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Abstract

Metabolic syndrome is reaching epidemic proportions, particularly in developing countries. In this
review, we explore the concept—based on the developmental-origin-of-health-and-disease
hypothesis—that reprogramming during critical times of fetal life can lead to metabolic syndrome
in adulthood. Specifically, we summarize the epidemiological evidence linking prenatal stress,
manifested by low birth weight, to metabolic syndrome and its individual components. We also
review animal studies that suggest potential mechanisms for the long-term effects of fetal
reprogramming, including the cellular response to stress and both organ- and hormone-specific
alterations induced by stress. Although metabolic syndrome in adulthood is undoubtedly caused
by multiple factors, including modifiable behavior, fetal life may provide a critical window in
which individuals are predisposed to metabolic syndrome later in life.
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1. INTRODUCTION

Compelling evidence indicates that stressful environmental conditions during sensitive
periods of early development cause a predisposition to chronic disease later in life (1). The
premise of this concept, known as the developmental-origin-of-health-and-disease
hypothesis, is that the fetus adapts to its environment. Specifically, the developing fetus
senses the environment during specific windows of sensitivity and optimizes future
metabolic responses by reprogramming its genome. This reprogramming favors early
survival and reproductive success but potentially causes a predisposition to disease in later
stages of life (2).
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Here we summarize the epidemiological evidence linking prenatal stress to the development
of metabolic syndrome (MS) and review animal studies that reveal potential mechanisms for
the long-term effects of fetal stress. Excellent reviews on the topic exist (3-5). Our focus is
on the primary mechanisms and potential molecular pathways by which organ dysfunction
occurs and leads to components of MS.

2. FETAL REPROGRAMMING

A quarter of a century ago, Barker & Osmond (1) sat the University of Southampton,
England, crystallized the concept of fetal programming and early origin of adult disease by
suggesting that stress in utero, as manifested by low birth weight (LBW), increases the risk
of cardiovascular disease and stroke in specific areas of England and Wales. Prior
researchers had formulated similar hypotheses on the basis of findings in humans (6, 7) and
animals (8). Hales & Barker (9), however, provided a mechanistic explanation by proposing
the thrifty phenotype hypothesis to complement the already existing thrifty genotype
hypothesis (10). According to Hales & Barker’s hypothesis, fetuses exposed to suboptimal
conditions during uterine life program developmental processes in anticipation of similar
suboptimal conditions in postnatal life. If postnatal conditions are instead optimal and
resources are abundant, the organism is ill-prepared to cope with the different environment
and hence is more susceptible to developing diseases (11).

Integral to the concept of reprogramming is the existence of critical windows of sensitivity,
during which the organism is particularly sensitive to the environment. The Barker
hypothesis identified the uterine period as a key period of developmental plasticity;
however, it is now clear that there are additional windows of sensitivity, including the
preconception period and early postnatal life (Figure 1) (12).

Indeed, some critics of the Barker hypothesis emphasize that early postnatal stress is at least
as important as in utero stress in determining long-term effects and introduced an alternative
hypothesis—that exposures or insults gradually accumulating through episodes of illness,
adverse environmental conditions, and behaviors increase the risk of chronic disease and
mortality (13). In this so-called life course hypothesis, lifestyle factors in adulthood make a
much greater contribution than in utero stress. According to this view, in utero stress causes
a predisposition to disease that is manifested only if an additional stress occurs later in
postnatal life (e.g., obesity or high-fat diet). This is exemplified by the increasing incidence
of diabetes in low- and middle-income countries, where the combination of poor nutrition in
utero and overnutrition in later life is common (14).

Another important concept is that the effects of in utero stress differ according to the timing
of its occurrence. In rats and sheep, maternal undernourishment during the period of
conception and implantation, for example, leads to hypertension and cardiovascular
dysfunction in offspring (15-19). Embryos cultured in vitro during the preimplantation
period have long-term health problems (19).

Other than evidence from the Dutch famine, when caloric intake was severely reduced for a
short, well-defined short period, it is often difficult to identify a specific time frame in which
in utero stress can be analyzed. The only additional evidence of a temporally limited stress
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derives from follow-up of children conceived by assisted reproductive technology (ART).
More than 3 million children have been born worldwide as a result of ART. Data exist to
support the hypothesis that stress in the form of embryo culture during the preimplantation
period may be associated with early differences in metabolic profile. Epidemiological data
are limited by the relatively short history of ART. Because the first child conceived by in
vitro fertilization (IVF) was born in 1978, IVF children are at most in their early thirties and
are rather young to manifest components of MS. However, there is compelling evidence that
IVF offspring have a different metabolic profile starting at birth. Among term singleton
infants, those conceived through ART have a 2.6-fold-greater risk of LBW than do those
conceived spontaneously (20).

Recently, a cohort study investigated metabolic and pubertal measures in 233 IVF children
ages 8-18 and a similar number of age- and gender-matched spontaneously conceived
controls born to subfertile parents (21). IVF children had significant increases in peripheral
body mass and percentage of peripheral fat compared with controls, as well as a trend
toward a higher percentage of total body fat (21). Waist circumference did not differ
between the two groups. Among pubertal girls, those conceived by IVF also appear to have
greater bone age than did controls, as evidenced by radiographs of the left hand (22). Even
more interesting, systolic and diastolic blood pressure levels were higher in IVF children
than in controls, and fasting glucose levels were higher in pubertal 1\VF children (23). These
differences persisted despite adjustments for current body size, birth weight, and parental
characteristics. A difference of 4 mm Hg in systolic blood pressure is clinically significant,
as evidenced by the increase in hypertension with age (24).

On the contrary, one study described an improved metabolic profile at 6 years of age in 69
IVF children compared with 71 controls (25). IVF children were taller than controls after
correction for parental height and had a more favorable lipid profile, with higher high-
density lipoprotein and lower triglyceride levels. The different findings of these studies are
likely secondary to the different age of the test subjects and to the low sample size of the
two studies and underline the need for more research in the field.

Studies of the Dutch famine are particularly illuminating for evaluating in utero stress.
During the 4-month duration of the famine (December 1944 to April 1945), the official daily
ration was 400-800 calories (26). Fetuses undernourished during early gestation had an
atherogenic lipid profile, increased risk for coronary heart disease in adulthood, and a
decline in cognitive function (26, 27). Undernourishment during mid-gestation increased the
incidence of microalbuminuria and obstructive airway disease. Finally, glucose tolerance
was altered in all fetuses exposed to famine but was particularly evident after
undernourishment in late gestation (Figure 1) (26, 28).

Another important point is the concept of sexually dimorphic effects after in utero stress
(29). Women with less than average birth weight and higher weight at 1 year showed the
highest incidence of cardiovascular death rates; this pattern was not present in men (30).
Only in women with a birth weight greater than 4 kg (normal birth weight at term is between
2.5 and 4 kg) did systolic blood pressure increase in parallel with birth weight (31). In
animal models, only female offspring of pregnant dams exposed to a high-fat diet exhibit
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hypertension in later life (32); in contrast, only adult male rats show alterations in
triglycerides and expression of hepatic fatty acid enzymes after uterine artery ligation (33).

These sexually dimorphic effects are caused by multiple mechanisms that are not clearly
understood. Apart from differences in sex steroids, these effects may reflect variations in
activation of the hypothalamic-pituitary-adrenal (HPA) axis (32), different responses to
oxidative stress (34), and the faster postnatal growth rate of male mice compared with
female mice (29).

3. DEFINITION OF METABOLIC SYNDROME

MS is a constellation of metabolic risk factors that increase an individual’s predisposition to
atherosclerotic cardiovascular disease, hypertension, and type 2 diabetes. Estimates suggest
that the population-attributable fraction for MS is approximately 6-7% for all-cause
mortality, 12-17% for cardiovascular disease, and 30-52% for diabetes (35). Among adults
in the United States, the age-adjusted prevalence of MS is 23.7% or 47 million people (36).
Importantly, the prevalence increases from 6.7% among individuals aged 20-29 years to
more than 40% in those 60 years or older (36).

In both adults and children, the definition of MS is controversial (37-40). The most widely
used definitions in adults are from the National Cholesterol Education Program/Adult
Treatment Panel 111 (NCEP/ATP 11) (37) and the International Diabetes Federation (IDF)
(38). Diagnostic signs include elevated blood pressure (>130/85 mm Hg), central obesity
(>102 cm in men and >88 cm in women), dyslipidemia (serum triglycerides = 150 mg dI~1
and high-density lipoprotein cholesterol <40 mg dI~! in men and <50 mg dI~1 in women),
and glucose intolerance (serum glucose = 100 mg dI~1). The main difference between the
two definitions is that abdominal obesity, defined by ethnicity-specific waist circumference
measurements, is a required component of the IDF definition. As a result, MS is more
prevalent when diagnosed with the IDF definition than with the NCEP/ATP 111 definition
(39% versus 34.5%) (36).

The definition of MS in children and adolescent is more controversial, and to date, no
unified criteria exist (41). Attempts have been made to characterize MS in the pediatric
population using modified criteria from NCEP/ATP 111, the World Health Organization, and
the European Group for the Study of Insulin Resistance (42). In a study that applied eight
different criteria for MS to 1,289 children aged 4-16 years, the prevalence of the syndrome
varied significantly, with figures between 6% and 39% (42). Application of age-modified
NCEP/ATP ll1 criteria to participants 12-19 years from the National Health and Nutrition
Examination Survey suggested a 9.2% prevalence among adolescents (43). In overweight
children and adolescents, the prevalence was much higher: 38.7% in moderately obese
individuals and 49.7% in severely obese individuals (44).

The utility of diagnosing MS as a whole versus individual risk factor components for the
prediction of cardiovascular disease remains to be shown. The literature provides conflicting
data on this issue (40, 45-47). MS did not predict cardiovascular mortality independently of
its individual components in a large cohort of U.S. men aged 50 years at baseline (47), but it
did in another study that included men and women = 65 years followed for 4 years (46).
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Regardless of the criteria used to define MS, the prevalence of the diagnostic signs that
constitute MS is increasing worldwide, affecting individuals at a progressively younger age.
This phenomenon is particularly evident in developing countries, where an accelerated
economic and cultural transition and the metabolically obese phenotype (i.e., normal body
weight with increased abdominal adiposity) is common. In these countries, the combination
of poor nutrition in utero and overnutrition in later life is likely responsible for the observed
epidemic of MS and diabetes (14). The incidence of the syndrome is increasing; MS could
affect 40% of the population by 2025.

4. EVIDENCE OF FETAL REPROGRAMMING OF METABOLIC SYNDROME
FROM HUMAN STUDIES

An important methodological challenge in analyzing human data is to identify in utero
stress. LBW has been used to classify fetuses below the expected standard of growth. Two
definitions of LBW are often used: (a) <2,500 g regardless of gestational age and (b) small
for gestational age, defined as below the tenth percentile of the population-specific growth
curve. These definitions are prone to error. In particular, false negatives may occur. For
example, a fetus below the tenth percentile, and therefore defined as small for gestation age,
may be constitutionally small for genetic reasons (both parents were of small size) but
indeed have had a perfectly healthy gestation (a false positive). This fetus, although small,
will not be predisposed to long-term consequences. Conversely, newborns above the tenth
percentile and thus considered to be of “normal” weight may have been stressed in utero but
may not have reached their ideal weight because of intrauterine growth restriction (IUGR) (a
false negative). Here we use IUGR to indicate that fetuses were stressed in utero, regardless
of their weight. Currently there are no clinical measures to differentiate between babies of
the same birth weight who were or were not exposed to in utero stress.

Overall, the link between LBW and adult disease is broadly continuous. Heavier babies at
birth (excluding overweight newborns of diabetic mothers) have a lower incidence of MS in
adulthood than do those of normal birth weight. Epidemiological data support the use of
birth weight as a continuous measure rather than as a dichotomous measure associated with
long-term disease risk.

Epidemiological studies have convincingly linked a suboptimal gestational environment to
an increased risk for components of adult-onset MS (e.g., hypertension, glucose intolerance,
dyslipidemia, obesity). Fewer studies have specifically studied the association between in
utero stress and MS as a whole (Table 1).

The evidence linking LBW and hypertension later in life is well documented, although few
studies have questioned the strength of the association (48). In a few studies, for example,
low birth weight was not associated with increased blood pressure (49) but was associated
with other markers of IUGR, such as the ratio between placental weight and either newborn
weight (49) or birth length (50). Yet an extensive, systematic review of 444,000 participants
concluded that birth weight is inversely related to systolic blood pressure; the size of the
effect is approximately 2 mm Hg kg1 (51). Furthermore, the Bogalusa Heart Study suggests
that higher blood pressure of black adolescents compared with white adolescents reflects a
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lower birth weight (52). A meta-analysis of 197,954 adults from 20 Nordic cohorts (birth
years 1910-1987) confirmed the inverse association between birth weight and systolic blood
pressure, even after adjusting for current body mass index (BMI) (31).

The literature also provides convincing data on the link between LBW and future risk for
impaired glucose tolerance. The first evidence of this link came from a cohort of 468 men
born in Hertfordshire, England, between 1920 and 1930 (53). Men with impaired glucose
tolerance or undiagnosed diabetes on the basis of a 75-g glucose challenge had a lower mean
birth weight and a lower weight at 1 year of age (53). Likewise, individuals who were in
utero during the Dutch famine of 1944-1945 had both a lower birth weight and lower
glucose tolerance at the age of 50 years than did individuals born the year before or after the
famine. Those who were exposed during mid- to late gestation and who had an elevated
BMI had the highest 2-h glucose levels (28). Smaller case-control studies have also
concluded that thinness at birth as measured by ponderal index [mass (kg)/height (m3)] and
IUGR is associated with insulin resistance later in life (54, 55).

In terms of hypercholesterolemia, the evidence for the association of in utero stress and an
abnormal lipid profile is mixed. In 219 middle-aged men and women, Barker et al. (56)
showed that abdominal circumference at birth, but not birth weight, correlated inversely
with serum levels of total cholesterol and apolipoprotein B. Studies from the Dutch Famine
Birth Cohort showed that, although lipid profiles did not differ between exposed and
unexposed individuals at age 58, those exposed in utero were more likely to be on lipid-
lowering medications (21% versus 15%) (57). In a similar analysis of the Helsinki Birth
Cohort, excluding those who used lipid-lowering medications, researchers found that a
decrease of 1 kg m™2 in BMI at birth was associated with a slight increase in non-high-
density-lipoprotein cholesterol and apolipoprotein B concentrations (58). A review of the
literature involving 38 studies and 28,578 individuals did not find strong evidence for a link
between birth weight and lipid profiles later in life (59).

Data on the link between birth weight and waist circumference are limited; however, several
studies have examined obesity and body composition. The first study to observe the
association between intrauterine malnutrition and later obesity was based on the Dutch
Famine Birth Cohort of 300,000 19-year-old men (60). Participants who were exposed to in
utero malnutrition in the third trimester of pregnancy had lower obesity rates, defined as
weight for height = 120% of standard, whereas those who were exposed in the first and/or
second trimesters had significantly higher obesity rates. This study accounted for
socioeconomic status, but not for other known confounders such as maternal BMI. In a
much smaller case-control study of 32 white men 64—72 years of age, those with LBW
(mean 2.76 kg) had a higher percentage body fat and fat mass by dual-energy X-ray
absorptiometry than did those with a higher birth weight (mean 4.23 kg) (61). Other studies
have concluded that maternal or parental BMI as a confounder largely explains the
association between birth weight and later obesity (62). The important role of maternal BMI
also supports the importance of the in utero environment on future health.

The association between in utero stress and MS has also been explored. In an analysis of a
subset of 783 men and women aged 57-59 years from the Dutch Famine Birth Cohort, the
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prevalence of MS, defined with NCEP/ATP Il criteria, was not significantly greater among
those exposed to malnutrition (63). In British cohorts, by contrast, in utero stress was
associated with a higher prevalence of MS in both men and women in the seventh decade of
life. This finding was confirmed in multiple study populations, including postmenopausal
Caucasian women living in the United States (64), young adults aged 26-31 years in the
Netherlands (65), and 40-year-old Nigerians who survived the famine in Biafra (66).

More important than MS or its individual components is the risk for actual cardiovascular
disease. The landmark paper that fueled the study of birth weight as a marker for future
disease risk came from a cohort of 5,654 men born between 1911 and 1930 in Hertfordshire,
England. This study showed that men with the lowest weights at birth and at 1 year of age
had the highest death rates from ischemic heart disease (67). The association between LBW
and cardiovascular disease has been confirmed in different racial and ethnic study
populations (68-70). Not surprisingly, the highest risk for coronary heart disease associated
with LBW appears to be restricted to individuals who have a high BMI in adulthood (71,
72).

Other studies have examined the association of a suboptimal in utero environment,
represented by gestational diabetes or pregnancy-related hypertension disorders, and risk of
MS. Boney et al. (73) demonstrated that large-for-gestational-age offspring born to diabetic
mothers were at significant risk of developing childhood MS, as were offspring of obese
mothers. Even in a low-risk population of women with gestational diabetes, 6.9% of
offspring had abnormal glucose metabolism (74). In contrast, studies have shown that the
association between having gestational diabetes and being overweight in adolescence
disappears after adjustment for birth weight and maternal BMI (75) and that prenatal
exposure to diet-controlled gestational diabetes does not increase the prevalence of
childhood obesity (76). Interestingly, a meta-analysis found that women with polycystic
ovary syndrome (PCOS), a common endocrinopathy characterized by anovulation, insulin
resistance, and androgen excess, have a higher incidence of gestational diabetes, pregnancy-
induced hypertension, and preeclampsia (77). However, infant birth weight was not different
between women with PCOS and controls (77). There are currently no studies evaluating
long-term health of the PCOS offspring.

Last, studies have demonstrated that pregnancy-associated hypertension disorders are
associated with increased systolic and diastolic blood pressure among 9-year-old offspring
(78) and with an increased risk of antihypertensive drug use in offspring independent of
birth weight or preterm delivery (79).

5. PHYSIOLOGICAL AND MOLECULAR MECHANISMS LEADING TO
ABNORMAL REPROGRAMMING

Embryos, fetuses, and newborns show remarkable plasticity in their response to the
environment. During the prenatal period, the human fetus rapidly evolves from a single cell
to 10 trillion cells differentiated into more than 250 subtypes. Therefore, that various forms
of stress during this time can lead to long-term problems is biologically plausible. Evidence
from epidemiological studies is compelling but is limited by potential confounding variables
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throughout an individual’s lifetime. Animal models allow evaluations of the effects of a
specific controlled stress applied over a well-defined time. However, studies in animals are
not immune to bias and errors (80-82).

Multiple animal models exist, including rodent and sheep models. Sheep physiology is
closer to human physiology, but sheep have a long gestation (145 days) and usually carry
one or two fetuses. The rodent model is the most frequently used due to low cost and short
gestation. Thus, acknowledging the different physiological characteristics of rodents and
humans is important (see sidebar on differences between rodents and humans in analyzing
animal models of reprogramming) (83).

The use of animal models has allowed for important observations. Importantly, there is
evidence of a transgenerational effect. Female rats that are food restricted during their
perinatal life but exposed to a normal diet during pregnancy deliver offspring with reduced
pancreatic -cell mass and fewer cells expressing only insulin (84). A similar phenotype
occurs in F2 offspring of diabetic pregnant rats (85). A low-protein diet leads to
hypertension by decreasing the number of nephrons in F1 offspring (86); this phenotype is
also present in the F2 generation (87). Epigenetic changes are likely responsible for these
effects.

DIFFERENCES BETWEEN RODENTS AND HUMANS TO BE CONSIDERED
WHEN ANALYZING ANIMAL MODELS OF REPROGRAMMING

First, the large litter size (n = 8-12) and relatively short gestation (21 days) in rodents
imply very different energetic needs than do humans during pregnancy. For example,
pregnant rodents require up to 30-fold-higher protein content in their diet than humans
and large mammals do; in addition, postnatal growth in rodents is faster than in humans
and sheep (144).

Second, rodents have unique physiology. They are nocturnal animals (normally more
active during the dark cycle); exhibit unique dietary habits such as coprophagia, which
can alter nutrient flux; and have functional brown adipose tissue throughout life, which
can result in very different energy balance compared with humans (145).

Third, the HPA axis and the appetite regulatory networks develop after birth in rodents
and during the third trimester of pregnancy in humans. In rodents, the kidneys and brown
adipose start to develop during gestation but continue to develop in the neonatal period,
whereas in humans the process is already completed at birth (83, 130). The rat pancreas
develops in late gestation and undergoes an important remodeling phase at the time of
weaning (2—-3 weeks); however, in humans, pancreatic islet remodeling continues until
age 4 (146).

Certain in utero or postnatal interventions can reverse the effects of prenatal stress. For
example, undernutrition in utero leads to obesity and hyperleptinemia in adult rats (88).
These effects can be reversed by injecting leptin from day 3 to day 13 of postnatal life (89).
In another study, the hypertensive effects of a low-protein diet were reversed by adding
glycine to the diet (90).
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Different experimental interventions have been used to study stress during pregnancy
(Figure 2) (3, 5, 91). These include (a) nutritional stress, with changes in macronutrients
(global caloric restriction up to 50-70% of control, low-protein isocaloric diets, high-fat
diets) or micronutrients (iron, zinc, sodium, calcium); (b) surgical stress (bilateral uterine
ligation in rats or reduction of placental areas); () pharmacological treatments, either to
alter the HPA axis with dexamethasone or steroid synthesis blockers or to induce diabetes
with streptozotocin; and (d ) exposure to toxins (smoke, endocrine disruptors, medications
during pregnancy).

The physiological and molecular mechanisms leading to abnormal reprogramming are
diverse and only partially known. Different stresses can promote reprogramming via unique
and stress-specific pathways. For example, adult offspring of semistarved dams show insulin
resistance in the liver but not in the peripheral tissues (92), whereas offspring of diabetic
mothers exhibit both hepatic and peripheral insulin resistance (92). Importantly, multiple
mechanisms can occur at the same time.

Overall, the mechanisms of stress can be broken down into several categories: (a) the
cellular response to stress [e.g., epigenetic changes, mitochondrial dysfunction, the unfolded
protein response (UPR), oxidative stress, the differential expression of transcription factors],
(b) alterations in adult organ morphology or cell number [e.g., by adapting to a suboptimal
environment, the organism trades off the development of less essential organs, such as the
kidney (nephron mass) and the pancreas (-cell mass), for the development of more essential
organs such as the brain], (c) tissue or systemic responses (e.g., alterations in the placenta or
in endocrine pathways, in particular the HPA axis), and (d ) a combination of the above. We
discuss these mechanisms below.

Response to Stress

Changes in energy and nutrient availability modify stress signaling pathways at the cellular
level. Several of these stress pathways are also altered in MS and diabetes. It is therefore
tempting to postulate that these pathways can be permanently altered following suboptimal
conditions in utero.

5.1.1. Epigenetic changes—Epigenetic changes are changes in gene function that occur
without changes in gene sequence. Epigenetic regulation can occur at the DNA level
through the mod-ification of cytosine bases (methylation of cytosine in CpG dinucleotides)
or through chromatin conformational changes. Histone modifications can result in an open
(active) or a closed (inactive) chromatin structure; DNA methylation of CpG results in the
inability of transcription factors to bind to genes. The net result is either silencing or
activation of transcription.

The preimplantation stage is particularly sensitive to epigenetic regulation. In fact,
embryonic DNA methylation patterns proceed through defined phases during this stage of
development. In the early murine embryo, a wave of DNA methylation is followed by
remethylation at the morula or blastocyst stage. I\VVF and embryo culture can generate
imprinting errors in mice by inducing abnormal DNA and histone methylation marks (93).
The development rate and global patterns of gene expression are abnormal in mouse
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embryos cultured in vitro (94). Mouse blastocysts conceived in vitro have fewer
trophectodermal cells than do in vivo controls. Mouse fetuses generated by IVF display
delayed fetal development in comparison to controls. In particular, culture in suboptimal
conditions resulted in a more severe phenotype than did culture in optimized conditions
(95). Importantly, a recent paper found altered glucose parameters in adult mice conceived
in vitro (96). Our group has found similar results (97). These animal studies would lend
support to the metabolic findings of Ceelen et al. (23) in ART children.

Epigenetic changes follow different types of stress and different time exposure in different
tissues. In the rat uterine artery ligation model, promoter methylation is increased, and
expression of B-cell Pdx1 genes is decreased; these changes were associated with adult-onset
diabetes (98). Uterine artery ligation is also associated with decreased methylation of the
promoter of p53 genes in the kidney. The increase in p53 gene expression may lead to renal
apoptosis, resulting in fewer nephrons (99). In an elegant experiment, Meaney group (100)
showed changes in the promoter of the glucocorticoid receptor in offspring exposed to
different postnatal care. Epigenetic changes can also explain the transgenerational effects
described above (85, 87).

5.1.2. Mitochondrial changes—Mitochondria interface the environmental calorie
supply and the energy requirements of each organ; they generate ATP and regulate cellular
processes such as signal transduction and apoptosis. Alterations in mitochondria function
may therefore be a key cellular mechanism of reprogramming. Although studies on IUGR
offspring have not been reported, caloric restriction evidently increases skeletal muscle
mitochondrial biogenesis (by up-regulating sirtuin 1, a protein upregulated in cases of
increased insulin sensitivity) and decreases mitochondrial free-radical generation and
oxidative damage to mitochondrial DNA in the rat heart (101). Mitochondrial density is
reduced in insulin-resistant offspring of parents with type 2 diabetes (102). However, a
definitive connection between mitochondrial dysfunction and insulin resistance is missing,
and recent evidence argues against such a nexus (101).

5.1.3. Endoplasmic reticulum stress—The UPR is a cellular stress response that
occurs in the lumen of the endoplasmic reticulum when there is excessive accumulation of
proteins with altered tridimensional structure. Initially, the cell tries to repair the system by
synthesizing molecular chaperones involved in protein folding and by halting additional
protein translation. If repair does not occur, the cell initiates apoptosis. The UPR is thought
to mediate inflammatory and stress signaling pathways and to be particularly important in
regulating chronic metabolic diseases such as obesity, insulin resistance, and type 2 diabetes
(103).

In sheep, in utero nutrient restriction and a postnatal high-fat diet cause organ-specific
alteration of the UPR in different tissues. In particular, perirenal adipose tissue showed
activation of the UPR and altered insulin signaling, whereas renal tissue showed reduced
activation of the UPR and less histological damage (104).

5.1.4. Oxidative stress—Oxidative stress describes a condition of imbalance in the
production of reactive oxygen species and the ability of antioxidant defenses to scavenge
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them. Oxidative stress may derive from the increased production of reactive oxygen species
or from a decrease in antiox-idant capacity. Pregnancy is a state of oxidative stress because
of increased metabolic activity in placental mitochondria and decreased antioxidant-
scavenging ability (105). In pregnancies complicated by hypertension and diabetes, the
placenta shows signs of increased hypoxia and oxidative stress and activation of the
endoplasmic reticulum stress response (106). B-Cells of adult offspring whose mothers were
exposed to a low-protein diet in utero show evidence of increased oxidative stress, increased
lipid peroxidation, and impairment of oxidative defense (107). This study was the first to
link maternal protein restriction to age-associated increased oxidative stress, impairment of
oxidative defense, and fibrosis in offspring.

5.1.5. Changes in transcription factor levels—An increase in gluconeogenesis in
IUGR rats can be explained by an increase in the level of peroxisome proliferator—activated
receptor-y coactivator-1 (PGC-1) or PGC-1a (108). This transcription factor regulates
hepatic glucose production by increasing the mRNA levels of three key metabolic enzymes:
glucose-6-phosphatase, phosphoenolpyruvate carboxykinase, and fructose-1,6-
bisphosphatase (108). Hepatic levels of glu-cokinase, a key glycolytic enzyme, are also
decreased in IUGR rats (109).

5.2. Organ-Specific Alterations in Response to Prenatal Stress

Prenatal stress affects different organs in different ways. However, a decrease in cell number
is often present, as described in depth elsewhere (3). Interestingly, prenatal stress and the
resulting reprogramming decrease insulin sensitivity (pancreas, liver, muscle, and fat tissue),
increase cardiovascular reactivity, and increase HPA responses to stress in adult life. These
effects lead to hyperlipidemia, obesity, glucose intolerance and hypertension—all
components of MS.

5.2.1. Pancreas—Abnormal programming of the fetal pancreas may be a prime
mechanism for adult-onset MS and diabetes. Prenatal stress during pregnancy can decrease
both B-cell mass and p-cell function; such decreases may result in a decreased insulin
response to glucose (110). Different types of stress have recognizably different effects. For
example, global caloric restrictions (50% of control diet) in rats at embryonic day 15 reduce
the number and size of islets; however, the existing B cells have a normal proliferative
capacity (111). Conversely, an isocaloric low-protein diet results in smaller islets and a
relatively smaller proportion of § cells, owing to decreased p-cell proliferation and increased
apoptosis (112). Different levels of corticosterone in the two models of fetal stress may
explain these differences: A low-protein diet is associated with normal corticos-terone
levels, whereas global food restriction is associated with reduced corticosterone levels (113,
114). Additional mechanisms responsible for the reduced cell number include a decrease in
the number of pancreatic stem cells (115) and the inappropriate expression of transcription
or growth factors (e.g., insulin-like growth factor 2) (116).

5.2.2. Liver—Prenatal stress promotes increased hepatic gluconeogenesis and hepatic
insulin resistance (117), which contribute to hyperglycemia. Evidence of hepatic
reprogramming is important, as unsuppressed endogenous hepatic glucose production is a
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common component of the insulin resistance associated with type 2 diabetes. In addition, in
male IUGR mice, triglyceride levels are elevated because of increased hepatic fatty acid
synthesis and decreased f oxidation (33). Prenatal stress does not reduce the ratio of liver
weight to total fetal weight (118) unless the prenatal stress is severe (119). However, livers
of protein-restricted rats have fewer but larger lobules (118). From a mechanistic point of
view, intrauterine stress may acutely decrease liver mitochondrial ATP production and
NADH availability. Because ATP and NADH are two key regulators of intermediary
metabolism, such changes can reduce fetal growth (120).

5.2.3. Skeletal muscle—Insulin-sensitive skeletal muscles are the major site of glucose
uptake. Under euglycemic conditions, approximately 80% of total body glucose uptake
occurs in skeletal muscles (121). Different experimental models in different species show
that prenatal stress can alter muscle size and lead to insulin resistance (3).

Protein-restricted rat offspring show decreased muscle mass of both fast-twitch-type fibers
(anterior tibialis) and slow-twitch-type fibers (soleus muscle) at postnatal day 21 (122). In
contrast, sheep fetuses at embryonic day 125 had 40% higher weight of the fast-twitch
plantaris muscle if they were cultured in vitro with granulosa cells from the zygote to the
blastocyst. In particular, muscle of fetuses that were cultured in vitro as embryos showed
both hyperplastic and hypertrophic changes, suggesting that myogenesis can be altered by
preimplantation stress (123).

Muscles of IUGR rats are insulin resistant and show significantly decreased glycogen
content and insulin-stimulated 2-deoxyglucose uptake (124). This insulin resistance may
reflect signifi-cantly decreased pyruvate oxidation and ATP production in muscle
mitochondria (124), which may decrease recruitment of the insulin-regulated glucose
transporter GLUT4 to the cell surface. Muscles of IUGR rats also show increased expression
of PGC-1 and its downstream gluconeoge-nesis pathway (125).

5.2.4. Adipose tissues—Worldwide, the increase in MS parallels the increase in obesity
(126). Although adipose tissue contributes only approximately 3% to glucose disposal after

an oral glucose tolerance test (121), it plays an important role in intermediate metabolism by
releasing free fatty acids, leptin, and inflammatory cytokines (126).

Free fatty acids cause both insulin resistance and the release of proinflammatory cytokines
in insulin-sensitive tissues such as skeletal muscle, liver, and endothelium. In particular, an
increase in free fatty acids inhibits insulin-stimulated glucose uptake into muscle (126, 127).

Maternal undernutrition can increase retroperitoneal fat (88) and increase the proportion of
large fat cells in visceral fat (128). In protein-restricted rats, insulin-stimulated glucose
uptake and insulin-dependent lipolysis are reduced in adipocytes, indicating insulin
resistance. These changes appear to be caused by a post—insulin receptor effect, as these rats
have lower levels of phosphatidylinositol 3-kinase and protein kinase B but similar levels of
insulin receptor and insulin receptor tyrosine phosphorylation compared with controls (129).

An important observation links maternal undernutrition to obesity and hyperleptinemia in
adult offspring (88). Leptin is a trophic factor that is central in organizing the formation of
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hypothalamic circuitry. Perturbations in perinatal nutrition that alter leptin levels may
therefore have lasting consequences for the formation and function of circuits regulating
food intake and body weight (130).

5.2.5. Kidney—Different intrauterine stresses can lead to hypertension in later life by
different mechanisms. In a classic experiment, Langley-Evans et al. (18) showed that,
although a low-protein diet before conception was not associated with hypertension, blood
pressure was increased in rats exposed to low protein during gestation or even for limited
periods of pregnancy (days 0—7, 8-14, and 15-22). The increase elicited by these discrete
periods of undernutrition was lower than that induced by feeding a low-protein diet
throughout pregnancy. The effect in early gestation was significant only in males (18).

A low-protein diet or uterine artery ligation leads to hypertension by decreasing the
abundance of nephrons (86). Interestingly, global caloric reduction in pregnancy has a less
consistent effect on blood pressure. Brenner & Chertow (131) were the first to propose that
hypertension could trail a congenital deficit of nephrons. These researchers proposed that a
reduction in renal mass, and therefore in glomerular filtration surface area, leads to
hypertension (131). Sustained exposure of nephrons to higher glomerular perfusion pressure
gradually results in focal and segmental glomerular sclerosis, which leads to further
glomerular loss, further reduced ability to excrete sodium, and a self-perpetuating cycle of
increasing blood pressure and progressive kidney disease. Protein restriction also increases
the expression of two ascending-limb sodium cotransporters, thereby facilitating sodium
retention and hypertension (132) and suppressing the renin-angiotensin system (133).

5.2.6. Endothelium—Evidence from studies in humans and animals suggests that stress in
utero can alter endothelium-dependent vasodilatation. Such a change may occur because of
decreased levels of nitric oxide production (134, 135).

5.2.7. Heart—Stress in utero that leads to fetal hypoxia can alter myocardial structure (by
inhibiting cardiomyocyte proliferation and increasing apoptosis) and reduce cardiac
performance (136). In addition, hypoxia predisposes the developing heart to increased
vulnerability to ischemia and reperfusion injury later in life (136), likely because of
decreased expression of cardioprotec-tive genes like those encoding protein kinase Ce, heat
shock protein-70, endothelial nitric oxide synthase (136), and insulin-like growth factor 1
(137).

5.3. Tissue and Systemic Response to Stress

The placenta, HPA axis, and appetite regulatory networks share the characteristics of
regulating the development and physiological response of multiple individual organs. It is
therefore particularly important to study how these systems are altered by prenatal stress.

5.3.1. Abnormal placentation—BY virtue of its transport, immune, and hormonal roles,
the placenta is in a key position to play a direct role in fetal programming by changing the
pattern or amount of substrate transported to the fetus. Aberration in placental function is
probably the most frequent cause of IUGR because optimal placental development and the
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ability of the placenta to compensate for stimulus-induced injury are central to the
promotion of normal fetal growth.

Abnormal placentation often results from reduced trophoblast invasion, which leads to
hypoxia and increased oxidative stress. In humans, IUGR placentas are not simply smaller
versions of a term placenta; they display alterations in vascularization, trophoblast
expression of transporters, trophoblast enzyme activity, and hormone production.
Furthermore, alteration of placenta-imprinted genes may play an important role. Imprinted
genes are involved in growth regulation, controlling both the supply (placental side) and the
demand (fetal side) of nutrients. Paternally derived imprinted genes enhance fetal growth,
whereas maternally imprinted genes suppress fetal growth. Several imprinted genes encode
specific transporters in trophoblasts. The placenta may function as a nutrient sensor,
matching fetal growth rate to available nutrient resources by altering transport function.
Such a function would explain fetal growth restriction and possibly growth enhancement in
pregnancies with gestational diabetes (138).

The placenta is vital in moderating fetal exposure to maternal factors. Glucocorticoid levels
are approximately 20% lower in the fetus than in the mother because the placenta expresses
high levels of 11 hydroxysteroid dehydrogenase type 2 (118-HSD-2), which converts the
active cortisol/corticosterone to the inactive 11 keto steroids. A deficiency in 113-HSD-2
leads to overexposure of the fetus to glucocorticoids. Indeed, low levels of placental 11-
HSD-2 activity have been found in LBW in humans and rodent models, though this has not
always been reported (139). Placentas of pregnancies associated with preeclampsia or
unexplained IUGR have an increase of the UPR (106).

5.3.2. Abnormal activation of the HPA axis—The HPA axis is fundamental in
regulating the response of the individual to stress. Increased exposure to cortisol in utero
(due to stress, pharmacological treatment, or impaired function of 113-HSD-2) (140) has
long-term effects. In rats, for example, prenatal glucocorticoid exposure leads to LBW,
alters cardiac development, reduces nephron number, and alters glucose-insulin homeostasis
by increasing the expression of hepatic gluconeogenesis enzymes and impairing B-cell
function (139). The physiological effects of a low-protein diet in utero may be mediated in
part by an increase in glucocorticoid levels (113).

Epigenetic changes are involved in altering the activation of the HPA axis. Rat pups exposed
to increased maternal care during the first postnatal week exhibit a persistent lack of DNA
methylation of a specific CpG base in the first exon of the glucocorticoid receptor (100).
This epigenetic change decreases hypothalamic corticotrophin-releasing factor expression
and results in adult animals manifesting a modest HPA response to stress.

5.3.3. Appetite regulatory network—One important potential locus of reprogramming
is the hypothalamic appetite regulatory network (3), in which leptin plays an important role
(130). Early postnatal life plays an important role in determining future food intake. Rats
from small litters tend to be heavier than those of larger litters because of increased food
intake by the former (141). The experimental evidence targeted to the pregnancy period is
scarce because the majority of studies limit postnatal intervention or combine a postnatal
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dietary manipulation with a prenatal one. Undernutrition during gestation alone does not
affect the weight, length, or fat content of offspring in adulthood (142). However, adult
male, but not female, offspring of rats injected with insulin during the last week of gestation
develop significant obesity as adults, accompanied by elevated extracellular norepinephrine
levels in the paraventricular nucleus (143).

6. CONCLUSIONS

Evidence linking severe stress in utero to fetal reprogramming is convincing, and uterine
stress predisposes individuals to components of MS later in life. Undeniably, individual
behavior such as diet and exercise also affects one’s predisposition to adult MS; however,
this review provides compelling evidence that the short duration of in utero exposure to
stress plays a crucial role of relatively great magnitude.

Although animal data provide multiple biologically plausible mechanisms for fetal
reprogramming, many questions remain unanswered. For example, the mechanisms leading
to adult disease need to be further studied so that novel strategies can be developed to
counteract the effects of in utero stress. In addition, the use of LBW as a marker for in utero
stress is of inadequate value, and new strategies to discover biomarkers of in utero stress
would be of great importance.

These findings have particular relevance for the populations of developing countries, where
the combination of poor nutrition in utero and overnutrition in later life may drive the
observed epidemics of obesity and diabetes. In addition, given that preimplantation embryo
stress can activate many reprogramming mechanisms, children conceived by ART should be
increasingly monitored over time to evaluate for potential occurrence of MS. Physicians
should routinely incorporate information of pregnancy course and health into the individual
medical history.
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SUMMARY POINTS

There is a broadly continuous positive relationship between in utero stress and
predisposition to MS or components of MS.

The use of a single marker of stress in utero (e.g., LBW) is inadequate and is
potentially prone to error.

Different critical periods of sensitivity vary in different species and in males and
females; overall, the prenatal and early postnatal periods represent critical
periods during which reprogramming can occur. Stress occurring during these
phases has a disproportionally greater effect in term of later life predisposition
to diseases compared with the same stress occurring outside of a window of
sensitivity.

Different types of stresses applied during the same period have different long-
term effects. For example, adult rat offspring of semistarved dams show insulin
resistance in the liver but not in the peripheral tissues (92). In contrast, offspring
of diabetic mothers exhibit insulin resistance at both the hepatic and peripheral
tissue levels (92).

Different cellular pathways are activated following in utero stress. Such
activation leads to alterations in specific organs or systems.

Epigenetic changes occur following in utero stress and can explain
transgenerational effects.

Health problems are amplified if there is a mismatch between the in utero and
the postnatal environment; the most common scenario is the fetus exposed to
reduced energy in utero followed by a postnatal life rich in food resources. This
concept (14) has particular relevance in developing countries.

Patient medical history should specify if ART was used to conceive offspring
and should include detailed information on the health of maternal pregnancy.
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Critical windows of sensitivity during human pregnancy for the development of components
of metabolic syndrome later in life. The different effects of stress during pregnancy can be
explained by the cellular events that occur during particular periods of pregnancy. Data were
obtained from the Dutch Famine Cohort (26). Glucose intolerance is a common consequence
of in utero stress and is independent of the time of occurrence. Stress in early gestation leads
to a greater risk of an abnormal atherogenic lipid profile, obesity in women, and coronary
artery disease. Stress in the second trimester of pregnancy, during which the number of
nephrons increases rapidly, is associated with a 3.2-fold increase in risk for
microalbuminuria. Finally, stress during the third trimester of pregnancy, when fat
deposition occurs, has a relatively higher effect in reducing birth weight. Additional
windows of sensitivity include the preconception and the early postnatal periods.
Surprisingly, animal studies show that even stress limited to the preimplantation period (5

days) can lead to impaired glucose intolerance (96, 97).
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Figure2.

(a) Mechanisms of in utero stress. Very different types of in utero stress can affect a fetus’s
health outcome. The most common experimental procedures used in animal models to study
reprogramming are highlighted in yellow. The less-studied or more-difficult-to-study factors

for reprogramming are in gray. (b) As a consequence of in utero stress, the organism

reprograms its development at the cellular, tissue, and systemic levels. Overall, an organism

stressed in utero will manifest a metabolism that favors lipid storage and increased

cardiovascular reactivity, both of which are key components of metabolic syndrome. HPA

axis denotes hypothalamic-pituitary-adrenal axis.

Annu Rev Physiol. Author manuscript; available in PMC 2014 August 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Rinaudo and Wang

Table 1

Page 28

Selected human studies linking either a well-identified pregnancy stress or a marker of stress identified at birth
(like LBW) to MS or its individual components?

Type of stress Stress marker M S component Details Reference
IVF RR 2.6 for low birth weight 20
IVF HTN Higher SBP: 109 + 11 versus 105 + 10 mm Hg 23
IGT Higher fasting glucose: 5.0 £ 0.4 versus 4.8 £ 0.4 | 23
mmol litert
IVF Obesity Higher peripheral fat mass: 7.6 + 4.2 versus 6.7 = | 21
3.2kg
IVF Obesity Prevalence of BMI > 25: 44.9% 147
HTN, Prevalence of 6.9% (12/173) 147
dyslipedemia,
insulin resistance
IVF Dyslipidemia Higher HDL: 1.67 + 0.04 versus 1.53 + 0.04 25
mmol litert
Dyslipidemia Lower triglycerides: 0.65 + 0.04 versus 0.78 + 25
0.04 mmol liter*
Birth weight HTN Inverse correlation with SBP by 2 mm Hg kg™t 49
Birth weight HTN Inverse correlation with SBP by 1.52 mm Hg 31
kg™t (men), 2.80 mm Hg kg~* (women)
Biafran famine HTN OR 2.87 for systolic HTN in fetal-infant exposure | 66
PIH HTN Higher childhood SBP by 2 mm Hg in exposed 148
group
PIH HTN OR 1.88 for HTN in exposed group 79
Weight at 1 year IGT Higher prevalence of IGT: 23% (<18 Ib) versus 53
13% (>27 Ib)
IGT Higher prevalence of DM: 17% (<18 Ib) versus 53
0% (>27 Ib)
Dutch famine IGT Higher mean 2-h glucose by 0.05 mmol liter*in | 28
exposed group
Ponderal index IGT Inverse correlation with insulin resistance 54
IUGR IGT Lower glucose-stimulated insulin uptake: 6.7 + 55
2.9 versus 8.0 + 1.9 mg kg™ fat-free mass x min
Biafran famine IGT OR 1.65 for IGT in fetal-infant exposure 66
Abdominal Dyslipidemia Inverse correlation with total cholesterol by 0.25 56
circumference at mmol liter™t per 1 inch
birth
Dutch famine Dyslipidemia OR 2.1 for high-fat diet in exposed group 57
BMI at birth Dyslipidemia Inverse correlation with non-HDL cholesterol by 58
0.051 mmol liter! per 1 kg m2
Birth weight Dyslipidemia No consistent association between birth weight 59
and lipids
Dutch famine Obesity Exposure during third trimester decreased obesity | 60
rates (0.82% versus 1.32%)
Dutch famine Obesity Exposure during first and second trimester 60

increased obesity rates (2.77% versus 1.45%)
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Type of stress Stress marker M S component Details Reference
Birth weight Obesity Higher percentage body fat in low birth weight 61
(29.3% versus 25.3%)
Birth weight Obesity No association between birth weight and BMI 62
after accounting for maternal weight
Biafran famine Obesity OR 1.41 for overweight in fetal-infant exposure 66
Birth weight Obesity Significant association between birth weight and 149
childhood obesity
Gestational DM Obesity OR 1.4 for adolescent overweight in exposed 75
group
Diet-controlled gestational DM Obesity No difference in prevalence of childhood obesity 76
Dutch famine MS Exposure not associated with MS 63
Birth weight MS RR 2.41 for MS associated with lowest birth 64
weight tertile
Birth weight MS OR 1.8 for MS associated with lowest birth 65
weight tertile
Maternal diabetes MS Higher prevalence of childhood MS in exposed 73
LGA (50% versus 21%)
Maternal obesity MS OR 1.81 for childhood MS in exposed group 73
Birth weight CAD Decrease in standardized mortality ratios with 67
increase in birth weight
Birth weight CAD Decrease in standardized mortality ratios with 30
increase in birth weight
Birth weight CAD RR 1.49 for nonfatal CAD with birth weight <5 68
Ib
Birth weight CAD Higher prevalence of CAD in low birth weight 69
(11% versus 3%)
Birth weight CAD Age-adjusted HR 0.62 for CAD for every 1-kg 70
increase
Birth weight CAD Age-adjusted HR 0.67 for CAD for every 1-kg 71
increase

aAbbreviations: BMI, body mass index; CAD, coronary artery disease; DM, diabetes mellitus; HDL, high-density lipoprotein; HR, hazard ratio;
HTN, hypertension; IGT, impaired glucose tolerance; IUGR, intrauterine growth restriction; I\VVF, in vitro fertilization; LGA, large for gestational

age; MS, metabolic syndrome; OR, odds ratio; PIH, pregnancy-induced hypertension; RR, relative risk; SBP, systolic blood pressure.
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