.0001, ***P < 0.001, ****P < 0.05, LS means of Δ different from zero.

3.2.2 PRIMARY OUTCOMES: COMPARING GLUCOSE,
FRUCTOSE, AND HFCS CONSUMPTION
The effects of the three sugars were significantly different (PROC MIXED
two factor analysis with adjustment for BMI, ΔBW and outcomeB) for
all primary outcomes except fasting TG (see effects of sugar P values in
Table 2). The effects of HFCS compared with fructose consumption on
all primary outcomes were not significantly different (P > 0.05, Tukey's).
The increases in 24-h TG AUC (P = 0.0068), late evening TG peaks (P =
0.015), fasting apoB (P = 0.037), and the apoB to apoA1 ratio (P = 0.028)
were larger after fructose consumption compared with glucose consumption. The increases in 24-h TG AUC (P = 0.034), fasting LDL (P = 0.0083),
non-HDL-C (P = 0.0055), apoB (P = 0.0056), and apoB to apoAI ratio (P
= 0.0034) were larger after HFCS consumption than glucose consumption.
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FIGURE 1: Twenty-four-hour TG profiles during consumption of complex carbohydrate
and during consumption of sugar-sweetened beverages. The change of 24-h TG
concentrations over fasting concentrations during consumption of energy-balanced
baseline diet containing 55% E complex carbohydrate at 0 wk and during consumption
of energy-balanced intervention diet containing 30% E complex carbohydrate and 25%
E glucose (A), fructose (B), or HFCS (C) at 2 wk (n = 16/group). Data are mean ± sem.
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FIGURE 2: Effects of sugar-sweetened beverage consumption on TG concentrations.
The change in 24-h TG AUC (A), late-night to late-evening TG (B), and fasting TG
concentrations (C) compared with baseline after consuming 25% of energy requirements
as glucose-, fructose-, or HFCS-sweetened beverages for 2 wk is shown. S, P < 0.05; SS,
P < 0.01, effect of sugar; two-factor (sugar, gender) PROC MIXED analysis on Δ with
adjustment for BMI (B), ΔBW (C), and outcome at baseline (A). *, P < 0.05, **, P < 0.01,
****, P < 0.0001, LS means different from zero. A, Δ different from B; Δ, Tukey's (n = 16/
group). Data are mean ± sem.
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FIGURE 3: Effects of sugar-sweetened beverage consumption on risk factors for cardiovascular disease. The change in fasting LDL (A),
non-HDL-C (B), apoB concentrations (C), and apoB to apoA1 ratio (D) after consuming 25% of energy requirements as glucose-, fructose-,
or HFCS-sweetened beverages for 2 wk. ss, P < 0.01, effect of sugar; two-factor (sugar, gender) PROC MIXED analysis on Δ with adjustment
for BMI, ΔBW (D), and outcome at baseline (A–C). **, P < 0.01, ***, P < 0.001, ****, P < 0.0001, LS means different from zero. A, Δ
different from B, Δ, Tukey's (n = 16/group). Data are mean ± sem.

76

Nutritional Biochemistry: Current Topics in Nutrition Research

With regard to BMI, although the statistical results presented in Table
1 and Figs. 2 and 3 include adjustment for BMI, Online Supplemental
Fig. 1, A–F, presents the changes of the primary outcomes with subjects
grouped as normal weight (BMI <25 kg/m2) or overweight/obese (BMI
>25 kg/m2). The effect of BMI status was significant for the change of
the 24-h TG AUC (P = 0.016) and the late-evening TG peaks (P = 0.019)
but not for the fasting TG (P = 0.55, data not shown), LDL-C (P = 0.30),
non-HDL-C (P = 0.93), apoB (P = 0.62), and apoB to apoAI ratio (P =
0.51). Normal weight and overweight/obese subjects consuming HFCS
had comparable absolute (Supplemental Fig. 1) and percent increases of
late-evening TG (BMI <25 kg/m2: +46 ± 11%; BMI >25 kg/m2: +31 ±
6%), fasting LDL-C (BMI <25 kg/m2: +22 ± 1%; BMI >25 kg/m2: +28
± 1%), non-HDL-C (BMI <25 kg/m2: +36 ± 19%, BMI >25 kg/m2: +17
± 7), apoB (BMI < 25 kg/m2: +17 ± 6%; BMI >25 kg/m2: +20 ± 8%),
and the apoB to apoAI ratio (BMI <25 kg/m2: +22 ± 7%; BMI >25 kg/
m2: +20 ± 9%).
3.2.3 SECONDARY OUTCOMES: COMPARING
GLUCOSE, FRUCTOSE, AND HFCS WITH COMPLEX
CARBOHYDRATE CONSUMPTION
Table 3 presents the secondary outcomes during consumption of complex
carbohydrate at baseline and at the end of the 2-wk sugar interventions.
Fasting HDL concentrations were unaffected by consumption of the three
sugar-sweetened beverages. Similar to the responses in the fasting state,
subjects consuming fructose and HFCS had increased postprandial concentrations of LDL-C, non-HDL-C, and apoB compared with baseline,
whereas subjects consuming glucose did not. Fructose and HFCS consumption increased postprandial concentrations of RLP-C and RLP-TG
compared with baseline, whereas consumption of glucose did not. Consumption of all three sugars increased fasting and postprandial sdLDL-C
compared with baseline.
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3.2.4 SECONDARY OUTCOMES: COMPARING GLUCOSE,
FRUCTOSE, AND HFCS CONSUMPTION
The effects of the three sugars were significantly different (PROC MIXED
two factor analysis with adjustment for BMI, ΔBW, and outcomeB) for
postprandial LDL, non-HDL-C, apoB, RLP-C, and sdLDL-C (see effects
of sugar P values in Table 3). The effects of HFCS compared with fructose
consumption on all secondary outcomes were not significantly different (P
> 0.05, Tukey's). The increases in postprandial RLP-C were larger during
consumption of fructose compared with glucose (P = 0.044), and HFCS
consumption caused larger increases in postprandial LDL (P = 0.0024),
non-HDL-C (P = 0.0007), apoB (P = 0.025), and sdLDL-C (P = 0.014)
(Tukey's) than glucose consumption.
For glucose, insulin, and HOMA-IR, the 24-h glucose and insulin profiles during baseline (0 wk) and at the end of the 2-wk intervention are
presented in Online Supplemental Figs. 2, A–C, and 3, A–C, respectively.
Compared with baseline, the 24-h glucose and insulin 24-h AUC and the
postmeal insulin peaks were significantly increased in subjects consuming
glucose, significantly decreased in subjects consuming fructose, and were
unchanged in subjects consuming HFCS (Online Supplemental Table 1).
Postmeal glucose peaks were increased in subjects consuming glucose
and HFCS. Fasting glucose concentrations were significantly decreased
in subjects consuming glucose, whereas fasting insulin concentrations and
HOMA-IR did not change significantly in any group.
3.2.5 GENDER
Although there were no significant sugar-gender interactions for any of
the primary or secondary outcomes, men exhibited larger increases of fasting TG, non-HDL-C, apoB, and sdLDL-C concentrations and postprandial
LDL, non-HDL-C, and sdLDL-C concentrations in response to sugar consumption than women (see effects of gender P values in Tables 2 and 3).
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However, postprandial TG responses, as assessed by the 24-h TG AUC,
late-evening TG peaks, postprandial apoB, and RLP-TG concentrations,
were not different between genders. The subjects consuming glucose exhibited the most divergent gender responses, particularly in sdLDL-C.
Fasting and postprandial sdLDL-C levels were increased compared with
baseline by +0.22 ± 0.07 mmol/liter (P = 0.0001) and +0.24 ± 0.05 mmol/
liter (P < 0.0001), respectively, in men after glucose consumption but were
unchanged in women (fasting sdLDL-C: −0.004 ± 0.02 mmol/liter, P =
0.61; postprandial sdLDL-C: +0.006 ± 0.019 mmol/liter, P = 0.69).
3.3 DISCUSSION
The current study provides evidence that postprandial TG and fasting and
postprandial concentrations of LDL, non-HDL-C, apoB, and the apoB to
apoAI ratio, established risk factors for coronary heart disease (25), are
significantly increased in response to 2 wk consumption of 25% of E as
fructose and HFCS, but not glucose, in younger, normal-weight, and overweight subjects. In contrast and as was observed in older subjects (15),
fasting TG concentrations were increased in subjects consuming glucose
but not in those consuming fructose-containing sugars. The differential effects of fructose and glucose consumption on fasting and postprandial TG
responses in subjects from both studies suggest that fasting TG concentrations are not a reliable indicator of the adverse changes in postprandial TG
and other lipid/lipoprotein risk factors induced by fructose consumption.
There is growing evidence linking increases of postprandial TG concentrations with proatherogenic conditions (26–28). It is important to note
that for both the current and previous study (15), the differential effects of
fructose and HFCS compared with complex carbohydrate on the 24-h TG
profile were most marked in the late evening, approximately 4 and 6 h after dinner. Studies investigating the relationship between this late-evening
peak and proatherogenic changes would be of interest, as would investigations into the sources of the TG that contributes to these peaks (de novo
lipogenesis, diet, or fatty acids derived from adipose lipolysis).
To our knowledge this is the first study to directly compare the effects of sustained consumption of HFCS with 100% fructose and glucose-
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sweetened beverages. This comparison is important because it would
seem likely that the effects of HFCS-sweetened beverages on circulating
lipids and lipoproteins would be less than those of pure fructose-sweetened beverage because they contain 45% less fructose. And indeed, the
postprandial TG and RLP responses exhibited the expected pattern based
on the fructose content of the sugars, with increases being greatest in subjects who consumed 145 ± 4 g fructose per day from beverages, lowest
in subjects who consumed 144 ± 5 g glucose per day and 0 g fructose
per day from beverages and intermediate in subjects who consumed HFCS-sweetened beverages providing 64 ± 2 g glucose per day and 79 ±
3 g fructose per day. However, the changes of fasting and postprandial
concentrations of LDL, non-HDL-C, apoB, and the apoB to apoAI ratio in subjects consuming HFCS were significantly larger compared with
subjects consuming glucose and tended to be higher compared with subjects consuming pure fructose. More studies are needed to confirm this
unexpected pattern and to determine whether it is a result of a synergistic
effect of consuming fructose and glucose in combination. Additional studies are also needed to determine whether the substantial increases, seen
after just 2 wk, are further aggravated with longer-term consumption of
HFCS-sweetened beverages.
Compared with baseline, postmeal glucose and insulin responses (indexed as 24 h AUC and postmeal peaks) were mainly increased during
glucose consumption, decreased during fructose consumption, and unchanged during HFCS consumption. This pattern is expected and further
supports our data indicating that the adverse effects associated with chronic consumption of sugar-sweetened beverages result from the specific effects of fructose (29), rather than from increased circulating glucose and
insulin excursions (i.e. glycemic index) (30–32). Although consumption
of fructose increased fasting glucose and insulin concentrations in 2 wk
and decreased insulin sensitivity by 17% in 10 wk (15), in the current
study, HOMA-IR was unchanged after 2 wk consumption of fructose,
HFCS, or glucose. This may be related to the subjects in the current study
being younger and leaner (28 ± 7 yr; 25.5 ± 4.0 kg/m2) than the subjects
in the previous study (54 ± 8 yr; 29.1 ± 2.9 kg/m2). In a study by Le et al.
(33), inclusion of fructose with an energy-balanced diet for 4 wk in young,
normal-weight men (24.7 ± 1.3 yr; –22 kg/m2) increased fasting glucose
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levels, but other indices of insulin sensitivity were unaffected. However,
it was recently reported that consumption of fructose or glucose (150 g/d)
for 4 wk lowered insulin sensitivity and increased HOMA-IR in subjects
of similar age and BMI (31 ± 9 yr; 25.9 ± 2.2 kg/m2) (34).
As would be expected based on the evidence that both increasing age
and postmenopausal status result in augmented postprandial lipid responses in women (35), more significant gender differences in lipid outcomes
were observed in these younger subjects in the current study than in the
older subjects previously studied (15). With the exception of postprandial
TG, apoB, and RLP-C and RLP-TG, younger men exhibited larger lipoprotein responses after 2 wk of sugar consumption than younger women.
The comparable responses in postprandial TG and apoB concentrations
and the significantly different fasting TG and apoB responses between the
genders suggest that rates of very low-density lipoprotein secretion may
be similar between men and women, whereas rates of very low-density
lipoprotein clearance are different. This is supported by kinetic studies,
which demonstrate that women have higher TG-rich lipoprotein and LDLapoB fractional catabolic rates than men, whereas production rates are
comparable (36, 37).
The greater effect of glucose consumption on sdLDL-C levels in younger men compared with younger women represents the most marked difference between the current and our previous lipid results, which showed
older men and women were comparably nonresponsive to consumption of
glucose (15). The increase of fasting sdLDL-C concentrations compared
with baseline in younger men consuming glucose was unexpected because
they did not exhibit increases in fasting LDL and apoB concentrations.
The added sugar component of the typical U.S. diet consists of nearly
equal amounts of HFCS and sucrose (38); therefore, it is a limitation of
this study that we did not also investigate the effects of sucrose consumption. However, we expect that the effects of sucrose would be comparable
with those of HFCS because its composition (50% glucose/50% fructose)
is very similar to the composition of the HFCS used for this study (45%
glucose/55% fructose). This is supported by results from a crossover study
in which subjects consumed standardized diets containing 5, 18, or 33%
of energy as sucrose, each for 6 wk. Compared with the 5% sucrose diet,
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LDL concentrations increased by 17% on the 18% sucrose diet and by
22% on the 33% sucrose diet (39).
Self-reported intake data suggest that 13% of the U.S. population consumes 25% or more of energy from added sugar (40). Importantly, the current results provide evidence that sugar consumption at this level increases
risk factors for cardiovascular disease within 2 wk in young adults, thus
providing direct experimental support for the epidemiological evidence
linking sugar consumption with dyslipidemia (1–5) and cardiovascular
disease (13). The results contradict the conclusions from recent reviews
that sugar intakes as high as 25–50% of energy have no adverse long-term
effects with respect to components of the metabolic syndrome (16) and
that fructose consumption up to 140 g/d does not result in a biologically
relevant increase of fasting or postprandial TG in healthy, normal-weight
(17) or overweight or obese (18) humans. Additionally they provide evidence that the maximal upper limit of 25% of total energy requirements
from added sugar, suggested by the Dietary Guidelines for Americans
2010 (19), may need to be reevaluated.
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CHAPTER 4

Treatment of Metabolic Syndrome by
Combination of Physical Activity and
Diet Needs an Optimal Protein Intake:
A Randomized Controlled Trial
FRÉDÉRIC DUTHEIL, GÉRARD LAC, DANIEL COURTEIX,
ERIC DORÉ, ROBERT CHAPIER, LAURENCE ROSZYK,
VINCENT SAPIN, AND BRUNO LESOURD

4.1 INTRODUCTION
The International Diabetes Federation (IDF) defines the metabolic syndrome (MS) as the co-occurrence of any three of the five following abnormalities : abdominal obesity (waist circumference > 94 cm in men and > 80
in women), dyslipidemia (triglyceridemia > 1.5 mmol/l, HDL cholesterol < 0.4 g/l in men and < 0.5 g/l in women), blood pressure (BP) > 130/85
and/or medical treatment, and fasting glycemia > 5.55 mmol/l and/or medical treatment [1]. MS is associated with an increased risk of cardiovascular
diseases [2] and prevalence of type 2 diabetes [3]. In developed countries,
its increasing prevalence is mainly linked to obesity and age [4].
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The most efficient strategy to counteract MS is a significant reduction in caloric intake associated with an increase in physical activity (PA).
Such programmes aim primarily to reduce overweight, the most visible
manifestation of MS, but the challenge is to reduce the fat mass without
affecting lean body mass, especially in senior, for whom a progressive
loss of muscle mass and strength is a natural phenomenon [5], even in
those who are healthy and physically active [6]. In addition, the recovery of skeletal muscle mass in ageing people is impaired after a catabolic
state [7,8]. Physical exercise and an adequate protein intake are of prime
importance in preventing muscle loss. However, there is no consensus on
the adequate level of protein intake in the case of senior patients undergoing a combined treatment of caloric restriction and physical activity (PA)
for MS. In these patients, age, exercise and energy restriction increase
protein requirement.
The recommended dietary protein allowance (RDA) for the general
population has been set at 0.8 g/kg/day [9,10]. RDA is defined as the
average daily dietary intake level that is sufficient to meet the nutrient
requirements of nearly all healthy individuals. RDA corresponds to the
mean lower threshold intake (LTI) of a panel of healthy people plus two
standard deviations, including 97.5% of the population, and is calculated
as 1.3 LTI day [9].
Some guidelines recommend increasing RDA to 1.0–1.3 g/kg/day in
senior [11]. PA increases the need for proteins whatever the age of the
subject [9,12,13], and this specificity must be taken into account in senior
people [14,15].
Total energy intake has a protein sparing effect [16-18]. Conversely insufficient energy intake will increase the protein needed to compensate for
the energy deficit. As skeletal muscle is the main storage site of body proteins and amino acids, this will lead to an undesirable reduction of muscle
mass [19]. Excessive protein intake is of no value, in particular because it
will over-exert the kidney [20] and increase the end products of protein metabolism (urea and uric acid). It will also increase the intake of undesirable
saturated fatty acids via proteins of animal origin [21]. The precautionary
principle is to bear this factor in mind in senior patients, since age-related
renal insufficiency is common [22], especially in people with elevated BP
[23] and/or dyslipidemia [24], which is often the case in subjects with MS.
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Recruited by general practitioner
n = 33

Underwent a maximal exercise
tolerance test: VO2max
n = 33
5 Excluded (4 Not completed
and 1 Pathological response)
Included (completed VO2max)
n = 28 Randomized

Normal Protein Intake
1.0 g/kg bw/day
n = 14

FIGURE 1: Flow chart of the study design.

High Protein Intake
1.2 g/kg bw/day
n = 14
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The challenge for the prescriber is to give neither too much nor too
little protein, in order to preserve the muscle mass without inducing harmful effects on the kidney in older subjects with MS.
Our aim in the present study was to assess the minimal need for proteins in a population of senior MS subjects. There are a limited number
of tools to assess the appropriate level of protein intake. One way is to
control preservation of muscle mass over a long period, but this can only
be done in animal studies for ethical reasons. Nitrogen balance studies are
probably the gold standard, but they are rather cumbersome to perform.
Monitoring the levels of albumin, the blood marker of protein metabolism homeostasis, seems to be the most convenient index and was chosen
for this study. Moreover, albumin levels are closely linked to morbidity,
and represent a large consensus to assess nutritional status [25,26]. We
decided to determine protein LTI by recording albumin levels in older
subjects with MS participating in a weight reduction programme including
exercise and energy restriction. The programme comprised two parts: a
three-week residential programme during which subjects stayed in a medical establishment on a controlled diet with regular PA, and a six-month
follow-up at home.
4.2 SUBJECTS AND METHODS
4.2.1 PARTICIPANTS
We needed to recruit between 25 and 30 volunteers, of both sexes, aged
from 50 to 70 years, presenting the characteristics of the MS as defined
by the IDF criteria in 2005 [1]. Potential participants underwent a comprehensive medical screening procedure. Volunteers were eligible for inclusion in the study if they had a sedentary lifestyle, and stable body weight
over the previous year (i.e., had not fluctuated more than 2 kg), and if
their medical treatment had remained the same during the 6 months before
recruitment. Major criteria for exclusion were the presence of cardiovascular, hepatic, renal or endocrine diseases, the use of medications that affect body weight, restricted diet in the past year, insufficient motivation
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as assessed by interview, and inability to complete a maximal exercise
tolerance test (VO2max).
Of the 33 participants with MS recruited by their general practitioner,
4 were unable to complete a maximal exercise tolerance test (VO2max)
and 1 had a pathological response. Twenty eight volunteers, 19 men, 9
women, aged 61.8 ± 6.5 years, were included. All were Caucasians. They
were randomly assigned to two groups of different PI, normal and high.
They all completed the study (Figure 1).
The study was approved by the local “Committee for the Protection
of the Person for Research in Biology” (CPPRB). All participants gave
written informed consent. They were informed that the study would be
comparing diets with two different protein intakes and that they would be
assigned a diet at random. Random assignments to one of two different
protein intake groups were computer-generated after subjects were considered eligible to take part.
4.2.2 STUDY OUTCOMES
The primary outcome was the change from baseline in albumin levels.
Secondary outcomes included other markers of protein intake such as
body composition, in particular lean mass, creatinine levels, renal clearance and pro-inflammatory factors such as C-Reactive Protein (CRP) and
orosomucoid.
4.2.3 STUDY DESIGN
In this 26-week study, participants were randomly assigned, with stratification according to sex and weight, to one of two groups: a normal PI
group (NPI) with intake of 1.0 g/kg/d and a high PI group (HPI) with 1.2
g/kg/d.
The study design is shown in Figure 2. The study comprised three
chronological stages: Day 0 (D0), a 3-week residential programme (Day 0
to Day 21) and at-home follow up (D20 to D180). Clinical, biological and
body composition parameters were measured at D0, D20, D90 and D180.
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FIGURE 2: Study design: The two groups of volunteers (Normal and High protein-intake)
followed a three-week residential programme with standardized and personalized diet and
physical activity. Thereafter they returned home and were autonomous to manage their diet
and physical activity, the latter being accompanied by a weekly session of physical activity
on a voluntary basis. The two groups differed only by protein intake.
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4.2.4 AT D0
Basal metabolic rate (BMR) was calculated by the equations of Black [27]:
BMR = 0.963 . weight0.48 . height0.50 . age-0.13 for women, BMR = 1.083 .
weight0.48 . height0.50 . age-0.13 for men. Anthropometrical and clinical values (weight, size height, BMI, waist circumference, blood pressure), body
composition and biological parameters were measured. Before commencing the study, patients completed questionnaires concerning their food intake and PA over the previous week. Daily energy intake (DEI) and daily
energy expenditure (DEE) were estimated from the self reported questionnaires. The food intake questionnaires identified possible deficiencies.
4.2.5 DURING THE THREE-WEEK RESIDENTIAL PROGRAMME
The subjects carried out daily individually adapted physical activities with a
coach: walking (2 hours), aquagym (1 h, 3 times/week), keep fit activity (1
h, 3 times/week). Exercise intensity was fixed between 40 and 60% of the
heart rate reserve (maximum theoretical heart rate – resting heart rate), by
a heart rate recorder (Polar 4000). They followed the same programme between both groups six days a week. On the 7th day they only walked. Daily
throughout the residential program, the patients received both standard and
personalized balanced meals drawn up by dieticians. Their total daily food
intake was calculated in order to reach a negative energy balance (EB = DEE
- DEI) of 500 kcal/day. They also attended lectures on the MS, nutrition
physiology, cooking and physical-activity. The aim of this educational support was to make them aware of the lifestyle they would need to adopt in
order to maintain the beneficial effects of the regimen followed.
4.2.6 FROM D20 TO D180
The subjects returned home and were left in charge of managing the programme by themselves. They were asked to carry out the same training
program and the same diet. Thereafter, PA sessions were organized once
a week (keep fit activity or aquagym) to maintain compliance with the
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programme. They completed a questionnaire twice a month on their PA
and eating habits. A dietician and a physical coach could be contacted if
they had any queries.
4.2.7 METHODS
Clinical follow up was performed by a physician and psychological follow-up to verify the treatment acceptance was assessed by a psychologist. Daily energy intake (DEI) and physical activity index were based
on questionnaires before and after the residential programme (three-day
food intake and PA recorded once every 15 days). DEE was quantified by
recording the time and intensity of each PA and the physical activity index
(PAI = DEE/BMR) was calculated [28]. Each day during the residential
programme, the patients received both standard and personalized balanced
meals drawn up by dieticians. The aim was to restore macronutrient balance: 30 to 35% lipids, 15 to 20% proteins and carbohydrates for the rest.
The PI difference of 0.2 g/kg/d between NPI and HPI represented, for a
mean weight of 80 kg, about 16 g/d of protein per participant, a difference
of 64 kcal/day. This difference was compensated for by the addition of the
same quantity of carbohydrates for the NPI group. In both groups, daily
PA was programmed for each subject to obtain a PAI equal to 1.4 [28,29].
4.2.8 BIOMETRY AND ANTHROPOMETRY
All subjects underwent medical examinations. Body height was measured
with a stadiometer, BMI was calculated as the weight in kilograms divided
by the square of the height in meters. Waist circumference and BP were
recorded. Body composition was assessed by dual energy X-ray absorptiometry (DXA) (Hologic QDR Delphi series; Waltham, USA). The in
vivo coefficients of variation were 4.2 and 0.48% for fat and lean mass,
respectively. Central fat, (as a surrogate for visceral fat), was assessed by
DXA, which measured the % fat in a rectangle from the upper edge of the
second lumbar vertebra to the lower edge of the fourth lumbar vertebra.
The vertical sides of this area were the continuation of the lateral sides of
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the rib cage [30]. All measurements for a given parameter were made by
the same investigator.
4.2.9 BIOCHEMICAL MEASUREMENTS
Fasting blood samples were taken between 6.30 and 7.30 a.m., aliquoted
and stored at −80°C until analyses. Basic biological examinations (glucose, lipid, creatinine, CRP and orosomucoid levels) were performed in
the biochemistry laboratory of the University Hospital. Renal clearance
was assessed by Cockcroft’s formula [31].
4.2.10 STATISTICAL ANALYSIS
Gaussian distribution of the data was tested by the Kolmogorov-Smirnov
test. Data are presented as means ± standard error (SE). Significance was
accepted at the p < 0.05 level. Statistical procedures were performed by
SPSS Advanced Statistics software version 17 (SPSS Inc., Chicago, IL).
Using the method described by Howell [32], we calculated the number of subjects needed for a significant change in albumin levels between
groups (based upon preliminary data). The minimum number was 10 participants per group for a p < 0.05 and a type II error of 10%. Under these
conditions the statistical power was 90%.
Baseline characteristics were compared by analysis of variance or
Fisher’s exact test. Longitudinal changes between groups were tested with
the use of mixed-model repeated-measures analysis of variance, with adjustment for baseline values and sex. The primary focus of the analyses
was the 3-month change in albumin levels in the two groups.
In the event of interaction between the repeated measurements (time
effect) and the main factor (group of protein intake), the changes within
a group were analyzed either by a Newman-Keuls post-hoc test for normally distributed data, or a nonparametric Wilcoxon test for non-normally
distributed data. Relationships between energy balance, physical activity
and other data were assessed either by Pearson correlation or by multiple
regression analysis.
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4.3 RESULTS
4.3.1 DESCRIPTIVE CHARACTERISTIC OF PARTICIPANTS
AT BASELINE
The descriptive characteristics of volunteers before the residential programme are presented in Table 1. There was no difference at baseline between groups. Usual food intake as indicated on questionnaires revealed
that all patients of both groups had high lipid and low carbohydrate consumption, with a high ratio of high/low glycemic index (Table 1). Mean
cholesterol consumption was 341 ± 97 mg/d. The mean DEE before the
residential programme was 1983 ± 228 kcal/day corresponding to a low
PAI of 1.22 ± 0.09.

TABLE 1: Baseline characteristics of participants*
Characteristic

Normal protein
intake (n = 14)

Age – years

62.9 ± 6.9

60.6 ± 6.0

NS

Male (M) : n (%)

10 (71)

9 (64)

NS

Female (F) : n (%)

4 (29)

5 (36)

NS

Weight (kg) – M

90.4 ± 8.7

96.3 ± 4.1

NS

Weight (kg) - F

90.0 ± 18.7

88.7 ± 14.5

NS

BMI (kg/m )

32.1 ± 4.2

35.2 ± 4.2

NS

BMI (kg/m2)

32.1 ± 4.2

35.2 ± 4.2

NS

Waist circumference (cm) – M

106.5 ± 7.7

104.3 ± 18.5

NS

Waist circumference (cm) – F

101.5 ± 5.8

100.6 ± 9.2

NS

Blood Pressure (mmHg)

137/83 ± 11/5

135/86 ± 18/13

NS

2

High protein intake
(n = 14)

Significance

MS parameters

Triglycerides (mmol/l)

1.68 ± 1.15

1.88 ± 0.55

NS

HDL (mmol/l)

1.44 ± 0.42

1.06 ± 0.33

NS

Glycemia (mmol/l)

6.15 ± 1.86

5.13 ± 0.68

NS

Use of medication: n (%)
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TABLE 1: Cont.
Characteristic

Normal protein
intake (n = 14)

High protein intake
(n = 14)

Significance

Antihypertensive agents

5 (36)

6 (29)

NS

Lipid lowering drugs

3 (21)

4 (29)

NS

Hypoglycemiant drugs

3 (21)

5(36)

NS

Basal Metabolic Rate

1626 ± 178

1587 ± 254

NS

Daily Energy Expenditure (kcal/d)

1983 ± 229

1920 ± 307

NS

Physical Activity Index

1.22 ± 0.09

1.19 ± 0.12

NS

Daily Energy Intake (kcal/d)

2073 ± 556

1921 ± 348

NS

Daily Energy Intake (kcal/kg/d)

23.8 ± 6.5

21.2 ± 4.9

NS

Percentage of each macronutrient in
the food
% Carbohydrates
of high glycemic index carbohydrates

39.2 ± 5.5

40.5 ± 6.0

NS

13.9 ± 5.3

13.0 ± 1.2

NS

% Lipids

44.5 ± 4.7

41.9 ± 4.4

NS

% Proteins

16.3 ± 1.5

17.6 ± 2.7

NS

0.91 ± 0.26

0.90 ± 0.22

NS

Protein intake (g/kg/d)

*: Plus–minus values are means ± SD.

4.3.2 DESCRIPTIVE CHARACTERISTICS DURING THE
RESIDENTIAL PROGRAMME
4.3.2.1 INTERVENTION
Food intake over the six months is presented in Table 2, and energy balance and PAI in Table 3. DEI decreased and DEE increased during the
residential programme, both significantly, resulting in a negative balance.
The PAI was set at 1.4 ± 0.1. Macronutrient distribution improved: lipid intake was lower and that of carbohydrates and proteins higher. There were
reduced amounts of saturated fatty acids and cholesterol (Table 2).
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TABLE 2: Changes in food intakes: percentage of each macronutrient (carbohydrates,
lipids, proteins)
Variable
% Carbohydrates
% Lipids
% Proteins
Protein Intake (g/kg/d)

Groups

D0

D20

D90

D180

NPI

39.2 ± 5.5

48.3 ± 2.5†

42.5 ± 4.6†

39.1 ± 3.4

HPI

40.5 ± 6.0

47.3 ± 3.2†

41,6 ± 4.6

39.5 ± 4.0

NPI

44.5 ± 4.7

32.8 ± 2.1†

38.2 ± 4.7

41.7 ± 3.6

HPI

41.9 ± 4.4

28.7 ± 3.4†

35.5 ± 5.2

38.1 ± 5.6

NPI

16.3 ± 1.5

18.9 ± 0.8*

19.4 ± 0.19†*

19.4 ± 1.3†*

HPI

17.6 ± 2.7

24.8 ± 1.6†*

23.0 ± 2.3†*

22.2 ± 2.2†*

NPI

0.91 ± 0.26

0.95 ± 0.11*

0.94 ± 0.19*

0.96 ± 0.17*

HPI

0.90 ± 0.22

1.19 ± 0.13†*

1.10 ± 0.14†‡*

1.09 ± 0.20†‡*

All calculations were done on Bilnut program using CIQUAL (S.C.D.A. Nutrisoft, Le
Hallier 37390 Cerelles, France). * : p < 0.05 to compare the percentage change between
D0 and D20, D90 and D180 in the two groups (High Protein Intake versus Normal Protein
Intake) using the Bonferroni test. † : p < 0.05 to compare the value at the follow-up time
with the baseline value (D0) within each group, as calculated by mixed-model repeatedmeasures analysis of variance. ‡ : p < 0.05 to compare the value at the follow-up time with
the end of the residential programme (D20) within each group, as calculated by mixedmodel repeated-measures analysis of variance.

4.3.2.2 GENERAL EFFECTS FOR BOTH GROUPS
At the end of the residential programme, the combination of diet and PA
had significantly reduced body weight, BMI, waist circumference and
systolic BP. Fifty seven percent of weight loss was in fat mass, with a
significant decrease in central fat. The rates of HDL remained stable and
triglyceride levels had an overall tendency to decrease (p < 0.1). Other
blood lipid parameters decreased significantly at D20 and then returned to
baseline levels. Creatinine levels and creatinine clearance, as assessed by
Cockroft’s formula remained stable (Table 3).
Following the residential programme, dietary recommendations were
given every 15 days to maintain a negative energy balance. The patients
gradually went back to their former eating habits with increased lipid intake and a reduction in carbohydrates. Weight loss and central fat loss
continued, as did the reduction in BMI and waist circumference, with no
significant difference between groups (Table 3).
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TABLE 3: Changes in energy balance, physical activity index, MS parameters and body
composition during the residential programme and follow-up for the two groups of protein
intake (PI): Normal (NPI) and High (HPI) with respectively a PI at 1.0 g/kg/day and 1.2
g/kg/day
Variable

Groups

D0

D20

D90

D180

Body composition measured by DEXA:
Weight (kg)
BMI (kg/m2)
Lean (kg)
Total fat (kg)
Visceral fat (kg)
Fat percentage
(%)
Energy Balance
(kcal/d)
Physical Activity

NPI

90.3 ± 11.6

86.5 ± 11.0†

84.4 ± 11.1†‡

85.4 ± 12.1†‡

HPI

94.1 ± 15.2

90.7 ± 14.5†

87.1 ± 13.6†‡

86.4 ± 15.0†‡

NPI

32.1 ± 4.2

30.7 ± 3.8†

29.9 ± 3.5†‡

30.3 ± 3.7†‡

HPI

35.2 ± 4.2

33.9 ± 4.1†

32.6 ± 4.3†‡

32.4 ± 4.7†‡

NPI

58.287 ± 7.47

57.323 ± 7.56†

56.488 ± 7.89†

56.798 ± 7.99†

HPI

56.594 ± 11.04

55.987 ± 10.32

55.223 ± 10.57†

55.137 ± 10.47†

NPI

29.542 ± 9.75

26.737 ± 9.38†

25.524 ± 8.94†

26.213 ± 9.580†

HPI

35.229 ± 8.25

32.474 ± 7.72†

29.598 ± 7.68†‡

29.068 ± 9.18†‡

NPI

3.277 ± 1.24

2.839 ± 1.22†

2.695 ± 1.07†

2.527 ± 1.01†‡

HPI

3.295 ± 0.88

2.916 ± 0.79†

2.662 ± 0.75†

2.445 ± 0.71†‡

NPI

32.3 ± 7.9

30.5 ± 8.3†

29.9 ± 8.2†

30.2 ± 8.3†

HPI

37.4 ± 6.1

35.7 ± 5.9†

34.0 ± 6.6†

33.4 ± 7.2†

NPI

+ 92 ± 521

−751 ± 147†

−521 ± 304†‡

−413 ± 304‡

HPI

+ 34 ± 348

−635 ± 102†

−524 ± 83†‡

−444 ± 71‡

NPI

1.22 ± 0.09

1.42 ± 0.07†

1.31 ± 1.97†‡

1.30 ± 0.07†‡

HPI

1.19 ± 0.12

1.40 ± 0.09†

1.33 ± 1.82†‡

1.28 ± 0.04†‡

Metabolic Syndrome parameters:
Waist circumference (cm)
Blood Pressure
(mmHg)
Triglycerides
(mmol/l)
HDL (mmol/l)
Glycemia
(mmol/l)

NPI

105.1 ± 7.4

102.7 ± 7.9†‡

99.2 ± 6.3†‡

98.9 ± 7.4†‡

HPI

101.6 ± 11.8

97.2 ± 9.6†‡

95.1 ± 9.9†‡

93.3 ± 9.1†‡

NPI

137/83 ± 11/5

130†/80 ± 13/5

129†/80 ± 15/6

132/78 ± 16/9

HPI

135/86 ± 19/13

128†/80 ± 15/16

125†/85 ± 16/18

127/82 ± 20/16

NPI

1.68 ± 1.15

1.19 ± 0.34

1.17 ± 0.40

1.27 ± 0.61

HPI

1.88 ± 0.55

1.37 ± 0.26

1.85 ± 0.21

1.86 ± 1.07

NPI

1.44 ± 0.42

1.49 ± 0.31

1.31 ± 0.31‡

1.58 ± 0.46

HPI

1.06 ± 0.33

1.02 ± 0.29

1.13 ± 0.33

1.14 ± 0.25

NPI

6.15 ± 1.86

6.26 ± 1.76

5.7 ± 1.97‡

6.28 ± 2.34

HPI

5.13 ± 0.68

4.54 ± 0.54†

4.98 ± 0.79

4.92 ± 0.50
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TABLE 3: Cont.
Variable

Groups

D0

D20

D90

D180

NPI

6.08 ± 1.46

5.07 ± 0.95†

5.13 ± 1.25†

5.56 ± 0.89

HPI

5.79 ± 1.07

4.65 ± 1.09†

6.18 ± 1.60

6.19 ± 1.08

NPI

3.79 ± 1.21

3.05 ±0.87†

3.47 ± 1.25

3.43 ± 0.95

HPI

3.89 ± 1.01

2.99 ±0.99†

4.21 ± 1.34

4.25 ± 0.97

NPI

40.6 ± 3.3

40.3 ± 3.1

34.3 ± 1.8†‡*

35.3 ± 2.2†‡

HPI

40.8 ± 2.4

41.3 ± 2.6

41.5 ± 2.6*

41.0 ± 3.2*

Other Lipid parameters:
Total cholesterol (mmol/l)
LDL (mmol/l)
Albumin levels
(g/l)

Pro-inflammatory factors:
CRP (mg/l)

NPI

5.09 ± 4.06

3.64 ± 3.69

4.18 ± 5.60

3.68 ± 4.12

HPI

4.19 ± 2.33

3.80 ± 3.48

3.04 ± 3.23

2.99 ± 2.05

NPI

0.85 ± 0.16

0.80 ± 0.19

0.75 ± 0.19

0.84 ± 0.15

HPI

0.91 ± 0.29

0.80 ± 0.33

0.91 ± 0.25

0.84 ± 0.41

creatinine levels NPI
(mmol/l)

89.4 ± 19.9

89.1 ± 18.8

80.1 ± 20.7

81.1 ± 20.4

HPI

84.9 ± 22.2

88.2 ± 24.1

86.1 ± 23.7

84.0 ± 21.3

NPI

100.3 ± 28.3

95.4 ± 24.2

107.1 ± 27.9

106.6 ± 32.0

HPI

111.8 ± 23.7

104.5 ± 24.9

106.7 ± 23.4

109.0 ± 24.4

orosomucoid
(mg/l)
Renal function:

Cockroft (ml/
min)

* : p < 0.05 to compare the percentage change between D0 and D20, D90 and D180 in
the two groups (High Protein Intake versus Normal Protein Intake) using the Bonferroni
test. † : p < 0.05 to compare the value at the follow-up time with the baseline value (D0)
within each group, as calculated by mixed-model repeated-measures analysis of variance.
‡ : p < 0.05 to compare the value at the follow-up time with the end of the residential
programme (D20) within each group, as calculated by mixed-model repeated-measures
analysis of variance.

4.3.3 MAIN JUDGMENT CRITERIA
At D20, there was no significant change in albumin levels in either group.
Following the residential programme, the levels decreased in NPI group
at D90 and D180, to reach the threshold value of 35 g/l considered as a
marker of a protein deficiency. Albumin levels in the HPI group remained
stable throughout the experimental period.
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FIGURE 3: Change from baseline (day 0) to Month 6 (day 180) in albumin levels and lean
body mass (LBM) for both groups: normal protein intake (NPI) set at 1.0 g/kg/d and high
protein intake (HPI) at 1.2 g/kg/d. Solid bars represent albumin levels or lean mass in High
protein intake group. Open bars represent albumin levels or lean mass in Normal protein
intake group. T bars indicate standard errors. Panels A and B show the change in lean mass
and albumin levels, respectively, for all participants (n= 28), who were randomly assigned
to a High protein intake (n= 14) or to a Normal protein intake (n= 14). No missing data.
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4.3.4 SECONDARY JUDGMENT CRITERIA
In both groups, creatinine levels and creatinine clearance remained stable
at all times, as did CRP and orosomucoid.
4.4 DISCUSSION
Our study shows that when PA and nutritional habits are modified by a
healthier lifestyle, there is a significant improvement in MS criteria (Table
3). When subjects entered the study, protein intake was about 0.9 g/kg/d, the
level currently considered as adequate for the senior [10] and albumin levels
were normal (Table 3, Figure 3). As the exercise regimen and the reduced
caloric intake of the programme were expected to increase the protein LTI,
we set protein intake at 1 g/kg/d for NPI and at 1.2 g/kg/d for HPI.
We measured albumin levels at the beginning of the study (D0) and at
D20, D90 and D180 in the two groups of MS patients older than 50 years.
There was no change in the levels in the HPI group, while in the NPI
group, they were lower at D90. This significant decrease would probably
indicate a too low protein intake in the NPI group, given the new conditions of PA and overall caloric intake [9,12-14]. In contrast, the PI set at
1.2 g/kg/d kept albumin levels steady. The fall in level was observed at
D90 only and not at D20, probably due to its long half-life of 20 days.
A catabolic phase may occur in the event of increased inflammatory
status [33]. In the present study, we monitored this status by assaying CRP,
which remained stable with normal levels in both groups (Table 3). Likewise, altered renal function may be the cause of hypoalbuminemia. This
was not the case in our patients, as assessed by normal and stable renal
Cockcroft clearance (Table 3). Moreover, high protein intake is now considered to be only a weak risk for renal function in healthy senior individuals [34]. Finally, all patients were free of medications which may influence
albumin levels.
Consequently, our study shows that LTI (and not RDA) for protein
must be set at 1.2 g/kg/d when physical activity together with reduced
caloric intake are prescribed to patients suffering from MS. This result
agrees with the findings of Lucas & Heiss [15], who proposed a RDA of
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1–1.3 g/kg/d for older adults (> 50 years old) engaged in physical training corresponding to a LTI of 0.8 to 1.0 g/kg/day. The addition of caloric
restriction, as in this study, increases LTI for protein to 1.2 g/kg/d.
Such a level of protein intake may appear high for people consuming
light meals. For an individual weighing 80 kg, it represents 100 g/day of
protein dry weight, that is to say 500 g of crude protein. Dietary animal
protein is the primary source of high biological value protein [35]. If fifty
percent of protein intake is from animal origin, this corresponds to 250 g
meat or fish per day, since eggs and cheese are drastically reduced or even
suppressed on account of their high lipid content. We may also consider
that 100 g protein represent 400 kcal. If the total caloric intake is set at
2000 kcal, proteins will represent 20% of intake.
4.5 CONCLUSION
This study is a contribution to the quantification of the optimal protein
lower threshold intake for individuals suffering from metabolic syndrome
entering a programme of weight reduction with controlled diet and exercise. This is an important issue because insufficient protein intake could
be detrimental when physical activity is added to a restricted diet. Our
study suggests protein intake should be 1.2 g/kg/d in senior people suffering from metabolic syndrome and taking part in a weight loss programme.
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CHAPTER 5

A Prospective Study of Nutrition
Education and Oral Nutritional
Supplementation in Patients with
Alzheimer’s Disease
GLAUCIA A. K. PIVI, ROSIMEIRE V. DA SILVA, YARA JULIANO,
NEIL F. NOVO, IVAN H. OKAMOTO, CÉSAR Q. BRANT,
AND PAULO H. F. BERTOLUCCI

5.1 BACKGROUND
Weight loss in patients with Alzheimer’s disease (AD) is a common clinical manifestation. In these patients, impaired nutritional status results in
changes in body composition and biochemistry indicators [1]. In order
to identify such weight loss, some studies correlated organic deficiency
and low energy intake or hypercatabolism in patients, thus suggesting that
weight loss may be a risk factor in the etiology of dementias and other psychiatric and cognitive disorders, however this has not been evaluated [24]. Higher infection rates, increased energy expenditure due to repetitive
movements, and cognitive deficit impairing AD patient independence may
also be considered as a cause of weight loss [5,6]. Weight loss increases
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the risk for infections, pressure ulcer development and poor wound healing, which in turn can impair AD patient’s quality of life [7].
Some strategies can be adopted to improve the nutritional status of
these patients. These strategies include patient nutrition education programs, and the use of oral nutritional supplements, which can significantly
impact nutritional status [8-10]. Thus, the need to study strategies of nutritional intervention which minimize or improve AD patients’ nutritional
status is justified, supporting the conduction of this study. The objective
of this study is to determine if there is any difference between oral nutritional supplementation and nutrition education on the nutritional status of
patients with AD.
5.2 METHODOLOGY
A randomized, 6-month, prospective study was conducted at the clinic
of the Behavioral Neurology Sector, in the Neurology and Neurosurgery
Department of Universidade Federal de São Paulo - Escola Paulista de
Medicina (UNIFESP/EPM).
The sample consisted of 90 subjects, of both genders, aged at least
65 years old and with probable AD, according to Diagnostic Statistical
Manual 4th Edition (DSM IV) criteria and clinical dementia rating (CDR)
of 1, 2 or 3.
For exclusion criteria were considered other forms of dementia, alternative feeding requirement (tube feeding), type 1 and 2 diabetes mellitus,
and renal diseases.
Twelve subjects were included in the study but not in the statistical
analys is: 3 subjects from CG and 4 from EG had difficulty in being transported to the hospital; 3 subjects from SG and 1 from CG died; 1 subject
from SG needed tube feeding.
The remaining subjects were randomized into 3 groups: control group
(CG), (N = 27), education group (EG), (N = 25), and supplementation
group (SG), (N = 26).
All subjects were assessed at baseline and then at monthly intervals
during the 6-month study period, including an orientation of health nutrition. The subjects nutritional status was assessed using anthropomet-
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ric and biochemical data. The anthropometric data included: height (m),
current weight (kg), Body Mass Index (BMI) (kg/m2), arm circumference
(AC) (cm), arm muscle circumference (AMC) (cm), and triceps skinfold
(TSF) (mm). For weight were used Welmy® mechanical scales for adults
with a 150 kg capacity and for height was utilized stadiometer graduated
in centimeters, to for subjects that were able to maintain erect posture. For
the others with presented posture problems as kyphosis or lordosis and
were usable to stand, the stature and knee equation proposed by Chumlea (1985) [11] was used, to avoid biases in measures of statures. For the
compartmental muscle and fat mass assessment, Lange® Skinfold calipers
were used, which expresses results in millimeters (mm). The biochemistry data included: total protein (TP), serum albumin and total lymphocyte
count (TLC). Biochemical data were collected following a 12-hour fast
and evaluated by the central laboratory of Hospital São Paulo.
For cognitive tracking, all subjects were assessed using the Mini-Mental State Examination (MMSE) assessing temporal and spatial orientation,
memory, attention, calculation, language and praxis [12,13] and Clinical
Dementia Rating (CDR) [14,15] administered by a duly qualified neuropsychologist.
The following demographic data were also collected for all subjects:
education level (years of schooling), time of disease evolution calculated
from the date of diagnosis and dependence during meals.
Subjects in the CG were monitored by monthly nutritional assessments
and did not receive any form of intervention. The 25 Subjects caregivers and patients, in the EG participated in the educational program which
consisted of 10 classes. Each class was taught to a maximum of 10 participants, with the aim greater interaction between the professional and
caregivers. Each expositive class was supported by slides, with themes
were of data proposed in accordance with the Brazilian Association of
Alzheimer’s (ABRAZ) Caovilla & Canineu (2002) [16] a nonprofit association that assists caregivers and family members of patients with Alzheimer’s disease. Also it took into account the information received from
the caregivers based on the main nutrition deficits in AD patients. The
classes were developed with relevant topics to the needs of nutritional
intervention, such as: the importance of nutrition in disease, behavioral
changes during meals, attractive meals, constipation, hydration, adminis-
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tration of drugs, swallowing, food supplementation, lack of appetite, clarification of doubts. This order of exposition follows the progression of AD
and the onset of symptoms that may be related to nutrition. Subjects in
the SG received oral nutritional supplementation twice daily for 6 months
in addition to their usual diet (Ensure with FOS®, Abbott Nutrition) and
were measured monthly by means of anthropometry and biochemical parameters, as described before. Two servings provide 680 kcal and 25.6 g
protein/day.
All subjects or their representatives signed the Informed Consent
Form. This research was approved by the Ethics Committee of Universidade Federal de São Paulo (protocol 0552/06).
Statistical analysis was undertook using Kruskal-Wallis variance analysis to compare the three groups in relation to anthropometric, biochemistry, demographic and disease stage variables, and Siegel’s chi-square test
to study possible associations between the groups and the variables studied. The rejection level of the null hypothesis was fixed at α = 0.05.
5.3 RESULTS
Ninety (90) subjects were enrolled in the study, and 86.67% (n = 78) completed the study. Of the subjects, 30% (n = 27) were in the CG; 27.78% (n
= 25) were in the EG; and 28.88% (n = 26) were in the SG. 8.89% (n = 8)
of the patients did not meet the inclusion criteria and 4.44% (n = 4) died.
Of the 78 subjects who completed the study, 67.9% (n = 53) were female and 32.1% (n = 25) were male, with mean age of 75.2 years and
median age of 76 years.
As shown in tables 1 and 2, 39.7% (n = 31) were in the moderate
phase of the disease (CDR 2) and had a mean MMSE of 12.32, however
there were no statistically significant differences among the groups. Demographic data (table 1) as well as dependence during meals (table 2)
were also not statistically different among the groups. All these variables
show that the groups were similar and did not have any influence on the
results obtained.
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TABLE 1: Demographic and MMSE data of Alzheimer’s Disease (AD) patients, according
to Control Group (CG), Education Group (EG) and Supplementation Group (SG)
Control

Education

Supplementation

Kruskal-Wallis variance
analysis

Mean

Median

Mean

Median

Mean

Median

Calculated H

P

Significance

MMSE

12.59

18.00

12.80

12.00

11.58

9.00

0.14

0.932

N.S.

Age

75.22

74.00

75.88

76.00

76.38

78.00

0.61

0.738

N.S.

School.

3.44

3.00

5.40

4.00

4.61

4.00

3.62

0.164

N.S.

Tempev.

5.93

5.00

6.40

6.00

6.19

6.00

0.45

0.798

N.S.

MMSE: mini-mental state examination; School.: schooling in years; TEMPEV.: time of
disease evolution; p: significance level; N.S.: not significant.

TABLE 2: Patients with Alzheimer’s Disease (AD) in Control Group (CG), Education
Group (EG) and Supplementation Group (SG) compared for CDR, gender and dependence
during meals
CDR
CG

Gender

Dependence during Meals

1 (n)

2 (n)

3 (n)

Male (n)

Female (n)

Not dep.

Dep.

9

9

9

7

20

14

13

EG

7

11

7

8

17

17

8

SG

7

11

8

10

16

13

13

Total

23

31

24

25

53

44

34

Critical X2 = 5.99 calculated X2 for CDR = 0.77 not significant. Critical X2 = 5.99
calculated X2 for gender = 0.96 not significant. Critical X2 = 5.99 calculated X2 for
dependence during meals = 2.03 not significant

Regarding the anthropometric and biochemical parameters (Table 3),
the SG showed a significant improvement in the anthropometric data of
weight (H calc = 22.12, p =< 0.001), body mass index (H calc = 22.12, p
=< 0.001), arm circumference (H calc = 12.99, p = 0.002), and arm muscle
circumference (H calc = 8.67, p = 0.013) compared to CG and EG after 6
months. There were no statistically significant differences in TSF among
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the three groups after 6 months. The BMI in the EG was significant compared to CG. There were significant differences in total protein (H calc =
6.17, p = 0.046) in the SG compared to the other groups. The total lymphocyte count in the SG and EG was significant compared to the CG (H cal =
7.94, p = 0.019) after 6 months.
There were no statistically significant differences in serum albumin
among the three groups.
5.4 DISCUSSION
Most subjects studied had CDR 2, which is relevant since most feeding
behavior changes, such as forgetfulness or feeding voracity, are seen in
this phase of the disease [17].
In the EG, BMI showed a significant increase compared to CG (p <
0.001). Likewise, biochemical (TP and TLC, p = 0.046, p = 0.019 respectively) and anthropometric indicators (AC and AMC, p = 0.002 and p =
0.013 respectively) also improved in EG group. Our results support the
findings from other studies, showing that nutritional education has a positive effect on the diet and modifies nutrition knowledge [18,7,19].
There were significant differences in the SG’s anthropometric measures (current weight, BMI, AC, AMC) compared to CG and EG, showing that the use of oral nutritional supplementation improves the patient’s
nutritional status. In addition, since there were no significant differences
in TSF measurement among the three groups, and particularly in the SG,
showed that there was no increase in subcutaneous body fat. Furthermore,
the oral nutritional supplementation did not result in significant difference
in TSF measurement among the three groups, indicating that additional
oral nutritional supplementation did not increase subcutaneous body fat
in this sample.
Oral nutritional supplementation provided to dementia patients significantly improves nutritional status and the quality of the diet consumed
[20,21], but despite these results, Trelis & López [22] observed that only
11% of outpatients used oral nutritional supplements.
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TABLE 3: Mean and median values of anthropometric and biochemical measures for patients with Alzheimer's disease in the different groups

p

S > C and E

N.S.

Significance

Kruskal-Wallis

Median

0.333

Supplementation

Calculated
H

<0.001

Mean

02.20

Median

22.12

Education

1.56

Mean

1.58

Median

1.54

Control

1.54

Mean

1.57

S > C and E

1.57

<0.001

Height

21.94

6.66 (54.70 57.93)

4.37
(22.38 23.15)

S > C and E

0.32 (54.54 51.70)

6.55 (21.66 22.98)

0.002

1.19 (54.29 50.00)

0.31 (23.82 23.90)

12.99

-1.81 (57.60 55.70)

1.19 (22.71 22.84)

4.76
(23.90 24.80)

-2.20 (61.87 60.65)
-1.82 (23.55 22.80)

5.44 (23.99 25.20)

CW

BMI

-2.21 (24.81 24.32)

2.34 (25.60 26.00)

4.37
(53.55 56.80)

AC

1.87 (24.72 25.11)

N.S.

0.00 (26.40 26.30)

0.136

-0.41 (26.14 26.07)

3.98

S > C and E

1.44 (11.54 13.55)

0.013

S > C and E

1.00 (14.00 16.00)

8.67

0.046

N.S.

2.32 (14.20 16.40)

6.17

0.281

0.00 (15.00 16.00)

2.54
(20.44 20.93)

2.54

2.20 (15.67 15.85)

3.43 (20.36 21.01)

3.28 (06.8
- 07.00)

TSF

4.30 (06.46 07.02)

0.00
(04.20 04.20)

1.58
(12.00 14.00)

-1.39 (06.80 06.80)

0.69 (03.81 04.07)

-2.06 (19.80 19.66)
-1.04 (06.55 06.84)

-4.54 (04.20 04.20)

-1.27 (20.25 19.96)
0.00 (07.00 06.90)

-4.06 (04.05 04.08)

-0.90 (21.12 21.01)

0.09 (06.94 06.95)

-4.35 (04.30 04.10)

-0.19 (21.21 21.60)

Total
prot.

-3.15 (04.31 04.17)

AMC

Albumin

13.43 (2045.24 2279.46)

10.50 (2034.35 2416.04)

Median

Control

-1.41 (1852.40 1806.12)

Median

Education

-1.06 (1888.85 1835.25)

Mean

10.68
(1541.10
- 1582.50)

Median

Supplementation

12.57 (1464.20
- 1808.68)

Mean

7.94

Calculated
H
0.019

p

S and E > C

Significance

Kruskal-Wallis

CW = Current Weight (kg); BMI = Body Mass Index (Kg/m2); AC = Arm Circumference (cm); TSF = Triceps Skin fold (mm) and AMC =
Arm Muscle Circumference (cm); Total prot. = total serum protein (μg/dl); TLC = Total Lymphocyte Count (mm3); p: significance level; N.S.
= not significant

TLC

Mean

TABLE 3: Cont.
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In Brazil, there are no studies of outpatients using any type of oral
nutritional supplements. However, this study clearly indicates that it is
important for all health care professionals involved in the treatment of patients with AD to be able to detect the presence of nutritional deficits. This
enables health care professionals to refer the patient to a qualified health
professional, so the best nutritional intervention can be implemented.
The benefits of using oral nutritional supplementation have also been
studied in elderly subjects without dementia and have shown their efficacy
in addition to usual diet. The addition of 500 kcal/day via oral nutritional
supplementation for elderly has been shown to improve convalescence
and recovery from deficiency states [23,24].
In relation to the biochemical parameters used to assess nutritional status, significant differences were only seen for total protein in the SG and
total lymphocyte count in the SG and EG.
Increased total protein in the SG was not correlated with the use of oral
nutritional supplementation, but this result may be correlated with evolution of the disease itself. This parameter could perhaps be better assessed
with a larger sample or longer follow up.
Increased total lymphocyte count (TLC) in the EG suggests that nutrition education might contribute to the improvement in the immune status of
the patients. This may be due to the influence of education on the choice of
healthier food, which contributes to the nutritional status as a whole [25].
On the other hand, the significant improvement in TLC in SG subjects
showed that the use of oral nutritional supplementation improves immune
status. This may be due to the antioxidant micronutrients in the supplement, particularly selenium, β-carotene, vitamin C and E, which impact
with the immune system [26,27].
Improving or maintaining the nutritional status of patients with AD
should be a priority of patient treatment. Therefore this is a responsibility
for the entire multiprofessional team.
Implementing nutrition education improved the BMI of patients with
AD, and thus its use is viable for any kind of healthcare service due to
its low cost and positive impact on the modification of dietary habits. In
addition, oral nutritional supplementation should be part of the usual diet
of these patients, as the additional nutrients provided contribute to an improved nutritional status [28,29].
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5.5 CONCLUSION
Oral nutritional supplementation was shown to be more effective compared to nutrition education in improving nutritional status of patients with
Alzheimer’s Disease.
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PART III

VITAMINS AND MINERALS

CHAPTER 6

Pharmacokinetics of a Single Oral
Dose of Vitamin D3 (70,000 IU) in
Pregnant and Non-Pregnant Women
DANIEL E. ROTH, ABDULLAH A. L. MAHMUD,
RUBHANA RAQIB, ROBERT E. BLACK,
AND ABDULLAH H. BAQUI

6.1 BACKGROUND
Vitamin D is essential for the growth and development of the human
skeleton throughout the life cycle [1]. There is considerable speculation
regarding the potential effects of vitamin D on both skeletal and extraskeletal aspects of reproductive physiology and fetal development, yet it
remains unknown whether there are benefits to improving maternal antenatal vitamin D status beyond the correction of severe deficiency [2,3].
Clinical trials employing vitamin D dose regimens that safely optimize
maternal-fetal vitamin D status will enable testing of these hypotheses [4].
However, very few studies have rigorously addressed vitamin D supplementation during pregnancy, and the single-dose vitamin D3 pregnancy
trials published to date have provided little insight into pharmacokinetics
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or safety [5,6]. Moreover, there is a near complete absence of pharmacological data in South Asia, where the vitamin D status of pregnant women
[7] and young infants [8] is poor in spite of the tropical climate.
The pharmacokinetics of oral vitamin D3 are conventionally described with respect to its effect on the serum concentration of the predominant circulating metabolite, 25-hydroxyvitamin D ([25(OH)D]),
which is a well-established biomarker of systemic vitamin D status [9].
The present study was conducted to assess changes in serum [25(OH)
D] and calcium following a single oral vitamin D3 dose (70,000 IU) in
non-pregnant women and pregnant women in the third trimester of pregnancy in Dhaka, Bangladesh. The aim was to generate preliminary pharmacokinetic (PK) and safety data to inform the design of supplementation regimens for use in future larger-scale trials of antenatal vitamin D
supplementation in Bangladesh.
6.2 METHODS
6.2.1 PARTICIPANTS
Pregnant and non-pregnant women were enrolled at a clinic in Dhaka,
Bangladesh (24°N) from July 2009 to February 2010 if they were aged
18 to <35 years, held permanent residence in Dhaka at a fixed address,
and planned to stay in Dhaka for at least four months (Figure 1). Reasons
for exclusion were a known medical condition, self-reported current
use of any dietary supplements containing vitamin D, use of anti-convulsant or anti-mycobacterial medications, severe anemia (hemoglobin
concentration <70 g/L), or hypertension at enrollment (systolic blood
pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg on at least
two measurements). Pregnant women were excluded if they had major
risk factors for preterm delivery (e.g., preterm labor or previous preterm
delivery), pregnancy complications or had previously delivered an infant with a congenital anomaly or perinatal death. Non-pregnant women
were excluded if they were possibly pregnant (e.g., missed recent menses) or lactating.
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FIGURE 1: Flow diagram of participant screening, exclusions, and enrollment.
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All participants in this study received a dose of vitamin D (70,000 IU) at
baseline. Primary PK analyses involved participants who did not receive any
additional vitamin D throughout follow-up (“single-dose group”). However,
to enhance the assessment of 25(OH)D response and safety during the first
week of follow-up, an additional cohort of participants who continued to receive weekly vitamin D doses beginning on day 7 (“weekly-dose group”)
contributed biochemical data to the present analysis for the first 7 days after
the 70,000 IU dose (i.e., up to the time preceding their 2nd dose). Findings
related to the effect of weekly dosing will be reported elsewhere. Participants
were enrolled in stages according to a design that enabled interim analyses
and the testing of supplementation regimens in non-pregnant participants
prior to their initiation in pregnant women: non-pregnant participants were
enrolled in the summer (July to September 2009); pregnant women who received only a single dose were enrolled during the 30th week of gestation in
August-September 2009; and, pregnant participants who received the initial
dose followed by weekly doses were enrolled at 27 to <31 completed weeks
of gestation in February 2010. The study was reviewed and approved by the
Institutional Review Board at The Johns Hopkins Bloomberg School of Public Health and the International Center for Diarrheal Disease Research, Bangladesh (ICDDR,B). All participants gave signed informed consent prior to
participation. The trial was registered at ClinicalTrials.gov (NCT00938600).
6.2.2 INTERVENTION
Vitamin D3 (cholecalciferol) 70,000 IU (1.75 mg) was administered directly by study personnel. The dose was selected to be intermediate between the doses previously studied in the only two rigorous single-dose
vitamin D3 pharmacokinetic studies published at the time our study was
designed (50,000 [10] and 100,000 IU [11]), thus providing reassurance in
terms of probable safety as well as enabling coherent between-study comparisons. The vitamin D3 supplement (Vigantol Oil, Merck KGaA, Germany) was a liquid formulation (20,000 IU D3/mL). The batch of Vigantol
Oil used in the study had a concentration of 20,697 IU/mL according to
the manufacturer’s certificate of analysis (May, 2009). The stability of the
vitamin D3 was established by independent testing of unused Vigantol
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Oil at the end of the study (June 2010) in the laboratory of Dr. Reinhold
Vieth [12], which revealed a concentration of 19,300 IU/mL (96.5% of the
labeled concentration). Participants were advised not to take other vitamin
D-containing supplements during the study period, but were permitted to
take other micronutrient supplements (including calcium). All pregnant
participants were provided standard iron and folic acid supplementation.
6.2.3 FOLLOW-UP
Study personnel assessed participants at least weekly. Non-pregnant participants who received only the single dose participated in weekly follow-up for
10 weeks; pregnant women in the single-dose group were assessed at least
weekly until delivery, and then at least three times between delivery and discharge from the study at one-month post-partum. Visits involved a checklist
of symptoms related to hypo- and hypercalcemia (decreased appetite, weight
loss, vomiting, fever or chills, constipation, abdominal pain, excessive thirst,
frequent urination, muscle weakness, back, arm, or leg pain, confusion, or
depression), blood pressure measurement, and confirmation of fetal viability.
Abnormal urinalyses, hypertension, reported severe symptoms, or
persistence of any mild symptomatic complaints (i.e., decreased appetite,
weight loss, vomiting, fever or chills, constipation, abdominal pain, excessive thirst, frequent urination, muscle weakness, back, arm, or leg pain,
confusion, or depression) for two consecutive visits prompted referral to
the study physician for further evaluation. Participants were referred to
an antenatal care physician at the maternity clinic for treatment of urinary
tract infections, hypertension, or other medical problems that arose. Participants with obstetric complications were transported to a local tertiarycare hospital with advanced neonatal care facilities. All costs of medical
and obstetric care were borne by the study.
6.2.4 SPECIMEN COLLECTION AND BIOCHEMICAL ANALYSES
Participants provided up to six scheduled blood specimens and at least
seven urine samples during the 10-week follow-up period beginning on
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the day of supplement administration (Figure 2). To limit the burden of
specimen collection on each individual, yet still enable robust group-level
pharmacokinetic and safety analyses, participants were assigned to one
of two sampling schedules (A or B) to enhance coverage of the follow-up
period (Figure 2). During the first week, specimens were collected at baseline and then additionally on either day 2 or 4 to monitor for possible early
transient elevations in serum calcium and to minimize the chance of missing a possible early peak in [25(OH)D]. In the single-dose only groups,
blood collection thereafter was scheduled predominantly in the first month
because this was when the peak [25(OH)D] [11] and the highest risk of hypercalcemia were anticipated. In pregnant women in the single-dose only
group, the specimen collection schedule was continued in the postpartum
period if delivery occurred prior to 10 weeks from enrollment. In pregnant
participants, venous cord blood samples were collected immediately following delivery of the placenta.
Serum samples (separated from maternal venous and umbilical vein
blood) and random spot urine specimens were maintained at +4°C prior
to same-day transfer to the laboratory. Sera were frozen at −20 °C. Aliquots for the 25(OH)D assay were shipped at ambient temperature from
Dhaka to Toronto (25(OH)D is stable under a range of conditions). Total
serum [25(OH)D] was measured with the Diasorin Liaison Total assay
in the laboratory of Dr. Reinhold Vieth (Mount Sinai Hospital, Toronto)
according to a method previously described [13]. This laboratory participates in and meets the performance targets of the International Vitamin D
External Quality Assessment Scheme [14]. Mean within-run coefficient
of variation (CV%) was 7.8% (5.8% for specimens with values < 150
nmol/L) and mean between-run CV% was 10.5% (9.0% for specimens
<150 nmol/L). Ancillary serum and urine biochemical tests were performed using the AU640 Olympus Autoanalyzer (Olympus Corporation,
Japan) at ICDDR,B.
The primary pharmacokinetic (PK) outcome measure was the serum
[25(OH)D]; incremental changes from baseline (Δ[25(OH)D]) were calculated as an individual’s absolute [25(OH)D] at each visit minus her
baseline [25(OH)D]. The primary safety-related outcome was maternal
albumin-adjusted serum calcium concentration ([Ca]), calculated using a
conventional formula: [Ca]+(0.02*(40-albumin)). The reference range for

Pharmacokinetics of a Single Oral Dose of Vitamin D3 in Women

125

albumin-adjusted serum calcium was set at 2.10 – 2.60 mmol/L, the upper
limit of which was a conservative threshold relative to those used by: the
local laboratory in Dhaka (2.62 mmol/L), the US Institute of Medicine
(IOM) 1997 dietary reference intakes (DRIs) for vitamin D (2.75 mmol/L)
[15], and the IOM revised 2011 vitamin D DRIs (2.63 mmol/L) [1]. An
albumin-adjusted serum calcium concentration >2.60 mmol/L prompted
a repeat measurement on a new specimen as soon as possible. Confirmed
hypercalcemia was a priori defined as albumin-adjusted serum calcium
concentration > 2.60 mmol/L on both specimens, since hypercalcemia
caused by vitamin D intoxication would not be expected to resolve within
a few days without intervention.
The urinary calcium:creatinine ratio (ca:cr) was expressed as mmol
Ca/mmol Cr, and 1.0 was considered the nominal upper limit of the reference range [16]. Any episode of urinary ca:cr>1.0 mmol/mmol prompted
a repeat urine ca:cr measurement within one week. In addition, a ca:cr >
0.85 mmol/mmol that was also a 2-fold or greater increase over the lowest
previously observed ratio in the same participant prompted repeat urine
assessment. Persistent hypercalciuria was defined as ca:cr > 1.0 mmol/
mmol on two consecutive tests, or on two non-consecutive measurements
that occurred in the presence of persistent symptoms suggestive of possible hypercalcemia. Persistent hypercalciuria or persistent ca:cr > 0.85
mmol/mmol (under the conditions listed above) were indications for unscheduled measurement of serum calcium.
6.2.5 STATISTICAL ANALYSES
Continuous outcome variables were described by means, standard deviations (SD), and 95% confidence intervals (95% CI). Non-normally distributed variables (including [25(OH)D]) were described by geometric
means with 95% CI’s, medians and interquartile ranges (IQR), and were
log-transformed for modeling. In the primary PK analysis, the following
model-independent PK parameters were estimated for each individual in
the single-dose only groups (N=31): 1) maximum observed [25(OH)D]
(Cmax); 2) maximum observed Δ[25(OH)D] above baseline (ΔCmax); 3)
timing of Cmax in days (Tmax); and 4) area under the Δ[25(OH)D]-time
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curve (AUC), which was interpreted as a global measure of vitamin D3
bioavailability. Individual participants’ AUCs were estimated manually
by the trapezoidal method, and negative Δ[25(OH)D] values were zeroed
so that the AUC represented the positive area above baseline. AUC was
estimated for the first month to enable comparisons to other published
PK studies [10,11]. AUC28/35 was calculated for either 0 to 28 days or 0 to
35 days, depending on the timing of the blood sampling (Figure 2); similarly, AUC56/70 was calculated for the period 0 to 56 days or 0 to 70 days.
An individual’s average Δ[25(OH)D] during the first 28 days (ΔCavg28)
was calculated by dividing AUC28 by 28; for between-study comparisons,
this measure was expressed per 40,000 IU (1 mg) vitamin D3 by dividing ΔCavg28 by the dose administered (1.75 mg). Cmax, ΔCmax, Tmax,
AUC28/35, and AUC56/70 were summarized within groups by geometric
means and 95% CIs, and then log-transformed for one-way analyses of
variance (ANOVA) to test for differences between the pregnant and nonpregnant groups. To plot the longitudinal change in [25(OH)D] over time
using all available data (N=61), mean [25(OH)D] at each visit were predicted from a linear regression model using a random intercept for each
participant, with each visit represented by its own fixed indicator variable.
Cross-sectional differences in Δ[25(OH)D] between pregnant and nonpregnant groups at specific days of follow-up were compared by ANOVA.
Changes in biochemical ([Ca] and Ca:Cr) and clinical outcomes from
baseline were analyzed using generalized estimating equations (GEE)
to account for repeated measures. The association between cord venous
[25(OH)D] and the corresponding maternal [25(OH)D] closest in time to
delivery was analyzed using Pearson correlation.
The target sample size of at least 12 analyzable participants per singledose group was originally justified as follows: assuming two samples per
subject (baseline and peak), a standard deviation for the ΔCmax of 20
nmol/L and an intra-subject correlation of 0.6, we anticipated that at least
12 women in each group would enable the estimation of the mean ΔCmax
with 95% confidence bounds of ±10 nmol/L. In all analyses, P values less
than 0.05 were considered to be statistically significant, with corrections
for multiple comparisons using the Holm method, applied where appropriate [17]. Analyses were conducted using Stata version 10 and 11 (Stata
Corporation, College Station, Texas).
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FIGURE 2: Blood and urine specimen collection schedules. Participants in “single-dose only” groups were randomized to one of two
schedules (A or B) of specimen collection over a period 70 days. Participants in the “weekly dose” groups were similarly randomized to
one of two schedules (C or D); however, the analysis of single-dose pharmacokinetics only included those specimens collected up to and
including day 7, preceding administration of the 2nd vitamin D dose.
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6.3 RESULTS
In the single-dose only groups, follow-up for the full 10 weeks was completed in all non-pregnant (N=18) and pregnant (N=13) participants; however, the terminal serum sample for one non-pregnant participant (at day
56) was not suitable for analysis. Cord blood specimens were available
for 12 of 13 pregnant participants in the single-dose only group. An additional 16 non-pregnant and 14 pregnant participants enrolled in weeklydose groups contributed at least one [25(OH)D] value on or prior to day 7.
At baseline, pregnant participants had lower average [25(OH)D] than
non-pregnant participants (Table 1); this was partly attributable to the design of the study, whereby some pregnant women were enrolled in the
winter and all non-pregnant women were enrolled in the summer and fall
(Table 2). Pregnant participants were generally younger, more likely to be
married, and of a slightly lower socioeconomic status than non-pregnant
participants (Table 2).

TABLE 1: Changes in [25(OH)D] following a single dose of 70,000 IU vitamin D3 in nonpregnant and pregnant women in Dhaka, Bangladesha
All participants

Non-pregnant

Pregnant

61

34

27

Mean [95% CI]

47 [42, 52]

54 [47, 62]

39 [34, 45]

Range

21, 96

27, 96

21, 95

N (all participants)

Pb

Baseline [25(OH)D] (N=61)
0.010

Δ[25(OH)D], Mean [95% CI], nmol/L
Day 2 (N=27)

20 [15,25]

24 [17, 33]

15 [11,22]

0.037

Day 4 (N=27)

23 [18, 30]

24 [17, 34]

23 [16, 32]

0.800

Day 7 (N=29)

26 [21, 33]

25 [18, 34]

28 [20, 40]

0.134

Day 21 (N=14)

25 [18, 35]

21 [14, 33]

32 [20, 51]

0.003

Day 56 (N=12)

16 [11,23]

14 [9,21]

20 [12, 33]

0.101

31 (51%)

18 (53%)

13 (48%)

6

6

6

Participants in single-dose only groups
N (% followed more than 7 days)
# Specimens per participant
Median
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TABLE 1: Cont.
All participants

Non-pregnant

Pregnant

3, 6

3, 6

3, 6

Mean [95% CI]

48 [41, 56]

52 [42, 64]

43 [34, 55]

Range

21, 96

27, 96

21, 95

Mean [95% CI]

11 [7,18]

9 [4,17]

17 [10,29]

Range

2, 70

2, 70

2, 70

Mean [95% CI]

85 [77, 93]

87 [75, 101]

82 [72, 92]

Range

51, 164

51, 164

52, 116

Mean [95% CI]

30 [23, 39]

28 [18, 42]

33 [24, 46]

Range

2, 87

2, 87

9, 52

AUC56/70, Mean (N=30)

935

910

969

[95% CI]

[651, 1343]

[531, 1559]

[563, 1668]

AUC28/35, Mean (N=31)

591

562

632

[95% CI]

[448, 780]

[383, 823]

[398, 1003]

12 [8,15]

14 [10,18]

Range

Pb

Baseline [25(OH)D] (N=31)
0.224

Tmax, days (N=31)
0.134

Cmax, nmol/L (N=31)
0.500

ΔCmax, nmol/L (N=31)
0.486

Area under the curve, nmol·d/Lc
0.863
0.672

ΔCavg28/35 per mg dosed (nmol/L/mg)
[95% CI]

12 [10,15]

0.370

a. [25(OH)D] summary measures are geometric means with exponentiated 95% confidence
intervals, unless otherwise indicated. b. One-way analysis of variance (ANOVA) test for
difference between non-pregnant and pregnant groups. c. AUC was only estimated using
data from participants with follow-up to the end of the interval of interest (i.e., 28/35 days
or 56/70 days). d. Average [25(OH)D] over the first 28 or 35 days, per mg of the single
vitamin D3 dose. Arithmetic means and 95% confidence intervals reported because these
estimates had an approximately normal distribution.

6.3.1 PHARMACOKINETIC OUTCOMES
There was substantial inter-individual variation in the shape and magnitude of 25(OH)D responses to a single oral dose of 70,000 IU vitamin
D3. However, the population-average pattern consisted of an abrupt in-
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crease in [25(OH)D] in the first week, followed by a peak within the first
three weeks, and then a gradual return to baseline over the ensuing two
months in both non-pregnant and pregnant participants (Figure 3). The average [25(OH)D] remained marginally above baseline at ten weeks after
supplementation. There were minor differences between the pregnant and
non-pregnant groups in the average Δ[25(OH)D] throughout follow-up
(Table 1). In particular, [25(OH)D] rose more rapidly and the peak average occurred earlier in the non-pregnant group. This was demonstrated
by the significantly greater Δ[25(OH)D] on day 2, the significantly lower
Δ[25(OH)D] on day 21, and the slightly earlier occurrence of Tmax in
non-pregnant vs. pregnant women (Table 1). Moreover, there was greater
variance in the early Δ[25(OH)D] in non-pregnant vs. pregnant participants (Figure 3). The highest [25(OH)D] in any non-pregnant participant
was 164 nmol/L, whereas the maximum in any pregnant participant was
116 nmol/L. On average, pregnant women had slightly lower absolute
Cmax, but the mean maximal rise in [25(OH)D] (i.e., ΔCmax) and AUC
were similar in pregnant and non-pregnant women (Table 1). Overall, the
[25(OH)D] was an average of 19 nmol/L (95% CI, 14 to 25) higher than
baseline during the first month after supplementation, which corresponded to a gain of approximately 12 nmol/L per mg of the vitamin D3 dose
(Table 1).

TABLE 2: Personal and household characteristics of participants at enrollment
Single-dose only group
Non-pregnant

Pregnant

18

13

July-August, 2009

18 (100 %)

5 (38 %)

Sept-Oct 2009

0

8 (62 %)

February 2010

0

0

Age (years), Mean
(±SD)

23.9 (±3.8)

20.9
(±2.7)

Married

11 (61%)

13
(100%)

# Enrolled

P

All participants
Non-pregnant

Pregnant

34

27

Pa

33 (97%)

5 (19%)

1 (3%)

8 (30%)

0

14
(52%)

0.022

24.2 (±4.1)

21.6
(±2.9)

0.006

0.025

23 (68%)

27
(100%)

0.001

Month of enrollment
<0.001

<0.001
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TABLE 2: Cont.
Single-dose only group

All participants

Non-pregnant

Pregnant

P

Non-pregnant

Pregnant

Pa

None

1 (6%)

2 (15%)

0.750

3 (9%)

6 (22%)

0.293

Primary

11 (61%)

7 (54%)

21 (62%)

16
(59%)

Secondary or higher

6 (33%)

4 (31%)

10 (29%)

5 (19%)

None

2 (18%)

3 (23%)

2 (9%)

4 (15%)

Primary

4 (36%)

4 (31%)

10 (43%)

13
(48%)

Secondary or higher

5 (45%)

6 (46%)

11 (48%)

10
(37%)

Home ownership

6 (33%)

1 (8%)

0.191

7 (21%)

2 (7%)

0.276

Floor

18 (100%)

11 (85%)

0.168

33 (98%)

22
(81%)

0.079

Walls

16 (89%)

10 (77%)

0.625

30 (88%)

18
(67%)

0.042

Roof

6 (33%)

6 (46%)

0.710

13 (38%)

7 (26%)

0.412

Height (cm), mean
(±SD)

149.7 (±3.7)

150.3
(±3.9)

0.685

150.8 (±4.3)

150.5
(±4.3)

0.758

Education level
attained

Husband’s education
level
1.000

0.786

House constructed
from cement, brick
or tileb

a. ANOVA for comparisons of continuous variables, Fisher’s exact test for categorical
variables. b. In comparison to tin or natural materials (e.g., earth, bamboo).

6.3.2 SAFETY OUTCOMES
The supplement was tasteless and well tolerated and there were no supplement-related adverse events (Table 3). The stillbirth and newborn deaths
were explained by medical problems, and there was no evidence that either
was related to the vitamin D supplementation, given their timing (i.e., did
not occur at peak [25(OH)D]) and the absence of biochemical evidence

132

Nutritional Biochemistry: Current Topics in Nutrition Research

of vitamin D toxicity in the mother (Table 3). Postmortem examinations
were not feasible in the study setting. Two other AEs resolved without
complications and occurred in the absence of evidence of vitamin D toxicity (Table 3). Pregnancy and birth outcome metrics were consistent with
expectations for the source population (Table 4).

TABLE 4: Pregnancy and newborn outcomes for pregnant participants who received only a
single dose of 70,000 IU vitamin D at enrollment and were followed up to delivery
N

13

Gestational age at birth, weeks (by LMP) a Mean (±SD)

38.8 (±1.8)

Range

35.7 – 42.0

Preterm, n (%)

2 (15%)

Birth weightb (g)
Mean (±SD) c

2441 (±354)

Range (g)

1890 – 3005

n/N (%) Low Birth Weight

6/12 (50%)

Delivery mode, n/N (%) Cesarean section d

8/13 (62%)

Sex, n (%) female

5 (38%)

Live birthse

12/13

Alive at 1 month of agef

11/13

a. In a sample of 113 deliveries at the study site (October 2009 to January 2010) for which
there was a recalled first day of last menstrual period, the mean gestational age at birth
was estimated to be 39.7 weeks (±2.2). b. Only includes the 12 liveborn infants. c. In a
consecutive sample of 362 liveborn infants delivered at the study site (October 2009 to
January 2010), the mean birth weight was 2780 g (±440). d. In a consecutive sample of
369 deliveries at the study site (October 2009 to January 2010), there were 199 cesarean
deliveries (54%). e. There was one stillbirth. In a consecutive sample of 369 deliveries at
the study site (October 2009 to January 2010), there were 7 stillbirths (2%). f. There was
one neonatal death at 3 days of age.

Changes in average serum calcium concentrations (Figure 4) and
urinary calcium excretion (Figure 5) occurred during the early phase of
[25(OH)D] escalation. In non-pregnant participants, a transient increase in
albumin-adjusted serum [Ca] from baseline was notable on day 4 (Table 5;

Pharmacokinetics of a Single Oral Dose of Vitamin D3 in Women

133

Figure 4). The corresponding change in unadjusted total serum [Ca] was
smaller and non-significant, and the raised adjusted [Ca] coincided with a
lower average serum albumin on day 4 (difference versus baseline, -1.23
g/L; 95% CI, -2.12 to −0.34). In pregnant participants, there was an initial
increase in albumin-adjusted [Ca] beginning on day 2 that persisted until
nearly the end of the observation period (Figure 4), but the difference from
baseline was only statistically significant on day 7 (Table 6). The unadjusted total [Ca] did not vary greatly from baseline and serum albumin
remained relatively stable until the end of the 70-day follow-up, when
many of the participants were post-partum.
There were no episodes of confirmed hypercalcemia according to the
study definition, and no isolated albumin-adjusted [Ca] values greater than
the recent IOM upper limit of normal of 2.63 mmol/L. One pregnant participant had a single albumin-adjusted [Ca] = 2.61 mmol/L at one-week
postpartum (70 days after dose administration) corresponding to a normal total [Ca] (2.51 mmol/L; serum albumin concentration was 35.8 g/L)
that was within the reference range on repeat testing 4 days later (Table 3;
Figure 6). A further follow-up one week following the first abnormal result was also normal (albumin-adjusted serum [Ca] of 2.44 mmol/L). This
participant also had two non-consecutive episodes of urinary ca:cr higher
than 1.0 mmol/mmol during follow-up (Figure 6). Her serum biochemical
patterns were consistent with the expected changes in the perinatal period,
including a gradual increase in albumin-adjusted serum [Ca] towards the
end of the antenatal period and a rapid increase in serum albumin in the
post-partum period [18]. Furthermore, there was no temporal association
between the rise in [25(OH)D] and either the occurrence of isolated peaks
in urine ca:cr or the isolated elevated [Ca] (Figure 6).
None of the participants manifested persistent hypercalciuria according to the study definition, or using a more conservative threshold of 0.85
mmol/mmol. In non-pregnant participants, the Ca:Cr increased from
baseline but differences were only statistically significant at day 7 and 14
(Table 5). In pregnant participants, the increases in average Ca:Cr above
baseline were more persistent and were statistically significant on all days
except day 42, 49, and 70 (Table 6). There was no overall difference in the
average ca:cr between non-pregnant and pregnant participants (P= 0.857).
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FIGURE 3: Serum [25(OH)D] in non-pregnant (A) and pregnant (B) participants following
administration of 70,000 IU vitamin D3 at day 0. Predicted mean [25(OH)D] and 95%
confidence intervals were estimated in a random-intercept regression model of ln[25(OH)
D] as a function of time.
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FIGURE 4: Albumin-adjusted serum calcium concentration ([Ca]) in non-pregnant (A)
and pregnant participants (B) following administration of vitamin D3 70,000 IU at day 0.
Dashed horizontal lines represent upper and lower bounds of the reference range. Predicted
means and 95% confidence intervals were estimated in a linear regression model using
GEE.

136

Nutritional Biochemistry: Current Topics in Nutrition Research

FIGURE 5: Calcium:creatinine ratios (Ca:Cr) in spot urine specimens from non-pregnant
(A) and pregnant participants (B) following administration of vitamin D3 70,000 IU at
day 0. Predicted means and 95% confidence intervals were estimated in a linear regression
model using GEE, in which log-transformed Ca:Cr was modeled as a function of time.
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FIGURE 6: Serum and urine biochemistry in a pregnant participant with two episodes
of urine ca:cr > 1.0 mmol/mmol and one episode of serum albumin-adjusted [Ca] > 2.60
mmol/L. Vertical line indicates timing of delivery at 39 weeks gestation.
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6.3.3 CORD BLOOD BIOCHEMISTRY
Among participants who had received a single dose at baseline and for
whom cord blood specimens were collected (N=12), the geometric mean
cord serum [25(OH)D] was 50 nmol/L (95% CI, 40 to 62; range, 29 to 80).
All cord serum albumin-adjusted [Ca] were within the normal range. The
cord ln[25(OH)D] was moderately correlated with the maternal ln[25(OH)
D] closest to the time of delivery (Pearson rho=0.64, P=0.02), and the average ratio of cord:maternal [25(OH)D] (N=12) was 0.88 (95% CI, 0.76
–1.02).
6.4 DISCUSSION
This single-dose oral vitamin D3 pharmacokinetic study generated novel
observations regarding the biochemical response to vitamin D3 in women
of reproductive age in South Asia. Overall, we found that the average response was similar to that reported for non-pregnant adults in other geographic settings. The occurrence of the maximal mean [25(OH)D] in the
first month was consistent with previous studies of single-dose vitamin
D3 (1.25 to 15 mg) administered to non-pregnant adults in North America,
Europe and Australia [10,11,19-23]. When expressed as a function of vitamin D3 dose (assuming the rise is linearly proportional to dose), the mean
overall ΔCmax of 30 nmol/L (28 nmol/L in non-pregnant and 33 nmol/L
in pregnant participants) represented an average maximal rise in [25(OH)
D] of ~17 nmol/L per mg D3. This estimate was similar to those of previous studies from which relevant inferences could be drawn, in which
the average ΔCmax ranged from 12 to 16 nmol/L per mg of vitamin D3
[10,11,19,20].
We are not aware of previous single-dose vitamin D3 pharmacokinetic
studies in pregnancy to which the present findings can be directly compared. However, there are emerging data regarding the efficacy and safety
of high-dose continuous regimens in pregnancy; for example, Hollis et
al. reported that 4000 IU/day vitamin D3 initiated in the 2nd trimester
yielded an increase in mean [25(OH)D] from 58 nmol/L to 111 nmol/L at
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delivery among women in South Carolina, without inducing hypercalcemia or other observed adverse effects [24]. In comparison, Vieth observed
in non-pregnant adults that 4000 IU/day led to an increase in mean [25(OH)
D] from 38 to 96 nmol/L at steady-state[16]. Thus, from a pharmacokinetic
standpoint, the Hollis et al. findings are in accord with our conclusion that
pregnancy does not substantially alter the 25(OH)D response to vitamin D3.
There was substantial inter-individual variability in 25(OH)D responses. Many participants demonstrated a rapid rise in [25(OH)D] during the
first week, which is similar to the response to an acute dose of ultraviolet
radiation exposure [25]; but distinct from the more gradual effects of other
forms of exogenous vitamin D intake (e.g., oral D2 ingestion [10]). Several non-pregnant participants demonstrated peak [25(OH)D] as early as
two days after supplement delivery, and there was notably wider variability in responses in the group of non-pregnant participants during the early
escalation phase compared to pregnant participants. It is possible that the
greater apparent variability was an artifact due to lower precision of the
25(OH)D assay at higher [25(OH)D], given the higher average [25(OH)
D] in non-pregnant women. Higher concentrations of vitamin D-binding
protein during pregnancy [[26] may have efficiently buffered the absorbed
vitamin D3 and slowed its transport to the liver where it undergoes 25-hydroxylation [27]].
Vitamin D3 bioavailability (measured by mean AUC and dose-adjusted ΔCavg28) differed minimally between the non-pregnant and pregnant
groups, and between-group differences were overshadowed by betweensubject variability. The overall ΔCavg28 (i.e., estimated average [25(OH)
D] rise from baseline in the first month, expressed per milligram of vitamin D3) was 12 nmol/L/mg based on an aggregate analysis of individual
empiric AUCs. This result was the same as the ΔCavg28 of ~12 nmol/L/mg
found in studies of non-pregnant adults using 50,000 IU and 100,000 IU
[11]], and similar to an extrapolated estimate of 13 nmol/L/mg based on
data reported for a single dose of 300,000 IU in elderly adults [19]. The
ΔCavg28 provides a useful summary measure for between-study comparisons because most of a single ingested vitamin D3 dose is converted to
25(OH)D within one month [11]. The consistency of the present findings
with ΔCavg28 estimates from previous studies supports the contention by
Heaney et al. that 25(OH)D bioavailability is proportional to vitamin D3
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input across a wide dose range (1.25 to 7.5 mg) [11]. Notably, ΔCavg28
extracted from a study by Cipriani et al. was somewhat lower (~ 8 nmol/L/
mg) [20]. We speculate that the massive dose administered in that study
(600,000 IU) saturated the hepatic 25-hydroxylase system, resulting in the
engagement of subsidiary vitamin D catabolic pathways which reduced
the 25(OH)D yield.
The single vitamin D3 dose of 70,000 IU did not provoke hypercalcemia or hypercalciuria in non-pregnant or pregnant participants, and available data indicated that adverse perinatal events were neither temporally
nor mechanistically linked to vitamin D supplementation. An isolated
serum [Ca] value above the reference range in one pregnant participant
occurred in the early post-partum period, when albumin-adjusted [Ca]
typically peaks [18]. This was not due to vitamin D toxicity because her
[25(OH)D] at the time was 47 nmol/L and the [Ca] rapidly and spontaneously normalized. However, it is important to acknowledge that there were
significant increases in average [Ca] and urine ca:cr. Changes in serum
[Ca] were not reportedly significant in studies by Ilahi [11], Armas [10],
or Romagnoli [19], but Cipriani et al. demonstrated that the administration of a single dose of 600,000 IU to healthy young adults caused an increase in serum [Ca] at 3 days, coinciding with peak serum concentrations
of both 25(OH)D and the active metabolite, 1,25-dihydroxyvitamin D
(1,25(OH)2D) [20]. Therefore, upward deflections in the serum and urine
biomarkers of calcium homeostasis signaled a need to be cautious about
the transient effects of large sudden influxes of vitamin D, and the risk of
dose-dependent toxicity.
There were several limitations of this study. First, although we were
able to closely monitor the participants to gain preliminary PK and safety
data in this population, the small sample size limited the precision of effect estimates and comparisons of non-pregnant and pregnant participants.
Moreover, we did not have adequate power to adjust for differences in the
baseline characteristics of the pregnant and non-pregnant groups, although
we did not expect minor variations in age or socioeconomic status to influence biochemical responses. Second, the low number of scheduled blood
specimens collected from each individual compromised the precision of
the estimates of individual-level PK parameters. The number was limit-
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ed by available funds and the expected acceptability of the procedure by
participants based on pre-study consultation with local community members. Third, the fixed timing of specimen collection had the disadvantage
of leaving gaps in the [25(OH)D]-time curve where no data were available.
Fourth, the study lacked an unsupplemented control group. The analysis
was challenged by the substantial inter-individual variability in responses to
supplementation, which was expected based on previous reports [28]. Several participants had fluctuating [25(OH)D], without a single clear peak and
decline, and some manifested seemingly paradoxical responses, with initial
declines in [25(OH)D] after D3 ingestion. These erratic patterns could not
easily be explained on the basis of known vitamin D pharmacokinetics, but
were most likely attributable to small-sample artifacts, biological variability
in the absorption and metabolism of vitamin D, and inherent imprecision
in the laboratory assessment of [25(OH)D]. Nonetheless, the data yielded
coherent population-averaged interpretations that were consistent with published data from non-pregnant adults in other settings.
6.5 CONCLUSIONS
Comparisons of pregnant (third-trimester) to non-pregnant participants, as
well as comparisons to previously published PK studies in non-pregnant
adults, suggested that the effects of pregnancy on the 25(OH)D response
to vitamin D3 were relatively minor and did not substantially impact overall bioavailability. Likewise, we did not document any notable pregnancy-related hypersensitivity to a vitamin D dose of 70,000 IU in terms of
its effects on calcium homeostasis. However, the unpredictability of the
25(OH)D response at the individual level, previous reports of adverse effects of large single doses [23], and the theoretical disadvantages of excessive fluctuations in vitamin D status [29] suggest that the use of large
single or infrequent intermittent doses of vitamin D3 may be physiologically disadvantageous despite its practical appeal. Therefore, these data
principally support the further investigation of single doses equal to or less
than 70,000 IU in the context of intermittent (e.g., weekly or biweekly)
antenatal dosing regimens.
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7.1 INTRODUCTION
The prevalence of obesity has increased in the last two decades and it is
presently the most common and costly nutritional problem [1]–[4]. In the
United States, one-third of the population is affected by obesity, according
to the National Health and Nutrition Examination Survey [5]. Despite a
known genetic contribution, the increase in obesity prevalence has been
largely attributed to lifestyle changes, which means that it is amenable to
modification through public health and other interventions [6].
Vitamin D deficiency is another increasingly prevalent public health
concern in developed countries [7]–[9], and there is evidence that vitamin
D metabolism, storage, and action both influence and are influenced by adiposity. Observational studies have reported an increased risk of vitamin D
deficiency in those who are obese; however, the underlying explanations
and direction of causality are unclear [10]. Active vitamin D (1,25-dihydroxyvitamin D) may influence the mobilisation of free fatty acids from
the adipose tissue [11]. In vitro experiments in rats have also shown that
large doses of vitamin D2 lead to increases in energy expenditure due
to uncoupling of oxidative phosphorylation in adipose tissues [12]. However, randomized controlled trials (RCTs) testing the effect of vitamin D
supplementation on weight loss in obese or overweight individuals have
provided inconsistent findings [13]–[15]. It has also been suggested that
obesity could result from an excessive adaptive winter response, and that
the decline in vitamin D skin synthesis due to reduced sunlight exposure
contributes to the tendency to increase fat mass during the colder periods
of the year [16],[17]. However, vitamin D is stored in the adipose tissue
and, hence, perhaps the most likely explanation for the association is that
the larger storage capacity for vitamin D in obese individuals leads to lower circulating 25-hydroxyvitamin D [25(OH)D] concentrations, a marker
for nutritional status [18].
In the Mendelian randomization (MR) approach, causality is inferred
from associations between genetic variants that mimic the influence of a
modifiable environmental exposure and the outcome of interest [19]. If
lower vitamin D intake/status is causally related to obesity, a genetic variant associated with lower 25(OH)D concentrations should be associated
with higher body mass index (BMI) (in proportion to the effect on 25(OH)
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D). Conversely, if obesity leads to lower vitamin D status, then genetic
variants associated with higher BMI should be related to lower 25(OH)D
concentrations. The genetic associations, unlike the directly observed associations for vitamin D intake/status, should be less prone to confounding
by lifestyle and socio-economic factors and be free from reverse causation
as genotypes are invariant and assigned at random before conception [20].
The use of multiple SNPs to index the intermediate exposure of interest
increases power and reduces the risk of alternative biological pathways
(pleiotropy) affecting the observed associations between the genotype and
the outcome [21],[22].
In the present study, we investigated the relationship between BMI,
a commonly used measure for monitoring the prevalence of obesity
at the population level, and vitamin D status and we inferred causality by using genetic variants as instruments in bi-directional MR analyses. Meta-analysis included data from 21 studies comprising up to
42,024 individuals.
7.2 METHODS
7.2.1 ETHICS STATEMENT
All participants provided written, informed consent, and ethical permission was granted by the local research ethics committees for all participating studies.
7.2.2 PARTICIPANTS
The collaboration investigating the association of vitamin D and the risk
of cardiovascular disease and related traits (D-CarDia) consists of European ancestry cohorts from the United Kingdom (UK), United States (US),
Canada, Finland, Germany, and Sweden. This study comprised a metaanalysis of directly genotyped and imputed SNPs from 21 cohorts totalling
42,024 individuals (Table 1). An expanded description of the participating
studies is provided in the Text S2.
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53.2± 7.6
50.9± 5.9

52.0± 11.6

•sample size based on available information on body mass index and 25(0H)D.

–

- /870

Cancer Genetic
Markers of Susceptibility, case control
study of breast cancer (NHS-CGEMS)
Health2000
GenMets Study
(GENMETS)
MRC Ely study
Study of Colorectal
Cancer in Scotland
(SOCCS)
Nurses’ Health
Study- Case-control
study of type II diabetes (NHS-T2D)
Amish Family
Osteoporosis Study
(AFOS)

BMI (kg/ 25(OH)D
(nmol/l)
m2)
–
–

27.7

27.1

25.3
26.6

24.8

53.2

53.5

50.1
34.9

45.2

Age (y)
Geometric Mean
(Mean± SD)
BMI (kg/ 25(OH)D
m2)
(nmol/l)
59.6± 5.8
25.0
74.4

Age (y)
(Mean± SD)

Geometric Mean

Women

Men

Sample
Size*,
n (Men/
Women)

Study Name

TABLE 1: Cont.

49.0 ± 13.9

–

53.5 ± 7.7
51.2± 5.1

50.7 ± 11.1

–

Age (y)
(Mean± SD)

Combined

26.8

–

25.5
26.8

25.0

53.8

–

53.2
34.3

44.7

BMI (kg/ 25(OH)D
m2)
(nmol/l)
–
–

Geometric Mean
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To replicate our findings on the association between the vitamin D-related SNPs and allele scores with BMI, we used the data from the genomewide meta-analyses on BMI conducted as part of the Genetic Investigation
of Anthropometric Traits (GIANT) consortium [23]. The GIANT metaanalyses consisted of 46 studies with up to 123,865 adults of European ancestry, including the 1958 British Birth Cohort, Framingham Heart study,
Nurses’ Health Study, Twins UK, UK Blood Services Common Control
Collection, the Amish Family Osteoporosis Study, Health2000 GENMETS sub-sample, and Northern Finland Birth Cohort 1966, which were
also part of the D-CarDia collaboration.
7.2.3 GENOTYPING
We selected 12 established BMI-related SNPs (fat mass and obesity-associated, [FTO]- rs9939609, melanocortin 4 receptor [MC4R]- rs17782313,
transmembrane protein 18 [TMEM18]- rs2867125, SH2B adaptor protein 1 [SH2B1]- rs7498665, brain-derived neurotrophic factor [BDNF]rs4074134, potassium channel tetramerisation domain containing 15
[KCTD15]- rs29941, ets variant 5 [ETV5]- rs7647305, SEC16 homolog
B [SEC16B]- rs10913469, Fas apoptotic inhibitory molecule 2 [FAIM2]rs7138803, neuronal growth regulator 1 [NEGR1]- rs3101336, mitochondrial carrier 2 [MTCH2]- rs10838738, and glucosamine-6-phosphate deaminase 2 [GNPDA2]- rs10938397) for our analysis based on the study by
Li et al. [24] and previously published genome-wide association studies
for obesity-related traits [23],[25],[26]. The four vitamin D-related SNPs
(DHCR7- rs12785878, CYP2R1- rs10741657, GC- rs2282679, and CYP24A1- rs6013897) were chosen on the basis of the recent genome-wide
association study on 25(OH)D [27]. The studies that did not have genotyped data analysed imputed or proxy SNPs (r2 = 1) as available (with a
call threshold of 0.9 for the SNPs imputed with Impute; for those imputed
with MACH, a call threshold of 0.8 was used) [28]. The genetic data for
most studies were obtained from genome-wide association platforms, but
for some studies, variants were genotyped de novo (MRC Ely, the Canadian Multicentre Osteoporosis Study, the Hertfordshire cohort study) or
obtained through metabochip custom array (MRC Ely). Five studies did
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not have all the BMI-related SNPs (Framingham Heart Study [one missing
SNP], Hertfordshire cohort study [three missing SNPs], InCHIANTI [two
missing SNPs], PIVUS [two missing SNPs], and ULSAM [three missing
SNPs]) and were still included in the BMI allele score analysis. Table S1
shows the minor allele frequencies for the BMI and vitamin D SNPs that
were included in the analysis. A detailed description of the genotyping
methods is provided in Text S2.
7.2.4 STATISTICAL ANALYSIS
Analyses in each study were performed according to a standardized analysis plan. When used as outcome variables, 25(OH)D and BMI were natural log transformed to be more closely approximated by normal distributions. If multiplied by 100, coefficients from linear regression models with
ln transformed outcomes can be interpreted as the percentage difference in
the outcome [29]. Models with BMI as an outcome were adjusted for age,
sex, geographical site, and/or principal components from population stratification analysis (depending on data available); models with 25(OH)D as
the outcome were additionally adjusted for month of blood sample collection (as a categorical variable) to account for seasonal variation and laboratory batch, where relevant. To assess the BMI relationship with 25(OH)
D and vice versa, each study ran linear regression models adjusting for the
covariates listed for each outcome, and the models were repeated stratifying by sex.
For the BMI SNPs, the effect allele was the BMI raising allele as established by Speliotes et al. [23]. We created a weighted score in each
study [30], by multiplying each SNP (coded as 0–2) by a weight based on
its effect size with BMI in the meta-analysis by Speliotes et al. [23]. The
weighted BMI allele score was rescaled over the sum of weights for the
available SNPs in each study to facilitate interpretation [30]. For the vitamin D SNPs, the effect allele was the 25(OH)D lowering allele as established by the SUNLIGHT Consortium [27]. As external weights were not
available and the use of internal weights could bias the instrumental variable (IV) results [31], we performed an unweighted allele score analysis
for the vitamin D SNPs. Vitamin D SNPs were used to form two separate
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allele scores [32]: a “synthesis” allele score, created by summing the risk
alleles in DHCR7 and CYP2R1, and a “metabolism” allele score, created
by summing the risk alleles in GC and CYP24A1 (Figure S1). Synthesis
allele score was not created for the LURIC study (one missing SNP) and
both synthesis and metabolism allele scores were not created for the MRC
Ely study (two missing SNPs). The synthesis allele score included the
SNPs that contribute directly to the production of 25(OH)D, and hence,
for which the association with the outcome can be readily estimated based
on the magnitude of the association between the score and 25(OH)D [32].
All analyses were done separately for the “metabolism” SNPs that are
involved in the clearance or transport of 25(OH)D (with possible influences on bioavailability [33]) as the quantification of the association with
the outcome based on the observed SNP-25(OH)D association is more
difficult [32]. We also evaluated the joint contribution of synthesis and
metabolism scores on BMI by including both vitamin D scores as separate variables in a multiple regression model. To examine the strength of
the allele scores as instruments, the F-statistic was approximated from the
proportion of variation in the respective phenotype (R2) explained by the
allele score, [F-stat = (R2×(n−2))/(1−R2)] [34].
To confirm our findings on the association between the vitamin Drelated SNPs and allele scores with BMI in a larger sample, we used the
summary statistics for the four vitamin D-related SNPs from the GIANT
consortium. These SNPs were combined into synthesis and metabolism
allele scores using an approximation method as previously described
[35]. The individual SNP association with BMI is then weighted according to its predefined effect size and meta-analysed using the inversevariance method with the other SNPs in the score [35]. The formal MR
analyses to estimate the possible causal effect of BMI on 25(OH)D (and
vice versa) were done using the IV ratio method [20],[36]. To estimate
the IV ratio for the BMI effect on 25(OH)D, the meta-analysed association of the BMI allele score with 25(OH)D was divided by the association of BMI allele score with BMI. The variance for the IV ratio was
estimated using a Taylor expansion [36]. The corresponding calculation
was done to establish the 25(OH)D effect on BMI, with the IV ratio
method applied separately for the two vitamin D allele scores. The joint
contribution of the two vitamin D scores on BMI was assessed by multi-
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variate meta-analysis [37], which incorporated the covariance matrix as
estimated by study specific analyses.
In the presence of heterogeneity of association between the studies,
random effects meta-analyses [38] were run, otherwise fixed effects models were used. Univariate meta-regression models were run to assess differences in the observed associations by study level factors of sex, average
BMI (BMI≤25 kg/m2 versus >25 kg/m2), the average age of participants
(≤40, 41–60, and ≥61 y old), continent (North America versus Europe),
and vitamin D assay (radio-immunoassay, enzyme-linked radio-immunoassay, and mass spectrometry). Power calculations for IV regression were
performed by simulation [32] on the basis of associations observed between the phenotypes and their genetic proxies. For comparability across
instruments/outcomes, power was determined for 0.02 log unit increase/
decrease by decile, approximately corresponding to the association observed between BMI and 25(OH)D. To evaluate the ability to detect weaker effects on BMI using the synthesis and metabolism scores, power was
also calculated for a 50% weaker effect (0.01 log unit increase/decrease).
All meta-analyses and power calculations were performed at the Institute
of Child Health (University College London, London) using STATA version 12 [39].
7.3 RESULTS
7.3.1 PHENOTYPIC ASSOCIATION BETWEEN BMI
AND 25(OH)D CONCENTRATIONS
In the meta-analyses of 21 studies, each unit (kg/m2) increase in BMI was
associated with 1.15% (95% CI 0.94%–1.36%, p = 6.52×10−27) lower
concentrations of 25(OH)D after adjusting for age, sex, laboratory batch,
month of measurement, and principal components. The inverse association between BMI and 25(OH)D was stronger among the studies from
North America than those from Europe (−1.58% [−1.81% to −1.36%], p =
1.01×10−43 versus −0.91% [−1.18% to −0.64%], p = 4.55×10−11; pmeta-regression = 0.004) and for women than men (−1.43% [−1.65% to −1.22%],
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p = 1.13×10−38 versus −0.75% [−1.00% to −0.50%], p = 3.89×10−9;
pmeta-regression = 4.10×10−4) while no variation was seen by average age
(pmeta-regression = 0.78) or BMI (pmeta-regression = 0.48) (Figure 1A and 1B).
7.3.2 EVALUATION OF CAUSAL ASSOCIATION
USING MR APPROACH
The BMI allele score created from the 12 BMI-related SNPs showed a
positive dose-response association with BMI (per unit increase 0.14%
[0.12%–0.16%], p = 6.30×10−62), and both vitamin D allele scores showed
the expected strong associations with 25(OH)D (per allele in synthesis
score: −3.47% [−3.90% to −3.05%], p = 8.07×10−57; metabolism allele
score: −5.38% [−5.84% to −4.93%], p = 1.07×10−118) (Figures 2, S2, and
S3). The BMI allele score was also associated with 25(OH)D concentrations (per unit increase −0.06%, [−0.10% to −0.02%], p = 0.004) (Figure
3), while no association with BMI was seen for either the vitamin D synthesis or metabolism allele scores (per allele in synthesis score: 0.01%
[−0.17% to 0.20%], p = 0.88, metabolism allele score: 0.17% [−0.02%
to 0.35%], p = 0.08]) (Figure 4A and 4B). Analyses of joint effects by
synthesis and metabolism scores provided no evidence for an association
between 25(OH)D and BMI (per allele in synthesis score −0.03% [−0.23%
to 0.16%] and metabolism score 0.17% [−0.04% to 0.37%], joint contribution p = 0.26).
In the analyses to establish the direction and causality of BMI–25(OH)
D association by the use of the IV ratio, BMI was associated with 25(OH)
D: each 10% increase in BMI lead to a 4.2% decrease in 25(OH)D concentrations (−7.1% to −1.3%; p = 0.005). However, the IV ratio analyses
provided little evidence for a causal effect of 25(OH)D on BMI (p≥0.08
for both). We have summarised the coefficients for the MR analyses in
Table 2.
The lack of association of the vitamin D allele scores with BMI was further confirmed using the GIANT consortium including 123,864 individuals in
46 studies [23]: neither the synthesis nor the metabolism allele score showed
any evidence for an association with BMI (p≥0.57 for both) (Table 3).
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FIGURE 1: Random effects meta-analysis of the BMI association with 25(OH)D in men
(A) (n = 20,950) and women (B) (n = 21,074). 95% confidence intervals given by error
bars.
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FIGURE 2: Meta-analysis of the BMI allele score association with BMI (n = 32,391), and the vitamin D synthesis (n = 35,873) and metabolism
(n = 38,191) allele score association with 25(OH)D. 95% confidence intervals given by error bars.
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FIGURE 3: Meta-analysis of the BMI allele score association with 25(OH)D (n = 31,120).
95% confidence intervals given by error bars.
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FIGURE 4: Meta-analysis of the synthesis allele score association with BMI (A) (n =
36,553) and the metabolism allele score association with BMI (B) (n = 40,367). 95%
confidence intervals given by error bars.
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TABLE 2: Summary of the coefficients used for IV ratio analyses.
IV

Allele Score with the
Intermediate Trait

Allele Score with the
Outcome

IV Ratio•

Coefficient, % (95%
Cl)

Coefficient,% (95%
Cl)

Coefficient (95% Cl)

p-Value

BMI risk
score

0.14 (0.12-0.16)

-0.06 (-0.1 to -0.02)

-0.42 (-0.71 to -0.13)

0.005

Synthesis
score

-3.47 (-3.90 to -3.05)

0.01 (-0.17 to 0.20)

-0.00 (-0.06 to 0.05)

0.88

Metabolism
score

-5.38 (-5.84 to -4.93)

0.17 (-0.02 to 0.35)

-0.03 (-0.06 to 0.01)

0.08

Calculated as the ratio between the allele score association with the outcome and
intermediate trait. Coefficients can be interpreted as percent change in the outcome by
percent change in the intermediate trait.
a

7.3.3 ADDITIONAL ANALYSES
7.3.3.1 VALIDATION OF THE GENETIC INSTRUMENTS
The BMI SNPs and the vitamin D SNPs were all individually associated
with BMI and 25(OH)D, respectively (Figures S4 and S5). The exception
was KCTD15 SNP, which despite previous evidence for an association
[25], was not associated with BMI in our meta-analyses. Across the studies, the 12 BMI SNPs combined as the BMI allele score explained 0.97%
of the variation in BMI (F-statistic = 316; n = 32,391). The synthesis allele
score explained 0.64% (F-statistic = 230; n = 35,873) and the metabolism
allele score 1.26% (F statistic = 489; n = 38,191) of the variation in 25(OH)
D. There was no evidence for variation in the BMI allele score–BMI association by continent (pmeta-regression = 0.15) or BMI (pmeta-regression = 0.83).
However, the BMI allele score–BMI association was slightly weaker in
studies with older compared to younger participants (−0.03% [−0.05% to
−0.002%], pmeta-regression = 0.03). The vitamin D allele score–25(OH)D association did not vary by age, BMI, continent, or assay (pmeta-regression≥0.09
for all comparisons).
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TABLE 3: Results for the association between vitamin D SNPs/allele scores and BMI from
the GIANT consortium.
SNPs/Allele Scores

Gene Symbol

Per Allele Change in
BMI, kg/m2

(95% Cl) p-Value

rs12785878

DHCRl

0.001 (-0.01 to 0.009)

0.78

rs10741657

CYP2R1

-0.005 (-0.004 to 0.01)

0.30

Synthesis allele score
(rs1278S878+rs10741657)

DHCRl + CYP2R1

-0.002 (-0.009 to 0.005)a

0.57

rs2282679

GC

0.001 (-0.011 to 0.010)

0.91

rs6013897

CYP24A1

0.003 (-0.008 to 0.014)

0.61

Metabolism allele score
(rs2282679+rs6013897)

GC + CYP24A1

0.002 (-0.006 to 0.009)a

0.67

The GIANT meta-analyses consisted of 46 studies with up to 123,86S adults of European
ancestry [23], including the 1958 British Birth Cohort, Framingham Heart study, Nurses'
Health Study, Twins UK, UK Blood Services Common Control Collection, the Amish
Family Osteoporosis Study, Health2000 GENMETS sub-sample, and Northern Finland
Birth Cohort 1966, which were also part of the D-CarDia collaboration. aCalculated as
described in Ehret et al. [3S].

7.3.3.2 EVALUATION OF THE GENETIC
OUTCOME ASSOCIATIONS
Of the 12 individual BMI SNPs, the SNP for FTO was the only one that
showed evidence of a univariate association with 25(OH)D (p = 0.050)
(Figure S6). None of the four 25(OH)D SNPs were individually associated
with BMI (p≥0.10) (Figure S7). The lack of association of the four vitamin
D SNPs with BMI was further confirmed using the summary data from the
GIANT consortium (p>0.30 for all the SNPs) (Table 3).
The association between BMI allele score and 25(OH)D did not vary
by study level factors, including age (pmeta-regression = 0.40), BMI (pmeta-regression
= 0.18), continent of study (pmeta-regression = 0.78), or vitamin D assay (pmeta= 0.23). Similarly, there was no evidence for variation in the viregression
tamin D allele score–BMI association by age (pmeta-regression≥0.25 for both
scores), or continent (pmeta-regression≥0.50 for both scores). There was also
no strong evidence for variation in the vitamin D allele score–BMI as-
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sociation by average BMI of the study (≤25 kg/m2 versus ≥25 kg/m2), although for the synthesis score the meta-regression coefficient was of borderline significance (pmeta-regression = 0.053, Figure S8; pmeta-regression = 0.78 for
metabolism score).
7.3.3.3 POWER COMPARISON
Illustrative power calculations are presented in Figure S9. In theory, we
had greater power to detect an association between 25(OH)D and BMI using the metabolism score as an instrument, compared with an equal sized
association between BMI and 25(OH)D using the BMI risk score. However, if the size of the association between 25(OH)D and BMI was only
half that seen between BMI and 25(OH)D, our study would not have been
adequately powered even with the inclusion of the GIANT results.
7.4 DISCUSSION
Obesity, and perhaps vitamin D deficiency, are among the most important
modifiable risk factors for a number of chronic diseases. Obesity and vitamin D status are known to be associated but the direction of the association and whether it is causal has been uncertain. We have presented genetic
evidence that higher BMI leads to lower vitamin D status. Conversely, our
analyses provided no evidence for a causal role of vitamin D in the development of obesity, although our study was not powered to detect very
small effects. These results suggest that although increases in vitamin D
status are not likely to help with weight regulation, increased risk of vitamin D deficiency could contribute to the adverse health effects associated
with obesity.
The association between obesity and vitamin D status was remarkably
consistent across the different populations included in our meta-analyses,
being apparent both in men and in women, and in the young and older
cohorts alike. Interestingly, the association between obesity and 25(OH)
D concentrations appeared stronger for populations in North America
compared to Europe, possibly reflecting differences in the distribution of
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BMI across the continents. Recent intervention studies have shown that
obese individuals need higher vitamin D dosages than lean individuals
to achieve the same 25(OH)D concentrations [40],[41]. Given that North
America has one of the highest rates of obesity in the world [42], our
study highlights the importance of considering obesity as a risk factor for
vitamin D deficiency with implications on the dosage requirements and
possible targeting of relevant health promotion strategies.
The lack of any suggestion for an association between the vitamin D
SNPs and BMI in the GIANT consortium (n = 123,864) alongside our
own large meta-analyses provides a strong case against linear increases
in 25(OH)D having a substantive influence on BMI. This conclusion is in
accordance with a recent study on Chinese women (n = 7,000), which also
failed to observe evidence for an association with BMI for genetic variants
in the vitamin D pathway [43]. Although a recent RCT (n = 77) suggested
greater loss in fat mass for women receiving vitamin D [15], previous
trials have failed to show any evidence for an effect despite larger treatment groups (n = 200–445), use of higher vitamin D dosages, and equal
duration of treatment (12 mo) [13],[14]. Dilution related to the greater
volume of distribution has been recently proposed as the most likely explanation for the lower 25(OH)D concentrations in obese individuals [44].
In that study, no evidence was found for reduced bioavailability through
increased sequestration of vitamin D in the adipose tissue, which had previously been suggested to contribute to the low 25(OH)D concentrations
in obesity [18]. In contrast, intact parathyroid hormone (iPTH) levels [45],
which stimulate the 1-α-hydroxylase (CYP27B1) enzyme that converts
25(OH)D to 1,25-dihydroxyvitamin D (the active hormonal form), have
been found to be elevated in obesity [46], which could to some extent also
contribute to the lower 25(OH)D concentrations in obese individuals. It is
also possible that differences in lifestyle could contribute to lower 25(OH)
D concentrations in obese compared to normal weight individuals, although the association between obesity and low 25(OH)D concentrations
has been found to only modestly attenuate after adjustment for vitamin
D-related lifestyle and dietary factors [9].
The main strengths of this study are the large sample size and the individual level population-based data from North America and Europe. We
used a bi-directional MR approach to investigate the causal directions be-
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tween obesity and vitamin D deficiency, observing evidence for reductions
in 25(OH)D by BMI but not vice versa. However, based on the biological
pathways proposed, a possible effect of 25(OH)D on BMI could be expected to be weaker than the effect of BMI on 25(OH)D. Despite including data from the large GIANT consortium to narrow the range of effects
compatible with the data, we are unable to exclude very small effects.
Furthermore, while the MR approach enables the approximation of lifelong differences in average concentrations, with genetic markers it is not
possible to examine the influences arising from the extremes of non-linear
distributions [20]. Consequently, we cannot discount a possible effect of
severe vitamin D deficiency on BMI due to evidence of non-linearity seen
in some studies [47]. In contrast, associations between BMI and 25(OH)
D within levels in the obesity range were consistently linear in studies included in our analyses (unpublished data), hence the observed association
between higher BMI and lower 25(OH)D is likely to be informative in the
context of obesity.
One of the methodological challenges of the MR approach relates to
the large sample size requirement, arising from the availability of relatively weak instruments for most exposures [22],[31]. This aspect of the
MR approach is also reflected in our study, notably in the relatively small
amount of variation explained by all the instruments used. We used the
IV ratio method on meta-analyzed coefficients since all studies were not
able to share individual level participant data. This method assumes linear
relationships and may have less power to detect an effect than other IV
methods [48]. However, as shown by the clear outcome of these analyses, we were able to overcome these issues by combining several cohorts
with comparable information, allowing us to achieve the large numbers
required (maximum n = 42,024) [31]. To confirm the lack of association
between vitamin D-related genetic variations and BMI, we were able to
expand the analyses by using data from the large GIANT meta-analyses
(n = 123,864) [23]. However, this cannot be considered an independent
replication, as eight of the studies that were part of the D-CarDia Collaboration were also included in GIANT. The F-statistic is used to measure the
strength of an instrument, and an instrument that has a value greater than
10 is considered strong enough to use in IV analyses [49]. In our analyses,
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the F-statistic was greater than 200 for all instruments used due to our
large sample size.
Combining large population-based studies from North America and
Europe could lead to confounding by population stratification; however,
we adjusted for geographical variation/principal components in all analyses, which appeared adequate, as there was no evidence for heterogeneity
by continent for the allele score meta-analyses. An important benefit of
the MR approach is that it helps to overcome problems of confounding
and reverse causality, which limit the ability to draw causal inferences
in non-genetic observational studies [19],[20]. However, it could be argued that as the biological function for some of the BMI SNPs is yet to
be established, there could be alternative biological pathways explaining
their association with BMI. Using multiple SNPs to index BMI, we were
able to minimise the risk of pleiotropic effects, as the effects of alternative
pathways reflected by individual SNPs would be expected to be strongly
diluted when combined in a multi marker score [21],[22].
In conclusion, we demonstrated that the association between BMI
and lower 25(OH)D concentrations in Caucasian populations from North
America and Europe can be seen across different age groups and in both
men and women. We also show that higher BMI leads to lower vitamin
D status, providing evidence for the role of obesity as a causal risk factor
for the development of vitamin D deficiency. Together with the suggested
increases in vitamin D requirements in obese individuals [45],[50], our
study highlights the importance of monitoring and treating vitamin D deficiency as a means of alleviating the adverse influences of excess adiposity on health. Our findings suggest that population level interventions to
reduce obesity would be expected to lead to a reduction in the prevalence
of vitamin D deficiency.
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CHAPTER 8

The Relationship between Folic Acid
and Risk of Autism Spectrum Disorders
YASMIN NEGGERS

8.1 INTRODUCTION
Autism, also referred to as autistic spectrum disorder (ASD) and pervasive
developmental disorder (PDD), defines a group of neurodevelopmental
disorders affecting approximately 1% of the population which is usually
diagnosed in early childhood [1]. Since there are no definitive biological
markers of autism for a majority of cases, diagnosis depends on a range
of behavioral signs. Experts disagree about the causes and significance of
the recent increases in prevalence of ASD [2]. Despite hundreds of studies, it is still not known why autism incidence increased rapidly during the
1990s and is still increasing in the 2000’s [3]. The findings from updated
(March 2014) population-based estimates from the Autism and Developmental Monitoring Network Surveillance (ADDM) in multiple U.S. communities, as reported by the Centers of Disease Control and Prevention
(CDC), indicates an overall ASD prevalence of 14.7 per 1000 (95% C.I. =
14.3–5.1) or one in 68 children aged 8 years during 2010 [4]. This latest
prevalence estimate of ASD as one in 68 children aged 8 years, was 29%
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higher than the preceding estimate of one in 88 children or 11.3 per 1000
(95% C.I. = 11.0–11.7) [4].
Both genetic and environmental research has resulted in recognition
of the etiologic complexity of ASD. An integrated metabolic profile that
reflects the interaction of genetic, epigenetic, environmental and endogenous factors that disturb the pathway of interest needs to be evaluated [5].
Though it is established that ASD is a multi-factorial condition involving
both genetic and a wide range of environmental risk factors, only during
the past decade has the research into environmental risk factors grown significantly [6]. The contribution from environmental factors was originally
thought to be low partly due to high monozygotic twin concordance in earlier studies and partly due to a limited understanding of gene-environment
interactions [7]. Over the past 10 years, studies with biological plausible
pathways, focused on critical time periods of neurodevelopment have resulted in promising risk and protective factors. One such area of research
concerns potentially modifiable nutritional risk factors. Despite a number
of studies evaluating the diet and nutritional status in children affected
with ASD, there is still a paucity of research directly investigating the
association between maternal nutrition and risk of ASD in the offspring
[6,7]. Maternal nutrition is essential to fetal brain development, and maternal nutrient deficiencies have been associated with significant increased
risk of various adverse neurodevelopmental outcomes, including neural
tube defects and schizophrenia [8]. Fetal brain development in terms of
structure and function has been shown to be influenced by maternal nutrient balance and deprivation, particularly common during pregnancy due
to increased metabolic demands of the growing fetus, as well as increased
nutrient needs of maternal tissues [9,10]. Therefore, it is quite plausibile
that maternal nutritional status before and during pregnancy may influence
ASD risk.
In this article the association between maternal folic acid intake, including folic acid supplementaion and risk of ASD in the offspring will be
evaluated. It is of interest that though there is some evidence that folate
intake during pregnancy decreases the risk of ASD [8,9,10], several investigators have speculated that a high maternal folate intake due to folic
acid fortification of foods may be linked to increased prevalence of ASD
[11,12,13,14].
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8.2 FOLATE METABOLISM
Folate is a generic term for a vitamin, which includes naturally occuring food folate (reduced form, largely polyglutamated 5-methyltetrahydrofolate) and folic acid (oxidized form, pteroyl-L-monoglutamic acid)
in supplements and fortified foods [15]. Folate has many coenzyme roles
that function in the acceptance and transfer of 1-C units. The function of
folate in mammals is to aquire single-carbon units, usually from serine,
and transfer them in purine and pyrimidine biosynthsis; hence folate coenzymes are essential for synthesis of DNA [11,15]. Folate coenzymes
are also necessary for de novo methionone synthesis and several other
cellular components. Figure 1 illustrates how the folate cycle facilitates
nucleic acid synthesis and is responsible for transfer of 1-C methyl groups
to DNA and proteins [16]. Methyl groups added onto cytosine residues in
the promoter region CpGs in genomic DNA are central to regulation of
gene expression [17,18]. Recent investigations have led to suggestion that
children with autism may have altered folate or methionine metabolism
resulting in hypotheses that the folate-methionine cycle may play a key
role in the etiology of autism. Main et al. conducted a systematic review
to examine the evidence for the involvement of alterations in folate methionine metabolism in the etiology of autism [18]. The findings of the
review of studies reporting data for metabolites, interventions or genes of
the folate-methionine pathway and their related polymorphism were conflicting [18]. There was suggestion that changes in concentrations of metabolites of the methionine cycle may be driven by abnormalities in folate
transport and/or metabolism. Most genetic studies lacked sufficient power
to provide conclusive genetic relations. These investigators concluded that
further research is needed before any definitive conclusions can be made
about the role for a dysfunctional pathway in the etiology of autism.
Though an evaluation of the entire metabolic pathway of folic acid
metabolism along with various genetic varitions in enzymes involved in
the numerous pathways will provide greater mechanistic insights in the
ASD pathology, it is beyond the scope of this article to do so. A targeted
approach focusing on the role of folic acid in DNA methylation and recent
epigenitic evidence will be discussed.
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FIGURE 1: Folate metabolism [16].
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8.3 DNA METHYLATION AND THE EPIGENETIC ROLE OF FOLIC
ACID IN ASD
Coenzyme 5-methy tetrahydrofolate polyglutamate (5-CH3THFR) is
needed by the salvage pathway to convert homocystiene to methionine
[15]. Methionine can be converted to S-adenosyl methionine (SAM), a
molecule with many roles, including methylation of cytosine residue in
DNA and of arginine and lysine residues in histones, both of which are
involved in regulating gene expression [13]. In the mammalian genome,
methylation only occurs on cytocine residues that occur 5’ to a guanosine residue in a CpG dinucleotide. CpG dinucleotides are enridched in
“CpG islands” which are found proximal to promoter regions of about
half the genes in the genome, and are primarily unmethylated. Methylation
of promoter related Cpg islands can supress gene expression by causing
chromatin condensation. DNA methylation is important as an epigenetic
determinant of gene expression, in the maintainence of DNA integrity and
in development of mutations [19]. Errors in normal epigenetic processes
are called epimutations, and result in epigenetic silencing of a gene that
is not normally silent. Low folate status is often associated with impairment of DNA methylation, but sometimes it leads to hypermethylation and
could affect gene expression in complex ways (-19). From these studies,
it is not clear whether an excess of folate might have adverse effects on
these mutations.
There is speculation that folic acid supplementation may be associated with some aberrant conditions in children [18]. Junaid et al. reported
that exposure of lymphoblastoid cells to folic acid supplementation causes
widespread changes in gene expression [13]. Furthermore, Barua et al.
[16] suggested that the occurrence of such epigenetic changes during
gestational development may impact methylation status of DNA in the
offspring’s brain and cause altered gene expression, and since gestational
development involves a highly orchestrated regulation of gene expression,
this gene dysregulation may affect brain development and may result in
various neuropsychiatric conditons. Baura et al. [17] identified substantial
differently methylated regions (DMRs) in the the cerebral hemispheres of
mice offspring of mothers on high folic acid intake as compared to off-
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spring of mice on low maternal folic acid diet. These results support the
findings of numerous studies that show that abnormalities in the frontal
lobes impact brain development and autism [20,21,22,23,24]. Until very
recently, changing the folate status in humans has been shown to influence
DNA methylation, but it was not established whether alteration in DNA
methylation after changes in folate status are harmful in humans. However,
in a challenging study, Wong et al., performed a genome-wide analysis of
DNA methylation in a sample of 50 monozygotic (MZ) twin pairs sampled
from a representatitive population cohort that included twins discordant
and concordant for ASD, ASD-associated traits and no autistic phenotype
[20]. Within-twin and between group analyses identified numerous differently methylated regions assocated with ASD. These researchers also
indicated significant correlations between DNA methylation and quantatively measured autistic trait scores for the sample cohort. This is the first
systematic epigenomic analysis of MZ twin discordant for ASD and implicates a role for the altered DNA methylation in autism. Findings by Wong
and colleagues provide support for a potential role of DNA methylation
via a high maternal folic acid intake in ASD and ASD-related traits [20].
8.4 IS FOLIC ACID FORTIFICATION LINKED WITH INCREASED
PREVALENCE OF ASD?
Beginning 1 January 1998, FDA mandated fortification of manufactured
cereal products went into effect and since then there has been a significant
decrease in cases of neural defects in the U.S. [25,26]. Several researchers
have questioned whether an increase in maternal folate early during pregnancy might be partly related to the unexplained increase in ASD cases
in the U.S. It is interesting that closure of the neural tube and therefore
its enablement by folic acid supplementation, occurs at a time during embryogenesis that is also critical in autism development [11,27,28,29,30].
It is well established that there has been a significant enhancement of maternal folate status since FDA mandated folic acid fortification of certain
foods (1998) which has resulted in decreased incidence of NTDs during
the mid-2000s [15]. This same time period coincides with the apparent
beginning and continuous rise in the prevalence of autism and related dis-
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orders in the U.S. Investigators have wondered whether these similar time
frames of change in maternal folate status and possible autism prevalence
are a random event or that the improved maternal and resulting fetal folate
status has played a role [11]. The enzyme dihydrofolate reductase (DHFR)
is necessary to convert dietary folic acid to tetrahydrofolate before its onecarbon derivatives can be used in the body as coenzymes for various methylation reactions and nucleotide synthesis [15]. Bailey and Ayling have
reported that the process of reduction of folic acid to tetrahydrofolate in
humans is slow and highly variable [31]. They showed that in human liver,
reduction of folic acid by DHFR on average was less than 2% of that of
rat liver. Also, folic acid is an inhibitor of DHFR in reduction of its substrate 7,8 dihydrofolic acid. This limited ability to activate the synthetic
vitamer raises questions about use of high levels of folic acid. Concern has
been expressed that this unmetabolized folic acid may be detrimental [11].
Thus, it can be speculated that some mothers of children with ASD may
have unusually low activity of DHFR.
Rogers and other researchers [11,28,29,30] have explored the possibility that a particular polymorphic form of the key enzyme methylenetetrahydratefolate reductase (MTHFR), required for activation of folate for
methylation in neurodevelopment, exhibits reduced activity under low or
normal folate levels but normal activity under higher folate nutritional status. In several studies, higher plasma homocysteine levels than in non-carriers, resulting from the presence of polymorphic forms of MTHFR during
reduced or normal folate status have been shown to result in increased rates
of miscarriages via thrombotic effects [28,30]. However, under the condition of enhanced folate status during the perinatal period, the incidence of
hyper-homocysteinemia is reduced and thereby masks the latent adverse
effects of the presence of this polymorphic form of MTHFR during pregnancy [32]. This polymorphism, although common in the normal population, is found with significantly higher frequency in children with autism
[30]. Thus, it is hypothesized that enhanced folate status during pregnancy
from fortification could have increased the survival rate of fetuses with genetic polymorphism such as MTHFR 667 C > T, which are associated with
high homocysteine and subsequently require higher amounts of folate for
the normal methylation needed for proper neurodevelopment [32]. Such
polymorphisms have been observed in higher frequencies in children with
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autism, suggesting that these children might be genetically predisposed to
less efficient folate metabolism and function [30,32]. Haggerty et al. [29]
conducted a study to evaluate the concern that increasing folic acid intake
through fortification may select for embryos with genotype that increase
the risk of disease like autism in the offspring. They found no evidence to
support that folic acid fortification or supplement use in pregnancy results
in selection of deleterious genotype.
8.5 DECREASED RISK OF ASD WITH IMPROVED MATERNAL
FOLATE STATUS
Since folate and folic acid are essential for basic cellular processes, including DNA replication and protein methylation, it is biologically plausible that folic acid intake might affect numerous conditions positively or
negatively depending on timing and dose. Several investigators have put
forward hypotheses to explain the mechanism of association between folic
acid and autism [33]. Ramaekers et al. [34,35] identified reduced 5-methylenetetrahydrofolate (5-Methyl THF) transport into the cerebrospinal fluid
(CSF) in two autism spectrum disorders, i.e., Rett syndrome and infantile
low-functioning autism due to folate receptor autoimmunity. In spite of
normal serum folate, CSF 5-Methyl THF was low in 23 of 25 patients and
was explained by serum folate receptor autoantibodies (FRA) blocking the
folate binding site of the membrane attached FR on the choroid epithelial
cell. A partial or complete clinical recovery was reported after 12 months
of oral folinic acid supplements in affected children. These researchers
suggested that FR autoimmunity and cerebral folate deficiency appear to
play a crucial role in the pathogenesis of autism spectrum disorders or in
a particular subgroup of the autism spectrum [35]. In an open label study
conducted by Frye et al., 93 children with autism also had a high prevalence (75.3%) of folate receptor antibodies (FRA) [36], In 16 children, the
concentration of FRAs significantly correlated with cerebrospinal fluid
5-MTHFA, which were below the normative mean in every case. Children
with FRAs were treated with oral leucovorin calcium (50 mg/day), and
treatment response compared with the wait list control group. Compared
to controls, significantly higher improvement ratings were observed in
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treated children over a 4 month period in verbal communications, receptive and expressive language and stereotypical behavior. This study further supports the role of folic acid as a risk factor for autism. Many recent
studies have pointed to improved neurodevelopment in autistic children
with mothers having higher folate concentrations or receiving folic acid
supplements [10]. These studies conducted in America, Europe, Asia, and
South Asia have shown consistent positive effects of maternal folate status
in reducing the risk of autism in the offspring [9,37,38,39,40,41,42]. In
an extensive study Adams et al. [37] compared the nutritional (vitamins,
minerals and amino acids) and metabolic status (biomarkers of oxidative
stress, methylation and sulfuation) of children with autism with that of
healthy neurotypical children to evaluate the association of autism severity with nutrient biomarkers. Though plasma folic acid concentrations were
not significantly different in autistic cases as compared to those of controls, a biomarker of functional need for folic acid, average FIGLU concentration, was significantly higher in children with autism as compared
to neurotypical controls (1.99 μg/L ± 0.92 vs. 1.62 μg/L ± 072). Also,
S-adenosyl methionine (SAM), the primary methyl donor in the body, was
also significantly lower in children with autism (p < 0.001). James et al.,
conducted studies indicating higher vulnerability to oxidative stress and a
decreased capacity for methylation which may contribute to development
of autism [5,41]. In two studies, James et al., also reported significant
improvement in transmethylation metabolites and glutathione redox status
in autistic children after treatment for 3 months with oral supplements of
800 μg folinic acid and 1000 mg betaine twice/day and 400 μg of folinic
acid twice/day and 75 μg/kg methyl B12 twice a week respectively [5,41].
Following the positive results associated with maternal folate status
and reduced risk of ASD in various case-control studies, Suren et al.,
conducted an excellent epidemiologically sound study which confirmed
the association between maternal use of prenatal folic acid supplements
and subsequent decreased risk of ASD in children [8]. Suren et al., evaluated 85,176 children from the Norwegian Mother and Child cohort Study
(MoBa) and reported an incidence of ASD of 0.10% in offspring of mothers who took periceptional folic acid supplements as compared to 0.21%
in offspring of those who did not. No foods were fortified with folic acid at
the time of recruitment of subjects for this study; therefore synthetic sup-
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plements represented the only source of folate other than that from the diet
for the pregnant women. The subjects for this study kept a record of intake
of vitamins, minerals, and other supplements as listed on the ingredient
lists on the supplement containers within 4 week intervals from the start
of pregnancy. In addition, to quantify supplement use and dietary intake,
a food frequency questionnaire was administered at mid-pregnancy. This
study has several strengths such as prospective design, use of validated
instruments to collect data on supplement use during pregnancy, and active screening of children for autism and other neurodevelopmental disorders [8]. A limited evidence of selection bias was indicated by comparing
their results in MoBa with Norwegians Medical registry data on risk of
autistic disorder in folic acid supplement users vs. non-users and finding
similar results. Furthermore, the prevalence of ASD was lower in MoBa
than in the U.S. but similar to the prevalence in Norway. Beaudet [43]
in response to discovery of inborn errors of metabolism associated with
autism discussed the possibility of preventable forms of autism. Folic acid
supplementation might correct or ameliorate underlying genetic variation
in children, their parents, or both might drive the observed reduction in
risk reported by Surin et al. [8]. Such genetic variation could include alterations in epigenetic regulator genes and their targets, which have been
previously associated with risk of ASD.
Several epidemiological studies have tested the above mentioned hypotheses regarding the association between folic acid/folate and ASD. In
this section studies are reported in chronological order and by study design. Relatively recent studies (starting in 2000) with well-designed methodology are included to examine the evidence for the involvement of folic
acid/folate or alteration in folate metabolism and risk of ASD. A summary
of these studies is presented in Table 1 [44]. With the exception of a prospective study in a Norwegian children cohort [8] and an open label trial
[41] most of these investigations consist of case control designs, where
maternal perinatal folate or multivitamin supplementation of children with
ASD was retrospectively compared with maternal perinatal folate or multivitamins supplement use by healthy children.. A few investigators have
also evaluated the effects of folate metabolites and their possible role as
oxidative stressors as a risk factor for autism and the effect of interaction
between maternal folate status and maternal genotype and risk of autism
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[12,28,39]. Results of these studies indicate an association between maternal perinatal folate status and ASD. Significant interaction effects have
been reported for maternal MTHFR 677 TT, CBSrs234715 GT +TT, and
child COMT 472 AA genotype, with greater risk for autism when mothers did not report taking prenatal vitamins peri-conceptionally. Schmidt
et al. [9] have observed greater risk for children whose mothers had other
one-carbon metabolism pathway gene variants and no maternal vitamin
intake. As stated earlier, most of these investigations were retrospective
case control studies with possibilities of various types of biases including
differential misclassification of disease or/and exposure.
Currently several randomized clinical trials are underway to clarify and
confirm the association between periconceptional folic acid intake and autism [45,46]. The Chinese Children and Family Study will evaluate potential benefits and adverse effects of periconceptional folic acid supplements
in a 15 year follow-up of offsprings and mother [46]. In another open label
clinical trial, with 40 autistic children, efficacy of methylcobalamine and
folinic acid supplements would be determined. Whether treatment with
these metabolic precursors would improve plasma bio-makers of oxidative stress and measures of core behaviors will be evaluated [45].
8.6 CONCLUSIONS
Whether perinatal folic acid supplementation can prevent autism is still
an open question. Results of several recent studies, including the prospective study by Surin et al. [8] are encouraging, but it is too early to say that
universal periconceptional use of folic can reduce the incidence of ASD
resulting from abnormal folate- methionine metabolism. Some very recent
epigenetic studies in monozygotic twins provide support for potential role
of DNA methylation via a high maternal folic acid intake in ASD [19,20].
Specifically, findings by Wong and colleagues [20] are provocative and
provide support for a potential role of DNA methylation via a high maternal folic acid intake in ASD and ASD-related traits. It will be useful to
measure the proportion of variance in autism explained by maternal folic
acid status after adujusting for other known risk factors, particularly, in
women who take periconception folic acid. Lack of definitive biological
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markers of autism for a majority of cases makes it difficult to evaluate the
proportion of risk attributable to maternal folic acid intake. Moreover, the
level of maternal folic acid intake which may result in sufficient cause to
contribute to development of various forms of autism is difficult to isolate.
Several randomized clinical trials with folinic acid supplementation are in
progress and may provide some answers about whether folic acid supplementation has a protective or adverse role, if any, in relation to development of ASD.
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PART IV

MACRONUTRIENT COMPOSITION,
ENERGETICS, AND ENERGY BALANCE

CHAPTER 9

Consumption of Fructose-Sweetened
Beverages for 10 Weeks Reduces Net
Fat Oxidation and Energy Expenditure
in Overweight/Obese Men and Women
C. L. COX, K. L. STANHOPE, J. M. SCHWARZ, J. L. GRAHAM,
B. HATCHER, S. C. GRIFFEN, A. A. BREMER, L. BERGLUND,
J. P. MCGAHAN, P. J. HAVEL, AND N. L. KEIM

9.1 INTRODUCTION
An increase in the use of sweeteners containing fructose has occurred in
parallel with the increasing prevalence of overweight and obesity over
the past three decades in the United States (Bray et al., 2004), suggesting that increased consumption of fructose, high fructose corn syrup and/
or sucrose may contribute to the current epidemic of obesity and the
increased incidence of metabolic syndrome (MetSyn) (Bray et al., 2004;
Havel, 2005). In animal studies, consumption of diets high in fructose
produces obesity, insulin resistance and dyslipidemia (Storlien et al.,
1993; Martinez et al., 1994; Okazaki et al., 1994; Bezerra et al., 2000;
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the authors.
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Elliott et al., 2002; Havel, 2005). In humans, moderate fructose consumption has no apparent health concerns (Dolan et al., 2010; Rizkalla,
2010), but the health consequences of fructose consumption in large
amounts are less clear, particularly its effects on substrate utilization and
body weight regulation.
Recently we reported that consumption of fructose-sweetened beverages for 10 weeks, at 25% of energy requirements, increased hepatic
de novo lipogenesis (DNL), promoted accumulation of intra-abdominal
fat, produced a more atherogenic lipid profile and reduced insulin sensitivity in older, overweight and obese adults compared with isocaloric
consumption of glucose (Stanhope et al., 2009). We hypothesized that
the increased rate of DNL following consumption of fructose leads to
an accumulation of hepatic lipid, which promotes dyslipidemia and decreases in insulin sensitivity (Stanhope et al., 2009). McGarry (1995)
observed that increases of DNL led to a concomitant reduction in fat
oxidation, which may contribute to an accumulation of hepatic lipid.
Therefore, to determine if the increases of DNL associated with increased fructose consumption were accompanied by decreased fat oxidation, we measured resting and postprandial substrate utilization and
energy expenditure using indirect calorimetry in the overweight and
obese adults during their participation in the study mentioned above
(Stanhope et al., 2009).
Previous investigations of the effects of fructose consumption on
substrate utilization and energy expenditure are limited to acute or shortterm studies (Tappy et al., 1986; Schwarz et al., 1989, 1992a, 1992b;
Markov et al., 2000; Chong et al., 2007; Couchepin et al., 2008). Our
results from this 10 week study indicate that in overweight/obese adults,
40–72 years of age, sustained consumption of fructose-sweetened beverages, at 25% of energy requirements, leads to decreased net postprandial fat oxidation and increased net postprandial carbohydrate oxidation,
similar to what has been observed in short-term studies. In addition, we
found that resting energy expenditure (REE) decreased significantly after 10 weeks in subjects consuming fructose-sweetened beverages, despite increases of body weight.
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9.2 SUBJECTS AND METHODS
9.2.1 STUDY DESIGN
This was a parallel arm study with three phases: (1) a 2-week inpatient
baseline period; (2) an 8-week outpatient intervention period and (3) a
2-week inpatient intervention period.
The details of the study design and diet interventions have been described (Stanhope et al., 2009). Briefly, during baseline, subjects resided
as inpatients and consumed an energy-balanced diet. Procedures included
the following: indirect calorimetry, dual energy X-ray absorptiometry and
a computerized tomography scan of the abdomen. Subjects then began the
8-week outpatient intervention and consumed either fructose- or glucosesweetened beverages at 25% of energy requirements with self-selected ad
libitum diets. Subjects returned as inpatients for the final 2 weeks of intervention, during which the procedures were repeated while the subjects
consumed their assigned glucose- or fructose-sweetened beverages as part
of an energy-balanced diet.
9.2.2 SUBJECTS
Participants were recruited through advertisements and underwent a telephone and an in-person interview to assess eligibility. Inclusion criteria
included age 40–72 years, body mass index 25–35 kg/m2 and stable body
weight during the prior 6 months. Women were post-menopausal. Exclusion criteria included the following: evidence of diabetes, renal or hepatic disease, fasting serum TG concentrations >400 mg/dl, blood pressure
>140/90 mm Hg and surgery for weight loss. Individuals who smoked,
reported exercise of more than 3.5 h/week at a level more vigorous than
walking, or having used thyroid, lipid-lowering, glucose-lowering, antihypertensive, anti-depressant or weight loss medications were also excluded. Diet-related exclusion criteria included habitual ingestion of more
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than one sugar-sweetened beverage/day or more than two alcoholic beverages/day. The UC-Davis Institutional Review Board approved the study,
and subjects provided informed consent to participate. Initially 39 subjects
enrolled, but seven subjects did not complete the study due to personal or
work-related conflicts, and one subject opted out of the indirect calorimetry protocol. Thus, a total of 31 subjects completed the study: n=15 for
the glucose group and n=16 for the fructose group. As previously reported
(Stanhope et al., 2009), baseline characteristics between the two experimental sugar groups were not different (Table 1).

TABLE 1: Subject characteristics at baseline.a,b
Parameter

Age (years)

Glucose

Fructose

Male

Female

Male

Female

(n=7)

(n=8)

(n=9)

(n=7)

54±3

56±2

52±4

53±3

Weight (kg)

88.4±2.9

84.0±4.5

89.3±2.9

80.5±4.6

BMI (kg/m2)

29.3±1.1

29.4±1.3

28.4±0.7

30.0±1.2

Body fat (%)

29.4±1.1

43.2±1.5

28.5±1.3

40.5±2.1

Fat-free mass (kg)

63.3±1.4

48.2±2.1

64.8±2.0

47.6±2.4

Triglycerides (mg/dl)

148±31

145±23

131±21

151±36

Cholesterol (mg/dl)

179±14

193±10

176±6

197±14

LDL-cholesterol (mg/dl)

124±5

123±11

107±7

125±10

Glucose (mg/dl)

89±2

89±3

88±1

90±2

Abbreviations: BMI, body mass index; LDL, low-density lipoprotein. aValues are
mean±s.e.m. Clinical chemistry values are fasting values. There were no significant
differences between sugar × gender groups. bData were published previously (Stanhope
et al., 2009).

9.2.3 DIETS
During the inpatient metabolic phases, subjects consumed diets designed to
maintain energy balance providing 15% of energy as protein, 30% as fat and
55% as carbohydrate. Daily energy intake was calculated at baseline using
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the Mifflin equation to estimate REE (Mifflin et al., 1990) and adjusted for
activity using a multiplication factor of 1.5. During baseline, the carbohydrate content consisted primarily of complex carbohydrates and contained
8.8±1.2 g of dietary fiber/1000 kcal. For the final 2-week inpatient intervention period, subjects consumed diets at the baseline energy level and macronutrient composition except that 30% of energy was from complex carbohydrates and 25% was provided by fructose- or glucose-sweetened beverages.
Additional details about the diet intake for inpatient and outpatient phases
have been described previously (Stanhope et al., 2009).
9.2.4 INDIRECT CALORIMETRY
An automated metabolic measuring cart (Truemax 2400 Metabolic Measurement System, Parvomedics, Salt Lake City, UT, USA) was used to
measure rates of O2 consumption (VO2) and CO2 production (VCO2). Gas
analyzers were calibrated using a certified gas mixture of known O2 and
CO2 concentrations, and the flowmeter was calibrated using a 3 l syringe,
four times daily (0700, 1100, 1500 and 1800 hours). The protocol was conducted at the CCRC at baseline-week 0, and at intervention-week 10 and
was preceded by a minimum of 5 days of controlled diet. REE was measured on two separate days during week 0 and again at week 10, whereas
postprandial energy expenditure (PPEE) was measured only once during
week 0 and once during week 10, following a REE measurement. Respiratory gases were collected while subjects were in a semi-reclined position
and wore a facemask fitted securely, covering the nose and mouth. The
facemask was attached to tubing connected to the cart's mixing chamber.
Through the facemask, subjects inhaled room air, and all expired breath
was trapped by the mask and directed to the cart's mixing chamber for
volume and gas analyses. Prior to the test, subjects fasted overnight for
13.5 h and rested quietly for at least 10 min before measurements commenced. REE was measured at 0730 and 0830 hours for 20 min periods.
For PPEE, respiratory gases were collected for 15 min every hour over
the next 14 h; the most stable 10-min interval of each 15-min collection
was selected to represent PPEE for that hour. During the protocol subjects
consumed the controlled breakfast (0900 hours), lunch (1300 hours) and
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dinner (1800 hours) meals. They were permitted to perform light activities
associated with living in a metabolic ward, but rested in a semi-reclined
position for at least 5 min before each measurement. Indirect calorimetry
data were analyzed for all 31 subjects for REE, but only for 30 subjects for
PPEE (n=15 in the fructose group and n=15 in the glucose group) due to
procedure scheduling conflicts for one female in the fructose group.
9.2.5 CALCULATION OF ENERGY EXPENDITURE AND
SUBSTRATE OXIDATION RATES
Energy expenditure was calculated using the Weir equation (Weir, 1990):
Kcal/min = (3.941 × VO2) + (1.106 × VCO2) – (2.17 × urinary N)

Net carbohydrate oxidation (CHO-Ox) and net fat oxidation (FAT-Ox)
were calculated using the following formulas (Frayn, 1983):
Fat – Ox (g/min) = (1.67 × VO2) – (1.67 × VCO2) – (1.92 × urinary N)
CHO × Ox (g/min) = (4.55 × VCO2) – (3.21 × VO2) – (2.87 × urinary N)

For all equations, units for VO2 and VCO2 are in l/min. To estimate
urinary nitrogen excretion, in g/min, a constant rate of protein catabolism
was assumed, equivalent to the 24-h protein intake, as reported by Bingham (2003).
9.2.6 MEASUREMENTS OF BODY COMPOSITION
Total body fat and fat free mass were determined by dual energy X-ray
absorptiometry, and intra- and extra-abdominal fat were measured by
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computerized tomography scan as described previously (Stanhope et al.,
2009).
9.2.7 DATA ANALYSIS
REE, PPEE and corresponding net substrate oxidation values for baseline
and intervention were calculated using minute-by-minute values for VO2
and VCO2 (l/min). Overall PPEE and postprandial substrate oxidation
rates were estimated by averaging values for the 14 postprandial time periods. Statistical tests were performed with SAS 9.2 (SAS Institute, Cary,
NC, USA). The absolute or percent change for each outcome was analyzed
in a three-factor (type of sugar, gender, and + or −MetSyn) mixed procedure (PROC MIXED) analysis of variance model with adjustment for the
change in fat-free mass. The model was also run using baseline REE and
PPEE as covariates, and the changes in REE and PPEE were still significant and comparable to those obtained when the model was adjusted for
fat-free mass. MetSyn was defined as having at least three MetSyn risk
factors as defined by the American Heart Association/National Heart Lung
and Blood Institute (Grundy et al., 2004). There were 9 subjects with MetSyn (fructose n=5, glucose n=4) and 22 subjects without MetSyn (fructose
n=11, glucose n=11). Outcomes with least squares means of the change
(10 week versus 0 week) significantly different than zero were identified.
Statistical tests with P-values <0.05 were considered significant. Data are
presented as mean±s.e.m.
9.3 RESULTS
9.3.1 BODY WEIGHT AND COMPOSITION
As reported previously (Stanhope et al., 2009), despite comparable weight
gain (~1–2% of initial body weight) during the 8-week outpatient intervention, subjects consuming fructose primarily exhibited increases of visceral adipose tissue, whereas in subjects consuming glucose subcutaneous
adipose tissue was preferentially increased.
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FIGURE 1: Net carbohydrate oxidation rate (g/min) profiles over 15 h for subjects consuming glucose- and fructose-sweetened beverages.
Subjects consumed meals at 0900, 1300 and 1800 hours as indicated. The first two data points represent resting values and the remaining 14
data points represent postprandial values. Data points represent the mean of 10-min measurements±s.e.m. with n=31 (fructose group n=16;
glucose group n=15) for resting values and n=30 (fructose group n=15; glucose group n=15) for postprandial values.
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All
0.16±0.02

0.16±0.06

Fructose
baseline

0.15±0.01

0.17±0.01

Fructose
week 10

−2.2±8.5

14.8±17.6

Fructose %
change

0.16±0.02

0.16±0.01

Glucose
baseline

0.20±0.02

0.18±0.07

Glucose
week 10

3.8±3.3

5.2±13.9

30.4±14.7

23.6±11.5

Glucose %
change

0.745

Sugarb

0.047

Sugar ×
MetSynb

TABLE 2: Net carbohydrate and fat oxidation rates and percent change after consumption of glucose- or fructose-sweetened beverages for
10 weeks.

(−)MetSyn

0.26±0.01

0.14±0.02

Sample

Fasting

0.25±0.01

0.14±0.02

0.23±0.02

0.25±0.02

0.23±0.02

0.26±0.02

−0.04±8.3

5.2±4.2

Carbohydrate oxidation rate, g/min
Fasting

23.5±8.6***

52.0±52.9*

46.6±21.8***

11.9±4.8

All

0.06±0.01

0.06±0.01

0.06±0.01

0.03±0.01

0.03±0.01

0.04±0.03

0.05±0.01

0.05±0.01

−33.7±4.3***

−38.2±4.8***

−26.5±19.8

−7.0±7.6

−13.1±8.0

0.05±0.01

0.05±0.01

0.05±0.01

0.06±0.01

0.06±0.01

0.04±0.01

0.04±0.01

0.05±0.01

0.05±0.01

0.05±0.01

6.3±6.9

−14.1±7.4*

−8.6±6.1

20.3±27.4

−26.7±15.5*

−14.2±14.1

0.012

0.29±0.01

0.20±0.03

0.29±0.02

0.28±0.01

(−)MetSyn

0.05±0.01

0.04±0.01

0.005

0.24±0.02

0.17±0.04

0.21±0.03

0.26±0.02

Fasting
(+)MetSyn

0.05±0.01

0.04±0.01

0.037

All
(−)MetSyn

Fasting
All

−47.4±11.0***

0.366

(+)MetSyn

(+)MetSyn

Fasting

(−)MetSyn

0.03±0.01

0.020

Fasting
Postprandial

Postprandial

0.06±0.01

0.001

Postprandial
Postprandial

Postprandial

(+)MetSyn

Fat oxidation rate, g/min

Postprandial

Abbreviations: MetSyn, metabolic syndrome; (−), without; (+), with. a Values are mean±s.e.m. Sample sizes in sugar × MetSyn groups are
as follows: fructose(−)MetSyn, n=11 resting, n=10 postprandial; fructose(+)MetSyn, n=5; glucose(−)MetSyn, n=11; glucose(+)MetSyn,
n=4. b PROC MIXED three-factor analysis of variance (sugar, gender, (+) or (−) MetSyn) adjusted for change in fat-free mass. *P<0.05,
***P<0.001 for changes significantly different from zero.
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FIGURE 2: Net fat oxidation rate (g/min) profiles over 15 h for subjects consuming glucose- and fructose-sweetened beverages. Subjects
consumed meals at 0900, 1300 and 1800 hours as indicated. The first two data points represent resting values and the remaining 14 data points
represent postprandial values. Data points represent the mean of 10-min measurements±s.e.m. with n=31 (fructose group n=16; glucose
group n=15) for resting values and n=30 (fructose group n=15; glucose group n=15) for postprandial values.
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9.3.2 NET SUBSTRATE OXIDATION RATES
Overall, fasting CHO-Ox did not change in response to glucose (P=0.29)
or fructose (P=0.11) consumption, however subjects with MetSyn consuming fructose exhibited significant increases of fasting CHO-Ox
(P=0.02) after 10 weeks of intervention (Table 2). Postprandial CHO-Ox
increased significantly from baseline in subjects consuming fructosesweetened beverages (P<0.0001), but not in those consuming glucosesweetened beverages (P=0.54) (Table 2, Figure 1). Similar to the fasting
condition, subjects with MetSyn consuming fructose exhibited marked
percent increases of postprandial CHO-ox (P<0.0001), whereas in subjects consuming fructose without MetSyn postprandial CHO-ox rates
were not changed from baseline values (P=0.34) (sugar × MetSyn interaction: P=0.01). There was also an effect of gender on the change of
postprandial CHO-Ox (P=0.05), such that male subjects in both sugar
groups exhibited greater increases (21.35±9.8%; P<0.001) than female
subjects (5.75±3.9%; P=0.81).
The change of fasting FAT-Ox differed both by sugar and by the presence/absence of MetSyn. While fasting FAT-Ox tended to decrease in the
fructose group at 10 weeks (P=0.15), this trend was driven by the larger
decreases that were observed in subjects with MetSyn (P=0.14) as opposed to those without MetSyn (P=0.74). Although there was no overall
change in fasting FAT-Ox in the glucose group at 10 weeks (P=0.92),
there was a significant decrease in subjects without MetSyn (P<0.05)
(Table 2). In subjects consuming fructose-sweetened beverages postprandial FAT-Ox rates decreased significantly both compared with baseline values (P<0.0001) and compared with subjects consuming glucosesweetened beverages (P<0.0001) (Table 2, Figure 2). Overall the percent
decrease of postprandial FAT-Ox was significant in subjects consuming
fructose regardless of the presence (P<0.0001) or absence (P=0.0002) of
MetSyn, whereas with glucose consumption only subjects without MetSyn exhibited statistically significant decreases of postprandial FAT-Ox
(P=0.03) (Table 2).
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FIGURE 3: Proposed mechanisms contributing to observed changes of substrate
utilization in subjects consuming fructose-sweetened beverages. In the liver fructose is
phosphorylated by fructokinase (which is not regulated by cellular energy status) and
largely bypasses phosphofructokinase (PFK), the enzyme catalyzing the rate-limiting step
of glycolysis (which is subject to inhibition by ATP and citrate). Ultimately fructose enters
the glycolytic pathway as glyceraldehyde-3-phosphate. Following a high-fructose meal, an
unregulated flux of fructose (Frc) carbon upregulates carbohydrate metabolism in the liver
(increased CHO-Ox), leading to an increased flux of acetyl CoA through the tricarboxylic
acid (TCA) cycle and a concomitant increase in cellular energy status (increased ATP/
ADP ratio and NADH/NAD+ ratio). A high NADH/NAD+ ratio in the mitochondria
results in substrate inhibition of isocitrate dehydrogenase in the TCA cycle, leading to
increased export of citrate to the cytosol, activation of acetyl-CoA carboxylase (ACC),
and increased production of malonyl-CoA, the precursor to fatty acid synthesis (DNL).
Elevated cytosolic concentrations of malonyl-CoA inhibit the carnitine shuttle via carnitine
palmitoyl transferase, leading to reduced entry of fatty acids into the mitochondria, and
decreased fat oxidation. The elevation of cellular energy status following a high-fructose
meal would also lead to reduced mitochondrial availability of the fixed pool of oxidized
cofactors NAD+ and FAD, which are required substrates for β-oxidation, also resulting in
reduced fat oxidation (Williamson and Cooper, 1980; Mayes, 1993; McGarry, 1995; Locke
et al., 2008).
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9.3.3 ENERGY EXPENDITURE
REE was significantly decreased from baseline values by week 10 in subjects consuming fructose (P=0.03) but not in those consuming glucose
(P=0.86). PPEE also tended to decrease from baseline values in subjects in
the fructose group but the change was not statistically significant (P=0.19).
PPEE was unchanged from baseline values in the glucose group (P=0.86)
(Table 3).

TABLE 3: Energy expenditure before and after consumption of glucose- or fructosesweetened beverages for 10 weeks.
Fructose
Baseline

Fructose
10 weeks

Fructose
change

Glucose
Baseline

Glucose
10 weeks

Glucose
change

P-value
for
effect of
sugarb

Energy expenditure (kcal/min)
Restingb
Postprandial

1.19±0.06

1.10±0.04

−0.09 ±
0.04*

1.17±0.07

1.15±0.05

−0.02 ±
0.04

0.108

1.41±0.06

1.37±0.05

−0.05 ±
0.02

1.40±0.06

1.36±0.05

−0.03 ±
0.03

0.445

Values are means±s.e.m. Fasting values are based on n=31 (fructose group n=16; glucose
group n=15) and postprandial values are based on n=30 (fructose group n=15; glucose
group n=15). b PROC MIXED three-way model (sugar, gender, (+) or (−) metabolic
syndrome) adjusted for change in fat-free mass. *P<0.05 for changes significantly different
from zero.
a

9.4 DISCUSSION
9.4.1 NET SUBSTRATE OXIDATION RATES
The results of acute and short-term studies of fructose ingestion, ranging
from periods of 4 h to 6 days, indicate that when fructose is consumed in
large amounts ranging from 30–50% of total calories, net fat oxidation
is decreased and net carbohydrate oxidation is increased (Tappy et al.,
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1986; Schwarz et al., 1989, 1992a, 1992b; Markov et al., 2000; Chong et
al., 2007; Couchepin et al., 2008). However, the majority of these studies
only examined the effects of consuming a single meal containing fructose,
and those that examined the effects of multiple days of fructose consumption did not do so under energy-balanced conditions, but rather during
consumption of 25–50% excess calories. Importantly, our results demonstrate that the acute effects of fructose consumption persist when fructose
is consumed over longer periods (10 weeks), and in subjects consuming
an energy-balanced diet, suggesting that fructose-induced changes of the
regulation of key metabolic pathways involved in cellular energy utilization are sustained even in the absence of positive energy balance.
We have previously reported that sustained consumption of fructosesweetened beverages increased hepatic DNL in these same subjects (Stanhope et al., 2009). Schwarz et al. (1995) reported strong correlations
between changes of substrate oxidation rates (increased CHO-ox and decreased FAT-ox) and increases of DNL in subjects consuming 25 or 50%
excess energy as carbohydrate (carbohydrate composition not specified)
for 5 days. Here we demonstrate that, under energy-balanced conditions,
consuming 25% of energy from fructose leads to reduced net fat oxidation
and increased net carbohydrate oxidation, in addition to previously reported increases of DNL (Stanhope et al., 2009). This relationship was not observed with isocaloric glucose consumption suggesting that consumption
of fructose, not carbohydrate in general (in this case monosaccharides),
leads to these changes in the regulation of substrate oxidation and DNL;
however, recent evidence suggests that other factors such as differences in
the amylose/amylopectin ratio of carbohydrate rich foods may also lead to
similar changes (Isken et al., 2010).
These findings support our hypothesis that decreases of fat oxidation occurring concurrently with fructose-induced upregulation of DNL promotes
increases of hepatic lipid content, which may mediate the adverse changes in lipid metabolism and decreased insulin sensitivity we have reported
previously (Stanhope et al., 2009). These results are also consistent with
the mechanism proposed by McGarry and others by which consumption
of fructose leads to reductions of fat oxidation and increased carbohydrate
oxidation (Figure 3) (Mayes, 1993; McGarry, 1995). It must be emphasized
that values for substrate utilization derived from indirect calorimetry repre-
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sent rates of substrate disappearance that may not always equate with rates
of substrate oxidation. Determination of actual rates of substrate oxidation
would require additional studies using isotopic tracer methodology.
9.4.2 EFFECTS OF METSYN
We observed that subjects with MetSyn consuming fructose-sweetened
beverages exhibited the largest decreases of postprandial fat oxidation
rates and increases of carbohydrate oxidation rates (Table 2). This relationship was not evident in subjects consuming glucose. It should be noted
that the number of subjects entering the study with MetSyn was small, five
in the fructose group and four in the glucose group. Additionally, as we
have reported previously (Stanhope et al., 2009), 10 weeks of fructose consumption promoted the development of risk factors for MetSyn, such as
accumulation of intra-abdominal fat, dyslipidemia and insulin resistance.
Hence, it is likely that we are observing a worsening of metabolic function
in subjects consuming fructose that is further exacerbated in those who
already had evidence of MetSyn before the intervention.
9.4.3 EFFECTS OF GENDER
We also observed that men consuming both glucose- and fructose-sweetened beverages exhibited greater increases of postprandial carbohydrate
oxidation than women. These findings support those of Couchepin et al.
(2008) who reported a significant increase of carbohydrate oxidation in
male, but not female subjects consuming fructose. Together these findings
suggest that there is a gender-specific response with respect to changes of
substrate utilization following sustained consumption of fructose.
9.4.4 ENERGY EXPENDITURE
The decrease of REE that we observed in subjects consuming fructose was
unexpected and conflicts with the findings of several previous short-term
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studies that reported increased energy expenditure following administration of oral fructose as compared with consumption of glucose (Tappy et
al., 1986; Schwarz et al., 1989, 1992a, 1992b). These changes suggest that
sustained fructose consumption may contribute to an overall reduction in
energy expenditure, which could increase the risk for weight gain if energy intake is not adjusted downward accordingly. For example, if the mean
measured decrease of REE associated with 10 weeks of fructose consumption, 0.09 kcal/min, was maintained for 1 year it could total ~15 000 kcals,
assuming that REE reflects metabolism during rest/sleep periods adding
to about 8 h/d; potentially, a gain of ~1.6 kg of body fat could result. Additional studies examining the effects of chronic sugar consumption on
24-hour energy expenditure conducted in a whole-room calorimeter are
needed to confirm these findings and determine if the observed reductions
in metabolic rate are directly related to fructose or to sweetener (sucrose,
high fructose corn syrup, and so on) consumption in general. We are currently performing such measurements.
9.5 CONCLUSIONS
Consumption of fructose at 25% of energy requirements for 10 weeks,
when compared with isocaloric consumption of glucose, leads to significant reductions of net postprandial fat oxidation and increases of
net postprandial carbohydrate oxidation. Furthermore, the results of this
study demonstrate that these changes are evident even when fructose is
consumed under energy-balanced conditions. We also report that REE is
reduced compared with baseline values in subjects consuming fructosesweetened beverages for 10 weeks. These findings may thus have important implications with regard to long-term energy balance in individuals
consistently consuming large amounts of dietary fructose.
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CHAPTER 10

Effects of High Carbohydrate or
High Protein Energy-Restricted Diets
Combined With Resistance-Exercise on
Weight Loss and Markers of Health in
Women with Serum Triglyceride Levels
Above or Below Median Values
JONATHAN M. OLIVER, JULIE Y. KRESTA, MIKE BYRD,
CLAIRE CANON, MICHELLE MARDOCK, SUNDAY SIMBO,
PETER JUNG, BRITTANIE LOCKARD, DEEPESH KHANNA,
MAJID KOOZEHCHIAN, CHRIS RASMUSSEN, CHAD KERKSICK,
AND RICHARD KREIDER

10.1 BACKGROUND
A diet high in protein has been shown to have beneficial effects on weight
loss and triglyceride (TG) levels when combined with exercise. Recent
research has also shown that a diet high in protein in the absence of exercise promotes more favorable results for individuals above the median TG
(mTG) levels (>133 mg/dL). The purpose of this study was to determine
if women with TG above median values experience greater benefits to a
diet and circuit resistance-training program.
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10.2 METHODS
442 apparently healthy sedentary obese women (48±12 yrs, 64±3 in,
201±39 lbs, 45±5 % fat) completed a 10-wk exercise and diet program. All
subjects participated in Curves circuit training (30-minute hydraulic resistance exercise interspersed with recovery floor calisthenics performed at
30-seconed intervals 3 days/wk) and weight loss program (1,200 kcal/d
for 1 wk; 1,600 kcal/d for 9 wks). Subjects were randomly assigned to a
high protein or high carbohydrate isocaloric diet. The high protein (HP)
group (n=200) consumed 30% fat, 55-63% protein, and 9-15% carbohydrate diet while the high carbohydrate (HC) group (n=242) consumed 30%
fat, 55% carbohydrate, and 15% protein diet. Pre and post measurements
included standard anthropometric measurements including dual energy Xray absorptiometry (DEXA), as well as resting energy expenditure (REE),
metabolic blood analysis, and blood pressure. Subjects were stratified into
a lower or higher TG group based on the mTG value observed (125 mg/
dL). Data were analyzed by MANOVA with repeated measures and are
presented as means ± SD percent changes from baseline.
10.3 RESULTS
Fasting serum TG levels differed between groups stratified based on mTG
levels (<mTG 86±24 vs >mTG 204±84 mg/dL, p=0.001). Time effects
were observed in all anthropometric measurements including waist and
hip, as well as weight loss, fat mass and percent body fat. Subjects on the
HP diet experienced greater reductions in weight than those on the HC diet
(HP -3.1±3.4%; HC -2.3±2.5%, p=0.005) and fat mass (HP -1.7±3.1%;
HC -1.3±2.0%, p=0.006). No differences were seen in any measures in
subjects with > mTG. However, a Time x Diet x mTG interaction was
observed in changes in hip circumference. Subjects in the HP diet with
<mTG experienced a greater reduction in hip circumference (-2.7 ± 4.8%)
than those with >mTG levels (-2.4 ± 4.8%, p=0.029) while subjects in the
HC diet with >mTG experienced a greater reduction in hip circumference
(-3.4 ± 4.8%) than those with <mTG levels (-1.9 ± 3.4%, p=0.029).
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Time effects were also observed in systolic and diastolic blood pressures, REE, cholesterol, high density lipoprotein (HDL), low density lipoprotein (LDL) and uric acid. While no time effects were observed with
changes in TG, subjects on the HP diet experienced a significantly greater
reduction (p=0.048) in TG levels (-5.6 ± 34.0%) than those on the HC (2.0
± 36.5%) while subjects with >mTG, also experienced a greater reduction (p=0.02) in TG levels (-12.3 ± 29.8%) than those with <mTG (9.1 ±
39.4%).
10.4 CONCLUSION
Results reveal that diet combined with circuit training promotes decreases
in waist and hip circumference, weight loss, fat mass and body fat percentage while concomitantly reducing blood pressure, cholesterol and uric
acid, and increasing resting energy expenditure. A HP diet promotes greater reductions in weight loss, fat mass and TG levels. Greater reductions
in TG levels were experienced by individuals with mTG levels > 125 mg/
dL. While a HP diet promotes greater reductions in TG, individuals with
TG levels > 125 mg/dL experience greater reductions regardless of diet.

PART V

CELL FUNCTION AND METABOLISM

CHAPTER 11

The Inhibition of the Mammalian
DNA Methyltransferase 3a (Dnmt3a)
by Dietary Black Tea and Coffee
Polyphenols
ARUMUGAM RAJAVELU, ZUMRAD TULYASHEVA,
RAKESH JAISWAL, ALBERT JELTSCH, AND NIKOLAI KUHNERT

11.1 BACKGROUND
Black tea is, second only to water, the most consumed beverage globally with an average per capita consumption of around 550 ml per day.
The annual production of tea leaves reached a record high in 2008 with
a global harvest of 3.75. Mt [1]. Production of dried tea comprises 20%
green, 2% oolong and the remainder black. Following black tea, coffee is
the third most consumed beverage globally with an annual production of
9.7 Mt and a daily consumption of around 300 ml (data from http://www.
fas.usda.gov/, obtained 1st March 2011). Strong epidemiological evidence
has repeatedly linked the consumption both black tea [2] and coffee [3,4]
to a variety of beneficial health effects, among them is the prevention of
multifactorial diseases including cancer, cardiovascular disease and neurological disorders as well as a series of psychoactive responses improving
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alertness, mood and general mental performance [5-8]. Recently, Unilever
made an application for a health claim, in which the black tea beverage
should supposedly improve mental alertness and focus, based on studies by Nurk et al. with the activities of the two compounds caffeine and
L-theanine as the proposed rationale [9]. While epidemiological studies
link two causally unrelated events, e. g. a beneficial health effect with the
consumption of a certain diet, with a certain statistical probability, the molecular causes of these epidemiological observations are rarely known. In
order to rationalize epidemiological observations, a biological target must
be identified that is mechanistically linked to the beneficial health effect
reported, as well as the specific molecules contained in the diet that interact with the biological target in question at dietary and physiologically
relevant concentrations. The search for such matching pairs of biological
targets and dietary compound must be considered an exercise of fishing
in the dark, however, where enzymes known to be intimately involved in
the area in question need to be systematically screened against secondary
metabolites known to be produced by the dietary plant in question.
Prompted by reports of Fang and co-workers, who have recently reported the inhibition of DNA methyltransferase 1 (Dnmt1) by a series of
dietary polyphenols [10] and work by Lee and co-workers on the inhibition of the same enzyme investigating most notably epi-gallocatechin
gallate (EGCG) [11] (the main polyphenolic constituent of green tea) and
5-caffeoyl quinic acid [12] (the main phenolic constituent of the green
coffee bean), and Nandakumar, showing the reduction of cellular DNA
methylation after admission of (-)-epigallocatechin-3-gallate [13], we decided to screen the interaction of a series of black tea and coffee polyphenols against DNA methyltransferase 3a, another important member of this
family of enzymes.
DNA methyltransferases catalyzes methylation of DNA at cytosine
residues and play an important role in epigenetic regulation of gene expression, X-chromosome inactivation, genomic imprinting, and development cellular aging and cell differentiation [14,15]. In mammals, DNA
methylation is catalyzed mainly by three DNA methyltransferases [15,16]:
Dnmt1, Dnmt3a, and Dnmt3b. Dnmt1 has a high preference for hemimethylated DNA and is essential for maintaining the methylation patterns
during each round of DNA replication. On the other hand, Dnmt3a and
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Dnmt3b modify both unmethylated and hemimethylated DNA and are responsible for de novo methylation during early development. Errors in
DNA methylation contribute to both the initiation and the progression of
various cancers [17,18]. In addition, aberrant or missing DNA methylation
causes many kinds of diseases which include defects in embryonic development or brain development and neurological defects which are also
associated with behavioral changes [19]. Hypermethylation of genes is
one of important process in cancer development, typically resulting in the
repression of tumor suppressor genes. Preventing the hypermethylation of
promoter genes by selective inhibition of methyltransferases could pave
a way for cancer treatment [20-22]. Importantly it has been shown that
upon use of methyltransferase inhibitors it was possible to reactivate gene
silenced by promoter methylation in cancers and thus modulate gene expression. Several efforts are directed at developing small molecules that
target DNA methyltransferases and other elements of the machinery, as the
proteins that bind to methylated CpG; some are in clinical trials [20-22].
Another important issue of DNA methylation is its function in brain
development. Levenson and coworkers showed that Dnmt1 is involved in
the formation of hippocampus-dependent long term memory [23]. They
found that the promoters for reelin and brain-derived neurotrophic factor
(genes implicated in the induction of synaptic plasticity in the adult hippocampus) exhibit rapid and dramatic changes in cytosine methylation
when Dnmt1 activity was inhibited. Moreover, DNA methyltransferase
inhibitors like 5-aza-2-deoxycytidine blocked the induction of long term
potentiation at Schaffer collateral synapses. Furthermore, Dnmt3a-dependent DNA methylation has been reported to influence transcription of neurogenic genes [24]. Additional studies showed that Dnmt1 and Dnmt3a
regulate synaptic function in adult forebrain neurons [25] and Dnmt3a affects plasticity of neurons [26].
Changes in the DNA methylation pattern of regions in the hippocampus are associated with behavioral changes in rat [27]. In addition,
Dnmt3a has been recently shown to affect the emotional behaviour [26].
Thus, DNA methylation which is already known to be involved in setting
up cellular memory is also involved in brain function. The combination of
studies in cell lines and in animal models, coupled with data obtained from
post-mortem human material provides compelling evidence that aberrant

216

Nutritional Biochemistry: Current Topics in Nutrition Research

methylation may contribute to psychiatric diseases like schizophrenia and
psychosis [28]. Strong epidemiological evidence suggests that particularly
for black tea and green tea there is an inverse relation between intake and
significant beneficial effects on patients suffering from psychological disorders [2,5-8]. Currently, no accepted rationale on the molecular level exists that can account for these epidemiological findings. Dnmts are a possible biological target for tea dietary polyphenols suggesting a molecular
based rationale for the observed biological activities.
11.2 RESULTS
11.2.1 EXPRESSION AND PURIFICATION OF DNMT3A-C
The catalytic domain of Dnmt3a was expressed and purified following
an established protocol [29,30]. The purified protein by Ni-NTA affinity chromatography was >90% homogenous as judged from SDS-PAGE
stained with colloidal Coomassie Blue (Figure 1).
11.2.2 SELECTION AND PURIFICATION OF BLACK TEA AND
COFFEE POLYPHENOLS
Black tea is produced from the young green shoots of the tea plant (Camellia sinensis), which are converted to black tea by fermentation [31]. There
are two major processes, the “orthodox” and the “cut-tear-curl.” In both,
the objective is to achieve efficient disruption of the cellular substructure
bringing phenolic compounds present in the green tea leaf, mainly flavan3-ols otherwise known as catechins, into contact with polyphenol oxidases
and activating many other enzymes. The catechin substrates are oxidized
and extensively transformed into novel dimeric, oligomeric and polymeric
compounds. The chemical composition of black tea brew can be divided
into (i) a series of well characterized small molecules including alkaloids
(e.g. theobromine and caffeine), carbohydrates and amino acids (including
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theanine), and a series of glycosylated flavonoids and dimers of catechins
including most notably theaflavins together accounting for 30-40% of the
dry mass of a typical black tea infusion, and (ii) the heterogeneous and
poorly characterized polyphenolic fermentation products accounting for
the remaining 60-70% [31]. This material was originally referred to as
oxytheotannin and later renamed by Roberts as thearubigins [32].
For this study, we first selected EGCG N1 and (-)-epigallocatechin N4
(from green tea, also on occasions found in black tea at low concentrations)
as reference compounds. Next we selected the four most common theaflavin derivatives: theaflavin N2, theaflavin-3-gallate N5, theaflavin 3'-gallate N3 and theaflavin 3, 3'-digallate N6 (see Figure 2) [33,34]. All four
compounds are found in black tea infusions at concentrations of around
100 mM, making up 2-3% of the total content of dry mass in typical black
tea infusion. Theaflavins are structurally closely related the catechins being formal dimers of EGCG obtained through a two electron oxidation
followed by C-C bond formation and a benzylic acid type rearrangement
leading to the benztropololone core structure. Next to theaflavins we
decided to screen as well two crude thearubigin fractions. We recently
proposed that thearubigins contain several thousands polyhydroxylated
theaflavin derivatives in equilibrium with their ortho-quinones. Theaflavins were obtained by extraction from black tea infusion followed by purification by preparative HPLC. The purity was assessed by LC-tandem
MS. Thearubigins were obtained from black tea infusions using a protocol
developed by Roberts [35].
For coffee polyphenols, we selected a range of naturally occurring and
synthetic derivatives of chlorogenic acids. Chlorogenic acids (CGAs) are
formally hydroxyl-cinnamate esters of quinic acid with a dietary intake of
an estimated 2 g per human per day [36]. We recently reported a total of 70
different chlorogenic acids found in green coffee beans and selected some
representative examples containing both caffeic acid and ferulic acid substituents [37-40]. Furthermore, we selected a range of epimers of CGAs
produced from the original secondary plant metabolites by roasting of the
coffee beans. Representative structures are shown in Figure 2. All CGA derivatives were obtained through chemical synthesis unless stated otherwise.
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FIGURE 1: Purification of Dnmt3a catalytic domain. Fig. 1 Purified Dnmt3a-C separated
on 12% SDS-PAGE gel and stained with colloidal Coomassie Blue. (M, Size marker for
116, 66.2, 45, 35 and 25 kDa; L, crude lysate; F, Flow through; W1, Wash1; W2, Wash2;
E, Elution). The purified Dnmt3a-C protein runs at an apparent size of 36 kDa (highlighted
with an arrow).
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FIGURE 2: Structures of the compounds tested for Dnmt3a-C inhibition.
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FIGURE 3: Methyltransferase activity of the purified Dnmt3a-C. Example of the
methylation kinetics carried out with purified Dnmt3a-C. Initial slopes were determined
by linear regression analysis of the initial linear parts of the reaction progress curves.
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FIGURE 4: Initial screening of the 24 compounds for inhibition of Dnmt3a-C. Dnmt3a-C activity was determined in the presence of 100 μM
compound. The control reaction was performed after adding a corresponding volume of DMSO.

FIGURE 5: Measurement of IC50 values for compounds N6, N7, N8 and N12. For compounds N6, N7, N8 and N11 DNA methylation kinetics
were carried out at different concentration of the compounds to determine the IC50 value. The error bars show the maximal deviations in
repeated experiments. IC50 values are valid by ±30%.
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11.2.3 DNMT3A-C ACTIVITY AND INHIBITORS SCREENING
The purified Dnmt3a-C was catalytically highly active (Figure 3). For an
initial screening of the twenty four inhibitor candidates, Dnmt3a-C DNA
methylation kinetics were carried out in the presence of 100 μM of compound. Rates of DNA methylation were derived by linear regression of the
initial phase of the reaction progress curves. The reaction rates were compared with control reactions carried out after addition of a corresponding
volume of DMSO to ensure identical reaction conditions, because DMSO
had been shown before to influence the activity of Dnmt3a [41]. As shown
in Figure 4, four of the compounds had a substantial inhibitory effect for
the in vitro Dnmt3a-C activity (N6-N8 and N12). To determine IC50 values, DNA methylation kinetics were carried out in the presence of variable
concentrations of the inhibitors, initial slopes derived and the activity profile analysed by fitting of the experimental data to the equation:
A(cI) = A0 × cI / (IC50 + cI) + BL

with: cI, concentration of the inhibitor; A(cI), activity in presence of inhibitor at concentration c; A0, activity in absence of inhibitor; BL, baseline.
As shown in Figure 5, the IC50 values for the compounds N6-N8 and
N12 were all in the lower μM range.
11.3 DISCUSSION
Lee et al had showed that caffeic acid and chlorogenic acid inhibit the activity of M.SssI and Dnmt1 and decrease the methylation level at the RAR
beta promoter gene in the breast cancer cell lines [12]. Furthermore, they
have recently described the inhibition of human Dnmt1 by tea flavanoids
such as EGCG, catechin and other flavanoids such as quercitin and myristin, observing KI values in the low micromolar range [11]. While Dnmt1
is considered a biological target involved in cancer development its close
relative Dnmt3a, investigated in this study, has been linked to both cancer
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development and mental performance and health. Therefore, any inhibitory interaction between any of the screened dietary polyphenols and Dnmt3a might allow identification of compounds that have a positive effect
on cancer prevention and improved mental performance.
11.3.1 BLACK TEA POLYPHENOLS
EGCG (N1) with a reported IC50 on Dnmt1 of 0.21 μM and epigallocatechin (N4) showed only weak inhibition of Dnmt3a. A slightly increased
activity was observed for theaflavin, theaflavin-3-gallate (N3) and theaflavin 3'-gallate (N5) with the gallated derivatives showing a larger inhibitory effect. Theaflavin 3, 3'-digallate (N6) performed best in this series with
a measured IC50 value of 44 μM. Similarly, the thearubigin fractions performed well in this test with IC50 values of 40 μM and 28 μM, respectively
(molarity calculated by assuming an average molecular weight of 800 g/
mol). It has to be noted that according to our knowledge this is the first
time that a thearubigin fraction (consumed at a level of 1 Mt per annum)
has been investigated in an enzyme assay and found to exhibit inhibitory
activity. Previous work on thearubigins biological activity had focused on
interference with signalling cascades in the anti-inflammatory response
[42-45]. Due to the structural similarity of theaflavins and thearubigins
(poly-hydroxy theaflavins), the inhibition of Dnmt3a does not come as a
complete surprise.
To evaluate any possible biological significance of the IC50 values of
Dnmt3a inhibition observed here, human pharmacokinetic data need to be
consulted. Two published reports address the pharmacokinetic behaviours
of theaflavins. Mulder and co-workers report theaflavin concentrations of
4.2 μg l-1 in urine 2h after consumption of 1 cup of black tea containing
8.8 mg total theaflavins [46]. Henning reported a concentration of 2 nmol
g-1 tissue (if converted around 2 μM) of theaflavin in colon, small intestine, prostate and liver target tissue, with all further three theaflavins N3,
N5 and N6 investigated here showing roughly 1 μM, half this value after
consumption of one cup of black tea [47]. Although no plasma concentration values are available for theaflavin derivatives, it can be assumed that
the plasma concentration is the same order of magnitude if not even higher
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when compared with concentrations in target tissues. As the average per
capita consumption of black tea is around 550 ml or three cups per day,
again a higher physiological concentration must be assumed.
From these data it becomes obvious that out of the compounds investigated theaflavin 3, 3'-digallate N6 is a compound showing reasonable bioavailability. These concentration estimate of 2 μM is only roughly by one
order of magnitude smaller than the measured IC50 values. Assuming consumption of a black tea beverage rich in theaflavins (a maximum of 50 mg
l-1 has been determined) or repeated consumption of larger quantities of
black tea the measured IC50 values for Dnmt3a inhibition, therefore, may
have biological significance and inhibition of this enzyme can be expected
under physiological conditions after black tea consumption. No data are
available on thearubigin pharmacokinetics but since a typical cup of tea
contains 60-70% of its dry mass of this mixture of compounds biological
significance can as well be assumed.
Two pieces of further work published recently touch on the problem
discussed here and are worth highlighting. Firstly, work by Vauzour et
al. showed that dietary polyphenols from berries of similar polarity and
structure compared to the polyphenols studied here, are able to cross the
blood brain barrier [48], therefore suggesting that brain target tissue could
be reached by the compounds under investigation. Secondly, recent work
by Müller-Harvey et al. reports an accumulation of tea polyphenols in cell
nuclei [49], suggesting that not only target tissue but target cell organelles,
in which Dnmt3a methylates DNA can indeed be reached by the compounds under investigation.
11.3.2 COFFEE POLYPHENOLS
Out of the twelve chlorogenic acid derivatives screened, seven showed
a minor inhibitory effect on Dnmt3a with one compound 1,3-dicaffeoylmuco-quinic acid diacetal (N12) showing a good IC50 value of 35 μM.
Since compound N12 is a synthetic derivative, not present in the human
diet, this finding has no direct dietary significance. However, the activity
of compound N12 clearly indicates that chlorogenic acid derivatives have
the potential to inhibit Dnmt3a and this derivative might serve as a lead
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compound to screen and identify further dietary compound possessing this
interesting biological activity.
Interestingly, all compounds showing inhibitory effects are diacyl
quinic acids, whereas monoacyl quinic acids showed no effect at all. As a
general trend caffeoyl derivatives seem to be more active if compared to
feruloyl derivatives and a 1,3-diacyl regiochemistry appears to be favourable. Similarly gallic acid and caffeic acid had no inhibitory effect at all
in contrast to the values reported by Lee & Zhu for Dnmt1 inhibition [12].
Despite the structural similarity of these two enzymes a predictive design
of inhibitors targeting both classes of enzymes does not seem possible,
which can be turned into an advantage considering that the compounds investigated by us and by Lee show remarkable selectivity for either Dnmt1
or Dnmt3a.
11.4 CONCLUSIONS
We have shown that the black tea polyphenols, in particular theaflavin 3,
3'-digallate N6 and thearubigin fraction inhibit Dnmt3a with a physiologically and nutritionally relevant IC50 value and therefore identified a novel
biological target that is able to rationalize both anti-carcinogenic activity
and mental health and performance related activity of black tea.
11.5 METHODS
11.5.1 EXPRESSION AND PURIFICATION OF DNMT3A-C
The mouse Dnmt3a C-terminal domain was expressed and purified as described [29,30]. The purity of protein was determined on 12% SDS-PAGE
gel stained with colloidal Coomassie Blue (Figure 1). Protein concentration was determined from the absorbance at 280 nm using an extinction
coefficient of 39290 M-1 cm-1.
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11.5.2 DNA METHYLTRANSFERASE ACTIVITY ASSAY
Kinetics of Dnmt3a-C was analyzed by using a Biotin-Avidin methylation
kinetics assay basically as described [50] using a biotinylated oligonucleotide substrate and [methyl-3H]AdoMet.
FP3 5'-TTGCACTCTCCTCCCGGAAGTCCCAGCTTC-3' FP3-Bt
5'-Bt-GAAGCTGGGACTTCCGGGAGGAGAGTGCAA-3'; The oligonucleotides were annealed by heating to 86°C for some minutes and slowly cooling down to ambient temperature. The methylation reactions were
carried out in methylation buffer [20 mM HEPES pH 7.2, 1 mM EDTA,
50 mM KCl, 25 mg/ml bovine serum albumin (BSA)] at 37°C, using 1 μM
substrate DNA, 0.76 μM AdoMet and 2.5 μM Dnmt3a-C. After the methylation reaction, the oligonucleotides were immobilized at various time
points on an avidin-coated microplate. The incorporation of [3H] into the
DNA was quenched by addition of an excess of unlabeled AdoMet to the
binding buffer. Subsequently, unreacted AdoMet was removed by washing five times with PBST containing 0.5 M NaCl. The immobilized DNA
was digested with a non-specific endonuclease to release the radioactivity
from the microplate. After digestion, 120 μl of the reaction mixture were
transferred to a fresh microplate and 160 μl of Microscint-PS scintillation
fluid (Perkin Elmer) was added to each well. Finally, the amount of methyl
groups transferred to the DNA and the solution obtained after nucleolytic
digestion was quantified by using the TopCount NXT liquid scintillation
counter. To determine the initial slope, the data were fitted by linear regression of the initial part of the reaction progress curves.
All the inhibitors were prepared in the DMSO at 5 mM stock. For the
screening purpose 100 μM concentrations of the inhibitors were used in
the reaction mixture. To detemine the apparent IC50 value for the potential
inhibitors, different concentration of the inhibitors were used in the reaction mixture (10 μM, 25 μM, 50 μM, 100 μM, 250 μM, 500 μM). The different concentrations of the inhibitors were incubated with Dnmt3a protein
for 10 min at room temp. The reaction was started by adding substrate and
cofactor and further incubated at 37°C for another 10 min then the reaction
was stopped by adding excess unlabelled AdoMet. The DMSO was used
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as control in each experimental setup to exclude the possible inhibition effect from the DMSO itself. All the inhibitor kinetics was done at duplicate
and standard error was calculated for the two experimental values.
11.5.3 ISOLATION AND SYNTHESIS OF INHIBITORS
EGCG N1 and (-)-epigallocatechin (N4), theaflavin (N2), theaflavin3-gallate (N3), theaflavin 3'-gallate (N5) and theaflavin 3, 3'-digallate
(N6) were from black tea obtained using published procedures (Figure
2) [33,51]. Thearubigin fractions (N7 and N8) were obtained from black
tea and characterised using published procedures [33,51]. All chlorogenic
acid derivatives were obtained by synthesis using published procedures
(Figure 2) [52].
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CHAPTER 12

Treatment of Human Muscle Cells
with Popular Dietary Supplements
Increase Mitochondrial Function
and Metabolic Rate
ROGER A. VAUGHAN, RANDI GARCIA-SMITH,
MIGUEL A. BARBERENA, MARCO BISOFFI, KRISTINA TRUJILLO,
AND CAROLE A. CONN

12.1 BACKGROUND
Obesity is an increasingly prevalent morbidity with nearly two thirds of
adult Americans overweight, half of whom are obese [1]. Obesity-related
health issues have been reported to increase healthcare costs by an estimated $147 billion annually [2]. Over the past decade, chemical and
behavioral interventions that favorably modify metabolic rate have been
central to obesity research.
Several over-the-counter dietary supplements claim to increase metabolic rate and enhance fatty acid catabolism. Of the available over-the-
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counter (OTC) dietary supplements, OxyElite Pro (OEP) produced by
USP Laboratory and Cellucore Super HD (CHD) are purported to increase
metabolic rate and fat metabolism [3].
OEP has been shown to increase markers of fat mobilization, metabolic rate (measured via indirect calorimetry), and reduce bodyweight and
body fat (estimated via Dual-energy X-ray absorptiometry) in healthy
young subjects following ingestion [3,4]. A key ingredient 1,3-dimethylamylamine (also known as germanium, geranamine or DMAA) has
been implicated for potential contraindications. DMAA is purported to
increase both systolic and diastolic blood pressure in young and healthy
men and women immediately following ingestion, although these observations have been inconsistent during longer treatments with OEP in
young men [4-7]. DMAA is also purported to cause false-positive results
for amphetamines on select immunoassays, a profound implication for
athletes with sanctioned governing bodies [8]. CHD, a newer dietary
supplement has very limited research regarding safety or efficacy. CHD
is advertised to increase metabolic rate and decrease fatty acid synthesis.
Many of the ingredients including caffeine have been previously linked
to increased metabolic rate. Moreover, because supplements commonly contain a variety of ingredients in proprietary blend forms, and few
controlled studies have been performed to address the metabolic effects
at the cellular level, further work is needed to identify possible metabolic effects. This work specifically addresses the effects that treatment
with OEP or CHD supplements have on metabolism in human skeletal
muscle cells.
Peroxisome proliferator-activated receptor coactivator 1 alpha (PGC1α) is a transcriptional coactivator that is essential for mitochondrial biosynthesis and activates genes that regulate energy homeostasis and metabolism [9-11]. PGC-1α increases fatty acid oxidation through increased
peroxisome proliferator-activated receptor alpha (PPARα) expression,
which increases forkhead box protein 1 (FOXO1), nuclear respiratory factors 1 and 2 (NRF1/2) and other factors influencing fat oxidation [12-14].
PGC-1α is also an important signaling molecule in the activation and regulation of gluconeogenesis, which is likely mediated through FOXO1 and
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estrogen-related receptor alpha (ERR-α) [12,15-18]. Thus, PGC-1α modifies metabolic rate and expression of genes involved in gluconeogenesis,
fat oxidation and mitochondrial biosynthesis [12-18].
Clinically, the relationship between low PGC-1α expression and type
II diabetes/obesity has been identified [19-22]. Low PGC-1α is also associated with reduced expression of oxidative phosphorylation genes, decreasing fatty acid oxidation and energy utilization [19,23,24]. Treatment
with the PGC-1α stimulator Rosiglitazone (through binding and activating PPARγ) increased mitochondrial density and function, while improving insulin sensitivity [25]. Further evidence suggests that an increase in
PGC-1α (independent of Rosiglitazone) can improve insulin sensitivity
and improve muscle function [25]. It has also been identified that PGC-1α
is essential for the recovery from the diminished ATP caused by chemical
uncoupling as evidenced by the lack of recovery in PGC-1α null cells and
animals [26].
Treatment with potent research-grade chemicals such as 2,4-dinitrophenol (DNP) and p-trifluromethoxy phenylhydrazone (FCCP) have been
shown to induce PGC-1α in fibroblasts [26]. Moreover, our laboratory recently identified that treatment with DNP or caffeine can induce PGC-1α,
and increase both metabolic rate and mitochondrial content in muscle cells
suggesting that commercially available metabolic stimulators might have
similar effects [27]. The well documented effects of PGC-1α on metabolism suggest that modulation of PGC-1α expression is a potential strategy
for altering metabolic rate.
Purpose. This work seeks to explore effects of treatment with OTC dietary supplements on mitochondrial and glycolytic metabolism in skeletal
muscle cells. Human rhabdomyosarcoma cells are a naturally immortalized cell model, frequently used for making inferences about muscle tissue
adaptations [27-31]. We show that treatment of muscle cells with OEP or
CHD at varied doses induce PGC-1α mRNA and protein in a dose and
time sensitive manner. We also illustrate that treatment with either OEP
or CHD increase mitochondrial content. This work identifies for the first
time the effects that several OTC diet supplements have on mitochondria
content and cell metabolism in muscle cells.
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12.2 METHODS
12.2.1 CELL CULTURE
Homo sapiens rhabdomyosarcoma cells were purchased from ATCC
(Manassas, VA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4500mg/L glucose and supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 100U/mL penicillin/streptomycin, in a humidified 5% CO2 atmosphere at 37°C. Trypsin-EDTA at
0.25% was used to detach the cells for splitting and re-culturing. Stock
Oxy Elite ProTM (OEP) from USP Labs (Dallas, TX) and stock Cellucore
HDTM (CHD) from Cellucore (Bryan, TX) purchased over the counter
were diluted to 2 dilutions that contain equivalent ingredient by weight;
high dose containing 90 μg/ml or low dose containing 45 μg/ml. Dose and
exposure times were determined through pilot experiments to significantly
increase PGC-1α (data not shown). Final concentration of ethanol was
0.1% for all treatments.
12.2.2 QUANTITATIVE REAL-TIME POLYMERASE CHAIN
REACTIONS (QRT-PCR)
Cells were seeded in 6-well plates at a density of 1 x 106 cells/well, treated
and incubated as described above for 12 or 24 hours. Following incubation, total RNA was extracted using RNeasy Kit from Qiagen (Valencia,
CA) and total RNA was quantified by Nanodrop spectrophotometry. RNA
(5000 ng/sample) was denatured at 75°C for 3 minutes and cDNA was
synthesized using random decamers and Moloney murine leukemia virus reverse transcriptase (MMLVRT) from the Retroscript™ RT kit from
Ambion (Austin, TX) for 60 minutes at 42°C and the enzyme denatured
at 92°C for 10 minutes. PCR primers were designed using Primer Express
software from Invitrogen (Carlsbad, CA) and synthesized by Integrated
DNA Technologies (IDT; Coralville, IA). For PGC-1α, the forward primer
was 5’-ACCAAACCCACAGAGAACAG-3’ and the reverse primer was
5’-GGGTCAGAGGAAGAGATAAAGTTG-3’. Amplification of PGC-1α
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was normalized to the housekeeping gene, TATA Binding Protein (TBP).
For TBP, the forward primer was 5’-CACGAACCACGGCACTGATT-3’
and the reverse primer was 5’-TTTTCTTGCTGCCAGTCTGGAC-3’.
qRT-PCR reactions were performed in triplicate using the LightCycler
480 real-time PCR system from Roche Applied Science, (Indianapolis,
IN). SYBR Green based PCR was performed in triplicate using an estimated 800 ng of cDNA per well to ensure a strong signal; final primer
concentrations were 10 μM in a total volume of 30μl. The following cycling parameters were used: 95°C for 10 minutes followed by 45 cycles of
95°C for 15 seconds, and 60°C for one minute. Relative expression levels
were determined by the change in crossing points of reaction amplification
(ΔΔCp method) between PGC-1α and TBP for each treatment compared
with the control group [32].
12.2.3 FLOW CYTOMETRY
Cells were plated in 6-well plates at a density of 1.2 x 106 cells/well treated
in triplicate and incubated as previously described above for 24 hours. Following treatment, the media was removed and the cells were re-suspended
in pre-warmed media with 200 nM Mitotracker Green from Life Technologies (Carlsbad, CA) and incubated for 45 minutes in a humidified 5% CO2
atmosphere at 37°C. The cells were pelleted, the media with Mitotracker
was removed and the cells were suspended in pre-warmed media. Group
mean fluorescence was measured using Facscalibur filtering 488nm.
12.2.4 MICROSCOPY AND IMMUNOHISTOCHEMISTRY
Chamber-slides from BD Bioscience (Sparks, MD), were seeded with
5000 cells/well. To verify PGC-1α protein expression, cells were cultured
and treated for 24 hours as described above. Cells were fixed using 3.7%
formaldehyde in media, permiabilized with PBS with 0.1% Triton 100X
from Sigma (St. Louis, MO) for 10 minutes and blocked for 1 hour with
PBS with 0.1% Triton 100X and 3.0% BSA from Sigma (St. Louis, MO).
Cells were stained with an anti-PGC-1α primary polyclonal antibody from
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Santa Cruz Biotechnologies (Santa Cruz, CA) at 1:200 dilution in PBS
with 0.1% BSA overnight. The cells were rinsed with PBS with 0.1% Triton 100X and 3.0% BSA, and secondary anti-rabbit AlexFluor 633 antibody from Invitrogen (Carlsbad, CA) was applied in 1:200 dilution. Slides
were mounted with Prolong Gold with DAPI from Invitrogen (Carlsbad,
CA) and cured overnight. Cells were imaged using the Axiovert 25 microscope with AxioCam MRc from Zeiss (Thornwood, NY). To verify
increased mitochondrial content, the cells were then stained with Mitotracker 200 nM from Invitrogen (Carlsbad, CA) for 45 minutes, and fixed
in 3.7% formaldehyde in pre-warmed media. Cells were mounted, cured
and imaged as described above.
12.2.5 METABOLIC ASSAY
Cells were seeded overnight in 24-well culture plate from SeaHorse Bioscience (Billerica, MA) at density 5 x 105 cells/well, treated and incubated
for 24 hours as described above. Following treatment, culture media was
removed and replaced with XF Assay Media from SeaHorse Bioscience
(Billerica, MA) containing 4500mg/L glucose free of CO2 and incubated
at 37°C. Per manufactures’ protocol, SeaHorse injection ports were loaded
with oligomycin, an inhibitor of ATP synthase which induces maximal
glycolytic metabolism and reveals endogenous proton leak (mitochondrial
uncoupling) at a final concentration 1.0 μM. Oligomycin addition was followed by the addition of carbonyl cyanide p-[trifluoromethoxy]-phenylhydrazone (FCCP), an uncoupler of electron transport that induces peak
oxygen consumption (an indirect indicator of peak oxidative metabolism)
at final concentration 1.25 μM. Rotenone was then added in 1.0 μM final
concentration to reveal non-mitochondrial respiration and end the metabolic reactions [33,34]. Extracellular acidification, an indirect measure of
glycolytic capacity, and oxygen consumption, a measure of oxidative metabolism was measured using the SeaHorse XF24 Extracellular Analyzer
from SeaHorse Bioscience (Billerica, MA). SeaHorse XF24 Extracellular
Analyzer was run using 8 minute cyclic protocol commands (mix for 3
minutes, let stand 2 minutes, and measure for 3 minutes) in triplicate.
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12.2.6 WST1 METABOLIC ASSAY
WST-1 is a widely used reagent that is metabolized by mitochondrial dehydrogenases through consumption of reduction potential resulting in the
fluorescence indicating changes in metabolism, cell proliferation and viability. We used the WST-1 assay as an indirect measure of cellular reduction potential which indicates cellular energy status. Cells were seeded in
96-well plates at density 5,000 cells/well and grown over night. Cells were
then treated with either ethanol control, or one of the designated OTC
supplement treatments and incubated as previously described above for 24
hours. Media and treatment were removed at each time point and media
containing 10% WST1 reagent was added to each well and incubated as
previously described above. Fluorescence was measured 1 hour following WST1 addition using Wallac Victor3V 1420 Multilabel Counter from
PerkinElmer (Waltham, MA).
12.2.7 CELL VIABILITY
Cells were seeded for 24 hours in 6-well plate with density 1.2 x 106 cells/
well and treated in triplicate and incubated as previously described above
for 24 hours. Trypan blue from Sigma (St Louis, MO) exclusion staining
was used to assess cell number and viability using Countess from Invitrogen (Carlsbad, CA) cell quantification system.
12.2.8 STATISTICAL ANALYSIS
PGC-1α expression, flow cytometry, metabolic assays and cell viability
were analyzed using ANOVA with Dunnett’s post hoc test and pairwise
comparisons were used to compare treatments with control. WST1 cell
metabolism analysis was performed using ANOVA and pairwise comparisons comparing treatments with control following reciprocal transformation of group log fluorescence and data normalization to control (control
metabolic rate = 1). Values of p < 0.05 indicated statistical significance in
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all tests and Prism from GraphPad (La Jolla, CA) was used to perform all
statistical analyses.
12.3 RESULTS AND DISCUSSION
12.3.1 PGC-1 EXPRESSION AND MITOCHONDRIAL
CONTENT
PGC-1α RNA was significantly induced following treatment for 12 or 24
hours with OEPHigh and Low or CHDLow compared with the control
group (Figure 1A and B, respectively). PGC-1α protein was imaged using
confocal microscopy and quantified with ImageJ using 7 cells per treatment (n = 7) which revealed significantly elevated PGC-1α protein following treatment for 24 hours with OEPHigh or CHDHigh (Figure 1C and
D). Flow cytometry with Mitotracker staining showed that treatment for
24 hours with either OEP or CHD significantly increased mitochondrial
content compared with ethanol control (Figure 2A). We used confocal microscopy to verify flow cytometry observations that OEP or CHD treated
cells had increased mitochondrial content (Figure 1B and C).
12.3.2 GLYCOLYTIC METABOLISM
In order to quantify changes in glycolytic metabolism, we measured extracellular acidification rate (ECAR), which was significantly increased in
cells treated with high dose supplements (Figure 3A). Treatment with either OEPHigh or CHDHigh significantly increased basal glycolysis compared with control (Figure 3B). Treatment with either OEPHigh or CHDHigh also significantly increased peak glycolytic capacity compared with
control (Figure 3C). OEPHigh or CHDHigh treatment also significantly
elevated glycolytic use during induction of peak oxidative metabolism
compared with the control group (Figure 3D). Cells treated with low-dose
OEP or CHD did not have greater basal or peak glycolytic capacity compared with control (data not shown).
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FIGURE 1: Group mean PGC-1α RNA and protein expression ±SD.A- Relative induction
of PGC-1α RNA following treatment of rhabdomyosarcoma cells with OEP or CHD at
90 μg/ml (High) or 45 μg/ml (Low) for 12 hours compared with ethanol control (control
=1). B- Relative induction of PGC-1α RNA following similar treatment for 24 hours. CImmunofluorescent quantification of PGC-1α protein expression from confocal microscopy
in (D) using 7 cells per treatment (n = 7) following treatment with OEP or CHD at 90 μg/
ml (High) for 24 hours compared with ethanol control. D- Confocal microscopy of PGC-1α
protein expression of cells treated as described above for 24 hours. NOTES: Dapi nuclear
stain (blue), PGC-1α protein (red), and green line represents 50 μm. * indicates p < 0.05,
** indicates p < 0.01 and *** indicates p < 0.001.
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FIGURE 2: Group mean mitochondrial content ±SD.A- Flow cytometric group mean
log fluorescence of rhabdomyosarcoma cells measured in triplicate using 10,000
cells per sample, treated with OEP or CHD at 90 μg/ml (High) or 45 μg/ml (Low). BImmunofluorescent quantification of cells treated as described above for 24 hours using
7 cells per treatment (n = 7). C- Confocal microscopy images of cells treated as described
above for 24 hours. NOTES: Dapi nuclear stain (blue), mitochondrial stain (green), and
red line represents 50 μm. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p
< 0.001.
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FIGURE 3: Group mean glycolytic metabolism ±SD.A- Extracellular acidification rate
(ECAR) of rhabdomyosarcoma cells treated with either ethanol control (final concentration
= 0.1%) or OEP or CHD at 90 μg/ml (High) for 24 hours. B- Baseline ECAR following
treatment described above. C- Peak ECAR following addition of oligomycin, an inhibitor
of oxidative phosphorylation. D- Peak ECAR during peak oxygen consumption rate (OCR)
following addition of carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone (FCCP),
a mitochondrial uncoupling agent, in addition to previously added oligomycin. NOTES:
* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001 compared with
control.
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FIGURE 4: Group mean oxidative metabolism ±SD.A- Oxygen consumption rate (OCR)
of rhabdomyosarcoma cells treated with either ethanol control (final concentration = 0.1%)
or OEP or CHD at 90 μg/ml (High). B- Baseline OCR following treatment described
above. C- OCR during peak ECAR following addition of oligomycin, an inhibitor
of oxidative phosphorylation. D- Peak OCR following addition of carbonyl cyanide
p-[trifluoromethoxy]-phenyl-hydrazone (FCCP), a mitochondrial uncoupling agent, in
addition to previously added oligomycin. NOTES: * indicates p < 0.05, ** indicates p <
0.01, and *** indicates p < 0.001 compared with control.
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12.3.3 OXIDATIVE METABOLISM
In order to quantify changes in oxidative metabolism, we measured oxygen consumption rate (OCR) which was also elevated in cells treated with
high dose OEP or CHD (Figure 4A). Treatment with either OEPHigh or
CHDHigh significantly increased basal oxidative metabolism compared
with control (Figure 4B). Treatment with either OEPHigh or CHDHigh
also significantly increased oxidative metabolism during peak glycolytic
capacity compared with control, an indicator of increased endogenous mitochondrial uncoupling (or potentially chemically-induced uncoupling)
(Figure 4C). Unexpectedly, only treatment with CHDHigh significantly
elevated peak oxidative metabolism compared with the control group
(Figure 4D). Cells treated with low-dose OEP or CHD did not consistently
exhibit greater basal or peak oxidative metabolism capacity compared
with control (data not shown). Only OEPHigh exhibited significantly
greater oxygen consumption compared with the control following addition
of rotenone, an indirect measure of non-mitochondrial respiration (data
not shown).
12.3.4 CELLULAR OXIDATIVE RELIANCE
To quantify changes in cellular reliance on oxidative metabolism, we
compared ECAR versus OCR. Oxidative reliance, indicated by a ratio of
OCR:ECAR was significantly increased in cells treated with high dose
OEP or CHD (Figure 5A). Specifically, cells treated with OEPHigh or
CHDHigh demonstrated significantly greater reliance on oxidative metabolism during basal measurements and during peak glycolysis compared
with the control group (Figure 5C and D, respectively).
12.3.5 BASAL METABOLIC RATE
To quantify changes in metabolic rate, we compared ECAR versus OCR.
Cells treated with OEPHigh or CHDHigh exhibited a significantly greater
basal ECAR and OCR, indicating increased metabolic rate (Figure 6A).
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Moreover, cellular metabolism indicated by WST-1 assay was significantly increased in cells treated with either dietary supplement compared with
control. Both OEP and CHD increased metabolism in a dose-dependent
manner compared with ethanol control (Figure 6B). To assess the effect
of supplement treatment on cell viability, we used Trypan blue exclusion
measured by Countess Cell Counter. Following 24 hour of treatment with
either ethanol or either of the supplements at either dose, cell viability was
not statistically different from control (data not shown).
This work identified several effects that dietary supplements OEP and
CHD have on metabolism and cellular adaptation in skeletal muscle cells.
First, we illustrated that both dietary supplements increase mitochondrial
density and content in part through induction of metabolic transcription
factor PGC-1α. Flow cytometry and microscopy experiments verified that
cells treated with either supplement exhibited significantly greater mitochondrial content versus ethanol control. We also employed metabolic experiments which identified that both oxidative and total metabolism were
significantly increased by both supplements compared with control. WST1 assay observations in combination with insignificant changes in cell viability also support the observation that both treatments significantly increased cellular metabolism.
Collectively, these results support the notion that stimulators of PGC1α and mitochondrial metabolism may have implications for many different metabolic diseases such as diabetes and obesity [19-21,25]. Previously, our lab has demonstrated that polyunsaturated fatty acids are dietary
constituents which stimulate PGC-1α and mitochondrial metabolism in
skeletal muscle cells [35]. Our current observations demonstrate the stimulatory effect of dietary supplements and support several of the previous
examinations of the effects of OEP on whole body metabolism [3,4]. This
report is among the first to demonstrate that the relatively new dietary
supplement CHD also increases metabolism. Lastly, this report is among
the first to show an increase in mitochondrial content following treatment
with OEP and CHD.

Treatment of Muscle Cells with Dietary Supplements

247

FIGURE 5: Group mean oxidative reliance ±SD.A- Metabolic reliance expressed as the ratio
of oxygen consumption rate (OCR) extracellular acidification rate (ECAR) OCR:ECAR
illustrating metabolic rate. B Oxidative reliance represented by a ratio of OCR:ECAR at
baseline. C- Oxidative reliance during peak glycolysis. D- Oxidative reliance during peak
oxidation. NOTES: * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001
compared with control.
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FIGURE 6: A- Group mean basal metabolic rate ± SD of rhabdomyosarcoma cells treated
with either ethanol control (final concentration = 0.1%) or OEP or CHD at 90 μg/ml (High)
plotted as ECAR versus OCR (data from SeaHorse assay).B- Change in metabolic rate
derived from reciprocal log fluorescence from WST1 metabolic assay with control = 1
indicating change in reduction potential within each well treated with either 0.1% ethanol
or OEP or CHD at 90 μg/ml (High) or 45 μg/ml (Low). NOTES: * indicates p < 0.05, **
indicates p < 0.01, and *** indicates p < 0.001 compared with control.
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12.3.7 LIMITATIONS
Our experiments were performed using a cancerous myoblast model known
to favor glycolytic metabolism as opposed to oxidative metabolism, which
may make our observations less generalizable to healthy mature skeletal
muscle. Additionally, we prepared culture media per ATCC recommendations containing high glucose; an environment previously shown to induce
insulin resistance in L6-myotubes [36]. It would be interesting to examine
the effects these supplements elicit from mature, differentiated myotubes
in various media. Further research is needed to elucidate the depth of cellular effects that these potent metabolic stimulators may have on metabolic diseases such as diabetes.
12.4 CONCLUSION
Manipulation of mitochondrial function provides many appealing possibilities for the treatment of several diseases including obesity. This work
illustrates that, although much of the biochemical framework has been
completed, there is still much to learn about the role that PGC-1α can play
in the treatment of various disease states. Further research is needed to
identify both behavior modifications and chemical agents that can elicit an
increase in mitochondria, because of the role that diminished mitochondria play in chronic diseases. It appears that increased PGC-1α expression
and activation accompanied by increased mitochondrial biosynthesis, may
be a viable treatment option for diseases such as obesity.
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