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Abstract: Obesity has reached epidemic proportions and is one of the greatest challenges
for public health in the twenty-first century. The macronutrient composition of diets, in
particular the amount and ratio of carbohydrates, fat and protein, have received considerable
attention in recent decades due to its potential relevance to the development of obesity and
weight loss. The effects of various macronutrients on body weight regulation are still under
debate. High-carbohydrate diets, and particularly high-fat diets, have been blamed for the
increase in the prevalence of obesity. This paper shows that neither fat nor carbohydrates are
fattening per se. Mixed diets with substantial amounts of fat and high-glycemic carbohy-
drates, like current WDs, are required to promote weight gain and obesity. High-glycemic
carbohydrates are the active partner (the “driver”), which promotes fat storage through its
insulinogenic effect, while fat is the passive partner (the “passenger”) on the way to obesity.
Elevated insulin levels (postprandial, but more importantly due to hypersecretion and
hyperinsulinemia) promote fat storage and play a key role in obesogenesis and the obesity
epidemic. Furthermore, mixed diets high in high-glycemic carbohydrates and fat promote
fetal programming, with long-term adverse impacts on the offspring, including insulin
hypersecretion, (childhood) obesity and metabolic diseases. Maternal obesity and high
weight gain during pregnancy have also been linked to deleterious effects on fetal program-
ming. As the global obesity epidemic increasingly affects women of reproductive age,
a significant percentage of fetuses will experience fetal programming with a tendency
towards obesity — a self-reinforcing process that further fuels the epidemic. A change in
lifestyle and diet composition is needed to prevent or limit the development of obesity and
related diseases.

Keywords: hypersecretion, hyperinsulinemia, fetal programming, weight gain, insulinogenic
Western diet

Introduction
Obesity has reached epidemic proportions and is one of the greatest challenges for
public health in the twenty-first century. According to the World Health Organization,
overweight and obesity remain the leading causes for premature death worldwide.' The
obesity epidemic, first noted in the US, has spread to all parts of the world during the
last decades and continues to rise at an alarming rate in both developed and developing
countries. Meanwhile, a dramatic increase in overweight and obesity has also been
recognized in children and adolescents. Despite intensive research, the causes of the
obesity epidemic remain incompletely understood.*

The traditional concept of energy balance implies that long-term weight main-
tenance requires a sustainable macronutrient balance so that the fuel mix consumed
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is equal to the fuel mix oxidized. Obesity results from
a chronic surplus of energy intake compared to energy
expenditure. Several factors are thought to interact to
produce a state of positive energy balance, including
diet, lifestyle, lack of physical activity, genetic, epigenetic,
metabolic, behavioral and environmental influences.”™

The macronutrient composition of diets, in particular
the amount and ratio of carbohydrates, fat and protein,
have received considerable attention in recent decades
due to its potential relevance to the development of obesity
and weight loss. The effects of various macronutrients on
body weight regulation are still under debate. High-fat as
well as high-carbohydrate diets have been blamed for the
increase in the prevalence of obesity.”

Diet Composition and Metabolic

Consequences

The macronutrients fat, carbohydrates and protein are bro-
ken down into glucose, fatty acids (FA) and amino acids.
Adenosine triphosphate is the main source of energy in the
human body. Most of it is produced in the mitochondria
through oxidative phosphorylation of glucose and FAs.
Glucose and FAs serve as main fuels, amino acids serve
as building blocks or can be converted into glucose or fat
for storage or oxidation.”

Macronutrient composition has significant metabolic
consequences regarding substrate use and storage.
Depending on diet composition, an ‘“‘adipocentric” or
a “glucocentric” metabolism develops.'® Low-carbohydrate
1'%), like the traditional

diets of some hunter-gatherer societies,'' are associated with

diets (for definition see Westman et a

an adipocentric metabolism. Low-carbohydrate diets are
metabolically “simple”. FAs and ketone bodies, produced
by the liver from FAs, serve as the main fuel sources. Fat is
easily stored and released into circulation on demand, while
glucose is primarily provided for glucose-dependent tissues.
This clear separation of cell fuels is maintained during feed-
ing and fasting. Glucose-dependent tissues (ie red blood
cells, retina, lens, and renal medulla) receive glucose through
gluconeogenesis and glycogenolysis. Proteins serve both as
building blocks and as sources of energy. In contrast, mixed
diets with substantial amounts of carbohydrates and fat, like
(WD),
a glucocentric metabolism.'®'? Here, the situation is more

current Western diets are associated with
complex, since glucose and FAs both serve as main fuels,
competing for mitochondrial oxidization. Basically, mito-

chondria are able to select fuel in response to nutritional

circumstances and switch freely between alternative fuels
in order to adjust fuel oxidation to fuel availability (termed
as “metabolic flexibility””), but function smoothly best when
acetyl-CoA is produced from one fuel at a time. Therefore,
a glucocentric metabolism requires nutrient partitioning in
order to avoid mitochondrial congestion and metabolic
“gridlock”."?

Nutrient partitioning is primarily mediated by the
counter-regulatory hormones insulin and glucagon.
During the fed state, a high insulin/glucagon ratio pro-
motes lipid storage, while glucose serves as the main
fuel. In the fasted state, a high glucagon/insulin ratio
stimulates lipolysis, and FAs serve as the main fuel,
while glucose supply to glucose-dependent tissues is pro-
vided
Therefore, during the fed state, glucose serves as the

through gluconeogenesis and glycogenolysis.
main fuel and fat is stored, while during the fasted state,
FAs serve as the main fuel and glucose is preserved for

. 10,12
glucose-dependent tissues.

Dietary Fat or Carbohydrates: Who
is the Culprit?

Fat

It is widely held that diets high in fat are mainly respon-
sible for the epidemic of obesity.*® However, if fat per se
is fattening, diets containing very high amounts of fat
should cause weight gain and obesity. Numerous studies
have shown that ad libitum high-fat, low-carbohydrate
ketogenic diets (<50 g carbohydrates/day, preferably of
low-glycemic type) do not promote weight gain, but
weight maintenance or weight loss.' A number of ad
intake

libitum feeding studies showed that caloric

decreases spontaneously and weight loss is induced in

1415 and non-obese individuals'®!’

obese when carbohy-
drate intake is restricted. The fact that ketogenic diets are
very high in fat contradicts or at least does not support the
view that the energy density of diets is the main driver
behind the development of obesity.'® Although the hunger-
reducing effects of ketogenic diets are well documented,
the mechanisms are still under debate. Evidence suggests
that ketone bodies, mainly beta-hydroxybutyrate, may
directly suppress appetite via changes in plasma levels of
the “hunger hormone” ghrelin.'® Furthermore, a decrease
in insulin levels may play a role. On the one hand, sup-
pression of insulin, for instance with octreotide or diaz-

oxide, leads to weight loss.”® On the other hand, several
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studies have found that insulin increases food intake and
that foods with a high insulin response are less satiating.'

Carbohydrates
Carbohydrates currently play an extremely important role
in human nutrition. WDs contain carbohydrate staples that
are mostly high-glycemic in effect, like refined cereals
(currently, 85% of the cereals consumed in the US diet
are highly processed refined grains), corn, potatoes and
sugars.'" Sugar (sucrose and fructose) in particular is con-
sumed in large quantities, not only in beverages but also as
sweets and as an additive in bakeries and ready meals.
Carbohydrate is the macronutrient with the greatest impact
on postprandial blood glucose and insulin response. The
glycemic index (GI) and glycemic load (GL) are major
determinants of postprandial glucose excursion. The GI
ranks carbohydrates according to their effect on blood
glucose levels. The higher the GI, the faster and higher
the rise in postprandial blood glucose levels (and vice
versa). GL is another method for evaluating the glycemic
effect of carbohydrate foods, considering the serving size
(GL = the product of GI and amount of carbohydrate of
a meal).?""*? A high GI, a high GL and a high postprandial
insulin response are characteristic features of current WDs.
The plasma concentration of glucose is strictly regu-
lated, and excess glucose must be removed from the cir-
culation immediately. Glucose homeostasis therefore
requires a continuous balance between glucose transport,
storage and metabolism. The fate of the glucose ingested
depends on the nutritional and metabolic context. Glucose
can be oxidized (for energy generation), dissipated (via
thermogenesis), stored as glycogen (mainly in liver and
skeletal muscles) or converted to fatty acids in the liver
fat
balance).>® According to animal and human studies, pro-

(without a significant contribution to the total

tein and carbohydrate intake promotes its own oxidation.**
Therefore, the human body is extremely good at adapting
carbohydrate oxidation to carbohydrate intake.

It has been suggested that high-carbohydrate diets
represent a key factor in the development of obesity.”*
However, if carbohydrates per se are fattening, diets con-
taining very high amounts of carbohydrate should cause
weight gain and obesity. A number of ad libitum feeding
studies (in rodents and humans) with high-carbohydrate
/low-fat diets do not support this view. These diets con-
sumed ad libitum (and not designed as low-glycemic car-
bohydrate diets) did not cause weight gain, but rather

(moderate) weight loss.>> 2®

It Takes Two to Tango
As shown above, neither carbohydrates nor fat are fatten-
ing per se. In fact, it requires mixed diets with substantial
amounts of fat and high-insulinogenic carbohydrates, like
current WDs, for weight gain, as feeding studies on
rodents and humans have shown. So-called ‘“high-fat
diets” are not only high in fat, but usually also contain
substantial amounts of high-glycemic carbohydrate. For
example, while low-carbohydrate/high-fat ketogenic diets
promote weight loss, mixed high-fat/high-
glycemic carbohydrate research diets, like D12492 (60%
fat, 20% carbohydrates [sucrose and maltodextrin], 20%
protein) or D12451 (45% fat, 35% carbohydrates [sucrose,
maltodextrin, cornstarch], 20% protein) are used to cause
obesity in animal studies.”” An ad libitum feeding study in
mice, comparing fat mass gain over 8 weeks of free access
to unrefined low-fat, refined low-fat, and refined high-fat
diets showed that significant weight gain only occurred in
the refined high-fat group.®® In a prospective rodent feed-
ing study comparing a low-fat/low-sugar standard diet and
a high-carbohydrate/high-fat WD, mice on the WD
quickly became hyperphagic, gained weight and became
obese.®! Ad libitum feeding studies in humans comparing
mixed carbohydrate/low-fat and carbohydrate/high-fat
diets provided similar results.*> Weight gain was propor-
tional to the fat content of a mixed diet in another feeding
study. Female C57BL/6J mice were fed different levels of
a safflower oil (10, 20, 30, 40, 50, and 60% of total
energy) diet ad libitum for 15 weeks. Graded increments
of body weight and fat mass were observed, and signifi-
cant weight increases were manifested in diets with 30%
fat and more.*?

As mixed (high-fat, high-
carbohydrate) diets have a glucocentric metabolism, in

mentioned before,

which glucose is oxidized and fat stored during feeding,
while fatty acids are released and oxidized in the fasted
state. Under normal physiological conditions, the fat
stored during feeding is oxidized during the fasting inter-
val between meals and especially during the night, which
leads to a sustainable macronutrient balance and a stable
body weight.

However, mobilization and oxidation of FFAs in the
fasted state depend on the normalization of insulin levels,
since high insulin levels prevent lipolysis while maintain-
ing FFA re-esterification.®® Depending on diet and life-
style, for instance, frequent snacking and consumption of

sucrose-containing beverages, fasting intervals may be
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too short to oxidize all of the fat stored during the fed
state. As a result, part of the (daily) stored fat can remain
stored and cause temporary weight fluctuations or contri-
bute to a gradual increase in fat mass. Even small differ-
ences in substrate oxidation may cause long-term gradual
weight gain. High-glycemic carbohydrates produce a high
insulin response that promotes postprandial oxidation of
carbohydrates at the expense of fat oxidation.”"® Therefore,
the main regulator of fat oxidation in the human body is
the amount and, in particular, the quality of carbohydrates
consumed and the related insulin response. Postprandial
insulin levels control fat oxidation and therefore, body
weight. Lowering insulinemia through the use of low-GI
foods leads to better access to fatty acids as a fuel source,
which promotes greater fat oxidation.’® As an example,
despite a relatively high proportion of fat, an ad libitum
low-glycemic load diet (40% carbohydrate and 35% fat)
promoted body fat loss over 6 months and completely
prevented weight gain in a subgroup of obese young adults
over the following 12 months.*”

A Key Role of Insulin

Hypersecretion/Hyperinsulinemia

Genetic/epigenetic or diet-induced insulin hypersecretion
and (fasting) hyperinsulinemia may be more important for
significant weight gain than the physiological postprandial
insulin response. While insulin resistance (IR) and compen-
satory hyperinsulinemia are traditionally thought to be
caused by visceral obesity, significant evidence suggests
that insulin hypersecretion and hyperinsulinemia precede
(and are involved in) the development of IR and
obesity.”**** Insulin hypersecretion is a key characteristic
of obesity** and is significantly more prevalent in obesity
than IR.*® Hyperinsulinemia is the result of both compen-
satory (to IR) and primary hypersecretion of insulin.*® The
increase in insulin secretion appears to be due to excessive
insulin output from an unusually large functional B-cell
mass.*> A body of literature places hyperinsulinemia
mechanistically upstream of diet-induced obesity. Insulin
hypersecretion and fasting hyperinsulinemia significantly

. . 38,40,46-51
accelerate weight gain,”™"™"

especially in the presence
of high-fat diets. The importance of abnormally increased
insulin levels for weight gain is supported by a large number

40,52,53 and animals.39,50,54—58 In

of studies in humans
a prospective study by Sigal et al>® on insulin-sensitive
adults, weight gain over a 16-year period correlated with

the magnitude of the acute insulin response to glucose. High

rates of weight gain occurred in individuals who presented
with an acute glucose-stimulated insulin hypersecretion,
and this effect was particularly evident in insulin-sensitive
individuals. In French children, an augmented early post-
prandial insulin response, likely due to B-cell dysfunction
and dysregulation, was the earliest metabolic change in
adolescent obesity development.*® Also, in a cohort of 83
children who were followed for 6 years, an increase in
fasting insulin levels was significantly associated with an
increase in body fat.>® Similarly, fasting plasma insulin
concentrations were found to correlate with the rate of
weight gain in Pima Indian children.®* The Da Qing
Children Cohort Study also showed that fasting plasma
insulin levels in early childhood are an independent pre-
dictor of subsequent weight gain over a 5-year follow-up
period,>® and a study of insulin dynamics among obese
schoolchildren showed that insulin hypersecretion preceded
the development of IR by several years.®’ The CARDIA
study examined 3095 young adults over a 7-year period and
found that a 5 pU/ml increase in fasting insulin predicted a
5 kg/m2 increase in body mass index (BMI) after race and
gender adjustment.®? Experimental hyperinsulinemia
imposed on normal rats resulted in hyperphagia, weight
gain and onset of IR within a few days.’® Also, randomized
clinical studies show that treatment with insulin or an insu-
lin secretagogue leads to increased fat deposition and
weight gain.®

In an obesity rat model, ventromedial hypothalamic
lesions caused excessive insulin secretion, hyperphagia
and persistent weight gain that can be blocked by pancrea-
tic vagotomy.””>® Similarly, children with hypothalamic
obesity after CNS insult exhibited insulin hypersecretion
and weight gain which responded to octreotide-mediated
insulin suppression with weight loss.®* Likewise, suppres-
sion of acute insulin secretion in a subset of obese adults
manifesting insulin hypersecretion without IR promoted
weight loss.®

WDs may play an important role in the development of
insulin hypersecretion and hyperinsulinemia since these diets
induce a high postprandial insulin response®® which may be
further increased by the insulinotropic effect of high satu-

rated fat intake.®

The high need for insulin in response to
WDs and lifestyle (such as frequent snacking and consump-
tion of sucrose-containing soft drinks) puts significant stress
on B-cells, which may lead to hypertrophy and dysfunction
and ultimately hypersecretion in response to mnormal
meals.*****"™* Indeed, hyperinsulinemia was found to be

associated with B-cell hyperplasia and enhanced secretory
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capacity.*'** Animal feeding studies™¢"~"°

support a causal
role of high-insulinemic/high-fat diets in the development of
hyperinsulinemia and obesity. Female mice fed a high-fat
research diet (D12492) for 12 weeks became hyperinsuline-
mic, obese and insulin-resistant. Additionally, they had
enhanced insulin gene expression, increased B-cell mass
and augmented glucose-induced insulin secretion.®’
Prolonged feeding of Wistar rats with a diet rich in high-
glycemic index starch and fat, similar to WDs, resulted in
insulin hypersecretion and weight gain.®® Rats fed ad libitum
with a sucrose-rich diet developed hyperinsulinemia and
weight gain.’>* In a prospective feeding study, nonhuman
primates were randomized to either a Western or
Mediterranean diet for 2.5 years. Compared to the
Mediterranean group, the Western group developed an
increased insulin response to glucose challenge, increased
intake and significant weight gain.”® Further, in a rat model of
obesity, four-day-old rats reared on a high-carbohydrate milk
formula (56% of calories from carbohydrates compared to
8% in rat milk) responded immediately to the milk formula
with the onset of hyperinsulinemia. A greater number of
small-sized islets and an increase in the number of islets
per unit area were observed in the pancreas. Chronic hyper-
insulinemia was accompanied by development of obesity in
the post-weaning period. Female rats spontaneously trans-
mitted their metabolic characteristics to their progeny.
The second generation spontaneously became chronically
hyperinsulinemic and obese.”’ On the other hand, attenuation
of diet-induced insulin hypersecretion in young growing
mice provided protection against obesity throughout adult
life.””

Development of IR has been reported to limit insulin-
mediated weight gain.”®> Since insulin controls metabolic
flux, storage and disposal of glucose, FAs and amino acids,
insulin sensitivity is a prerequisite for functioning fuel
partitioning. With development of IR, FAs are no longer
adequately stored in adipose tissue and even released into
circulation during the absorptive state.'*’* Increases in
circulating FFAs produce or are associated with (immedi-
ate or delayed) increases in FA versus glucose oxidation in
skeletal muscle, with effects on weight gain.”®> Consistent
with this, IR was associated with a lower rate of weight
gain in a population of nondiabetic Pima Indians.”” Also,
in the Rancho Bernardo cohort study, development of IR
preceded weight loss among older, community-dwelling
adults without diabetes.”®

In addition to refined carbohydrates, fructose may play
a particularly important role in the development of

hyperinsulinemia, despite a low GI.?' Feeding studies in
rats have shown that diets rich in fructose cause hypertri-
glyceridemia and significant hyperinsulinemia. It should
be borne in mind that WDs are high in fructose (as part of
the disaccharide sucrose and in the form of fructose corn
syrup) as a sweetener for soft drinks and as an additive for
ready meals.”” In fact, fructose corn syrup consumption
increased by >1000% in the United States between 1970
and 1990.”®

Increased ROS production and oxidative stress (OS)
also have been implicated in the development of insulin
hypersecretion/hyperinsulinemia.*®"**"  Consistent with
this, WDs,®' diets high in sucrose®” and diets with a high
GL™ produce high ROS levels and OS. Postprandial glu-
cose excursions correlate directly with the ensuing
increase in free radicals.*® In contrast, low-glycemic
diets, like Paleolithic and Mediterranean diets®® and keto-
genic diets® are associated with low OS.

In summary, mixed diets with high-insulinogenic car-
bohydrates and fat are required to promote weight gain
and obesity. Carbohydrates hardly contribute to fat mass,
but they have control over insulin and thus over fat sto-
rage. Diet-related long-term elevated insulin levels (post-
prandial, but more importantly due to hypersecretion/
hyperinsulinemia) can promote significant weight gain
(Figure 1). Therefore, high-glycemic carbohydrates are
the active component, that promotes fat storage via its
insulinogenic effect, while fat is the passive component.
In a simple analogy, high-insulinogenic carbohydrates are
the “driver” while fat is the “passenger” on the way to
obesity.

Genetic/Epigenetic Aspects
B-Cells

Genetic and epigenetic factors may be responsible for
differences in sensitivity and reactivity of p-cells to high-
glycemic carbohydrates as a cause of insulin hypersecre-
tion. In a bidirectional Mendelian randomization study,
increased genetically determined insulinemia was strongly
associated with higher BMI, while higher genetically
determined BMI was not associated with insulinemia.®’
A study by LeStunff et al®® suggests that young obese
patients with variants in the insulin promoter gene (vari-
able number of tandem repeat locus) secrete more insulin
than those with other genotypes. Increased susceptibility
and insulin hypersecretion may — at least in part — be due
to fetal programming.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13
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Figure | Proposed driver/passenger model of obesity.
Abbreviations: HF/HIC, high-fat/high-insulinogenic carbohydrate; FOAD, fetal
origin of adult disease; HI, hyperinsulinemia.

Fetal Programming

Fetal programming is also involved in obesity develop-
ment. In particular, the dramatic increase in overweight
and obesity in children and adolescents® can at least par-
tially be attributed to this metabolic alteration. High-
glycemic diets play an important role in this.

The Fetal Origins of Adult Disease
(FOAD) Hypothesis

Prenatal development is a critical stage in the etiology of
human diseases. While the fetus has a considerable ability
to adapt metabolically to suboptimal environments, this
adaptation often causes an increased susceptibility of the
offspring to chronic diseases later in life, as both animal
models and studies in humans have shown. The FOAD
hypothesis has been the subject of much study in the last
decades. Today, compelling evidence exists in support of
the hypothesis. It implies that many maternal socio-
demographic and lifestyle factors, such as diet, smoking,
physical inactivity and psychosocial stress during sensitive
development phases of pregnancy lead to changes in struc-
ture, physiology and metabolism of the fetus (“fetal pro-
gramming”), that these effects are persistent and make
people vulnerable to the development of obesity and

related diseases.®* !

In humans, birth size serves as a surrogate marker of the
intrauterine environment and fetal development. A number
of epidemiological studies have confirmed a relationship
between birth weight and increased risk of metabolic
diseases.” A large body of experimental evidence indicates
that the primary maternal environmental factor which reg-
ulates fetoplacental growth is substrate delivery to the
placenta.’’”*™*> The nutritional milieu during pregnancy
and proper nutrition of the fetus therefore play key roles.
Both the maternal diet and the metabolism during preg-
nancy have a significant impact on fetal development and
long-term health.’®®” Epigenetic dysregulation has been
reported to mediate the effects of early nutrition on adult
disease susceptibility.*>****® In an overfeeding-based rat
model, exposure to maternal obesity resulted in changes in
DNA methylation of pro-adipogenic genes in adipose tissue
in the offspring, preceding the development of obesity.”®

Early studies focused on the relationship between
maternal malnutrition (protein and/or calorie restriction)
and low birth weight of the offspring. Children with low
birth weight have an increased risk of developing meta-
bolic disorders like diabetes, hypertension, obesity and
more later in life.”""

Further studies showed that not only malnutrition, but
also overeating can adversely affect the development of
the fetus which manifests itself in high birth weight.
Macrosomia, or high infant birth weight, is associated
with an increased risk of complications for both mother
and infant during delivery and in the perinatal period.
Adverse health outcomes and birth weight were found to
have a U-shaped relationship, with offspring born at low
birth weights from under-nourished mothers and high birth
weights from over-nourished mothers having the greatest
risk for disease later in life.'” In the Western world,
obesogenic WDs are commonly consumed during preg-
nancy. Both in human and animal models, overfeeding
with WDs can lead to an adverse metabolic profile and
a tendency towards obesity, IR and related diseases in
adulthood.”**%?7-1%! In addition, Western-style diets can
increase the B-cell mass in the offspring and cause insulin
hypersecretion.'*%!?

Maternal hyperglycemia in particular is a major risk
factor for fetal programming.”’-***>% Glucose is essential
for normal fetal metabolism and fetal growth, and there is
a direct correlation between maternal blood sugar levels
and the size at birth, as a longitudinal study in non-
diabetic, non-obese pregnant women showed. Maternal
postprandial glycemia, even within the normal range,
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was strongly associated with birth weight in the third
trimester.'® Another prospective randomized study con-
firmed that high-glycemic diets increase growth rate and
size at birth while low-glycemic diets decrease it. In this
study, 12 healthy pregnant women were randomized to
a low-glycemic diet or an isoenergetic diet that mainly
contained high-glycemic carbohydrates. The women in
the high-glycemic group experienced excessive weight
gain and were delivered of symmetrically larger infants
(averaging 800g more than in the low-glycemic group) and
larger placentas.”

A mismatch between an (evolutionary) genetic pro-
gram and an inappropriate diet during pregnancy may
play a key role in this regard.

Insulin Action During Pregnancy

Human pregnancy is accompanied by a physiologic tran-
sient IR, beginning around the 10th week. The second and
third trimesters are characterized by IR with a nearly 50%
decrease in insulin-mediated glucose disposal. After deliv-
ery, IR abates.'” The main purpose of this metabolic
program is to provide the fetus with vital nutrients, espe-
cially glucose, the main energy substrate for the placenta
and fetus and an important building block. Due to the IR
of pregnancy, maternal metabolism uses more fat than
glucose to generate energy, saving glucose for the meta-
bolic needs of the developing fetus.'® It must be borne in
mind that this metabolic program has evolved in connec-
tion with the low-glycemic diets that our ancestors lived
on over a very long period of human evolution; the uncul-
tivated high-fiber plant-based foods such as roots, tubers,
wild herbs, berries, nuts, vegetables and fruits provided
only relatively small amounts of glucose, compared to
today’s cultivated vegetables, fruits and refined
cereals."'*® In a “low-glucose environment”, this meta-
bolic program of pregnancy makes perfect sense.
However, WDs interfere with this hereditary adaptation.
Diets with a high content of highly processed, quickly
digestible and absorbed carbohydrates provide large
amounts of glucose. While glucose uptake in insulin-
resistant maternal tissues is reduced, glucose can cross
the placenta unhindered. Since insulin is not able to cross
the placenta, the fetal pancreas is forced to produce large

1.12

amounts of insulin for blood sugar control. © According to

Pedersen’s hyperglycemia-hyperinsulinism hypothesis,'*®
excessive maternal glucose crossing the placenta causes
fetal hyperglycemia and hypertrophy of fetal islet tissue

with insulin hypersecretion. Fetal hyperinsulinemia, plus

a large supply of glucose substrate greatly enhance protein,
lipid and glycogen synthesis, and thus promote fetal
macrosomia®>'%%107
IR.108

Birth weight is also influenced by the degree of mater-

and development of intrauterine

nal IR, which determines the nutrient flux to the fetus. In
a retrospective observational study on non-obese, non-
diabetic pregnant women to assess the relationship
between maternal IR and birth weight in uncomplicated
pregnancies, postprandial insulin levels and HOMA-IR
were positively correlated with birth weight and the risk
of giving birth to a large-for-gestational-age (LGA)
infant.'® Overweight women begin their pregnancy with
a higher IR (compared to their normal weight counterpart)
which increases by an additional 50-60% in the course of
pregnancy.''® Maternal obesity at conception therefore can
have significant adverse effects on fetal development and
increases the risk of both fetal macrosomia and growth-
childhood
diseases.””''""!'? In addition to pre-existing obesity, high

restricted  infants, obesity and related
weight gain during pregnancy is also associated with
increased fetal growth and later childhood obesity
(Figure 1)."'* Consistent with this, feeding studies showed
that a high-GI diet is associated with greater maternal
weight gain at birth,”” larger placentas, and increased
birth weight compared to a nutritionally balanced, low-
GI diet.”>"'* Low-GI diets reduce the risk of LGA infants
without increasing the number of small-gestational age
3695114 Cohort that

glycemic) dietary patterns which are mainly based on

infants. studies indicate (low-
fruits and vegetables, whole grain bread, milk, fish,
chicken and lean meat have a positive effect on the for-
mation of a normal placenta and the developing fetus and

are associated with a reduced risk
96,101,115,116

of pregnancy
complications.

Developmental programming is not limited to the in
utero environment. Studies by Bayol et al''” have also
identified the lactation period as a critical time window.
Diet composition during this period can have a significant
impact on the child’s development. “Junk food” as well as
nutrient-enriched formula feed (containing extra protein
and energy from carbohydrates or fat and other nutrients),
commonly used as an alternative or supplement to breast-
feeding, have been implicated in neonatal and infant
growth acceleration and increased risk of childhood
obesity.”>"!""® As noted already above, puppies fed
a high-carbohydrate milk formula immediately after birth
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developed hyperinsulinemia and adult obesity, which was
passed on to the next generation.”'

OS seems to play a central role in fetal programming.'"
As mentioned before, WDs,®' diets high in sucrose®* and
diets with a high GL*® produce high ROS levels and OS,

while low-glycemic diets are associated with low OS.'*

Final Remark

WDs also play a key role in the development of obesity-
related diseases (“civilization diseases”), including dia-
betes, heart disease, stroke, cancer and other more. The
relationship between WDs and the development of civili-
zation diseases has been described elsewhere.*®

Summary and Conclusions

The evidence presented shows that diet composition plays
a key role in the development of obesity. Neither fat nor
carbohydrates are fattening per se. Mixed diets with high-
glycemic carbohydrates and fat, like current WDs, are
required to promote weight gain and obesity. Animal studies
indicate that weight gain is proportional to the fat content
(with significant weight increases at 30% fat and more) and
that already 20% of high-insulinogenic carbohydrates in
a high-fat diet are sufficient to cause significant weight
gain.>>* High-glycemic carbohydrates are the “driver” and
promote fat storage through their insulinogenic effect, while
fat is the “passenger” on the way to obesity. Elevated insulin
levels (postprandial, but more importantly due to hypersecre-
tion and hyperinsulinemia) promote significant fat storage
and play a key role in obesogenesis and the obesity epidemic.
The importance of high-insulinogenic carbohydrates in the
development of obesity is illustrated best by direct compar-
ison of two papers cited before: a Western ad libitum diet
(40% fat, 43% high-glycemic carbohydrates, mostly sucrose)
caused obesity>" while an ad libitum diet with 40% carbohy-
drates with a low glycemic load promoted fat loss despite
a relatively high fat content of 35%.%’

In addition, a maternal diet high in high-glycemic car-
bohydrates and fat promotes fetal programming, with long-
term adverse impacts on the offspring, including insulin
hypersecretion, (childhood) obesity and metabolic diseases.
Maternal obesity and high weight gain during pregnancy
have also been linked to deleterious effects on fetal pro-
gramming. As the global obesity epidemic increasingly
affects women of reproductive age, a significant percentage
of fetuses will experience fetal programming with
a tendency towards obesity - a self-reinforcing process
that further fuels the epidemic.

Changing our lifestyle towards healthy eating and more
physical activity may help reduce or prevent the development
of obesity. A number of dietary patterns, both macronutrient-
and food-based, have been suggested for weight loss and/or
the of obesity,
a Mediterranean eating pattern, a Paleolithic eating pattern,
low-fat/high-carbohydrate diets, low-carbohydrate diets, keto-
genic diets, low-glycemic diets and more."?' There is probably

preventing development such as

no one-size-fits-all dietary strategy for weight loss and obesity
prevention. However, significantly reducing the intake of
high-glycemic foods is certainly a prudent strategy, not only
for weight management (especially in individuals with insulin
hypersecretion) but also for the prevention of fetal program-
ming and for health reasons.”**'#* Consistent with this,
abody of evidence, including prospective cohort observational
studies, randomized controlled trials and mechanistic experi-
ments in animal models, supports the effectiveness of low-GI
and low-GL diets in preventing obesity.*
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