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Abstract

A newly recognized, primary cause of obesity epidemic is the developmental programming effects
of (1) intrauterine growth restricted (IUGR) newborns exposed in utero to undernutrition, and (2)
normal or excessive weight newborns exposed to maternal obesity and high fat (HF) diets. The
mechanisms contributing to offspring obesity have been extensively studied in animal models with
adipose tissue being identified as one of the principal target of programming. IJUGR and HF
offspring exhibit programmed adipocytes, such that an intrinsic enhanced lipogenesis and
adipocyte proliferation contribute to the development of obesity. This is attributed to early
induction of adipogenic transcription factor, PPARy, the activity of which is enhanced under
limited or excess nutrient availability. Nonetheless, this occurs via different mechanisms involving
PPARY co-regulators - in IUGR, it is upregulation of co-activators whereas in HF newborns, it is
downregulation of co-repressors. Thus, preventive therapeutic interventions will require target-
specific modalities dependent upon the primary etiology.
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Obesity has emerged as a pre-eminent public health problem.! In the United States, 66% of
adults are overweight (BMI 25 to <30 kg/m2) and 33% are obese (BMI=30 kg/m?),
representing a modern health crisis.2 Perhaps of even greater concern is the continued
increase in prevalence of obesity among pregnant women, which is associated with high
birth weight newborns, and represents a known risk factor for childhood obesity.34 To
further exacerbate this problem, childhood obesity is known to lead to adult obesity.®> The
rapid increase in the prevalence of obesity has been attributed to environmental factors,
increasing availability of highly palatable foods and ‘modern’ lifestyles involving less
physical work thereby creating a more obesigenic environment. The question arises as to

"Address correspondence to: Mina Desai, Ph.D., Associate Professor, Director of Perinatal Research, 1124 W. Carson St., Building
RB1, Rm 213, Torrance, CA 90502, Fax: 1 (310) 222-4131, Phone: 1 (310) 222-1976, mdesai@obgyn.humc.edu.



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

1duosnuely Joyny vd-HIN

Desai and Ross

Page 2

why some individuals are more susceptible to increased adiposity than others. The ‘thrifty
phenotype’ or “programming” hypothesis proposes that alteration in nutritional, metabolic
and/or hormonal milieu during development modifies obesity susceptibility by perturbing
homeostatic regulatory mechanisms.5:7 This concept has been gaining increasing credence
supported by strong findings from epidemiologic studies and animal models.(reviewed®-9)
Obesity is central to the development of metabolic syndrome which includes a constellation
of abnormalities comprised of insulin resistance, elevated triglycerides, hypertension and
atherosclerosis.1%11 The underlying factor that links these disorders is dysregulation of
adipogenesis and lipid metabolism.11 This review provides an overview of the
developmental origins of obesity with specific emphasis on the role of adipose tissue and
potential implication for intervention strategy and future studies.

Programmed Obesity

Humans

Epidemiological studies link birth weight to risk of adult obesity and metabolic syndrome.
Notably in humans, both low and high birth weights lead to increased risk for childhood and
adult obesity, suggesting increased risk of obesity at both ends of the birth weight spectrum.
(review!213) Early epidemiologic studies initially demonstrated that the intrauterine growth
restricted (IUGR) newborns or low birth weight infants, particularly those with rapid catch-
up growth, have higher risk of adult obesity and metabolic syndrome. The prevalence of
metabolic syndrome fell progressively in both men and women, from those who had the
lowest to those who had the highest birth weights. Of 64-year-old men whose birth weights
were 6.5 pounds or less, 22% had metabolic syndrome. Those with the lowest birth weight
were 18 times more likely to have metabolic syndrome as compared to those who were
heaviest at birth.14 Most notably, among men born during the Dutch Hunger Winter of
1944-1945, those exposed to famine during the first half of gestation had a markedly
increased risk of adult obesity 1°. Subsequently, numerous epidemiologic studies from
diverse populations have confirmed this relationship.(review12:16)

Obesity in pregnancy has not only adverse effects on maternal health and pregnancy
outcome but also on the developing fetus. Specifically, maternal obesity before and during
pregnancy, including increased weight gain in pregnancy, is associated with higher birth
weight newborns.17+18 The 25-36% increase in maternal BMI over the last decade has
translated to an approximately 25% increase in the incidence of high birth weight babies.1®
This is of particular importance, as high birth weight newborns show increased adipose
tissue mass and an increased risk of obesity and diabetes risk in later life (review?0).

Thus, epidemiologic studies confirm that the relationship between human birth weight and
adult obesity, hypertension, and/or insulin resistance is a “U-shaped curve”.21-24 Perhaps
most importantly, the relation of fetal growth to offspring obesity and metabolic syndrome is
a continuum, rather than a threshold response. There may well be an optimal newborn
weight (potentially specific to an individual mother) at which the programming of obesity
potential is minimized. However, within ranges of lower or higher birth weights in
comparison to mean values, studies indicate a gradation of propensity to programming
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sequelae. Thus, alterations from “optimal” in utero growth, be it from limited or excess
nutrition, increase the relative risk of adult metabolic syndrome.

Animal Models

Animal models of IUGR, using a variety of methods, such as maternal nutrient restriction,
placental uterine ligation or glucocorticoid exposure, among others, have effectively
demonstrated increased adult adiposity.8:25-27 Similar to human studies, the propensity to
obesity is particularly evident in IUGR newborns exhibiting postnatal catch-up growth.28:29
We have established a rat model of maternal undernutrition which results in IUGR pups
with decreased plasma leptin levels. When provided normal nursing, the [JUGR newborns
demonstrate significantly increased food intake, with rapid catch-up growth resulting in
adult metabolic syndrome, including obesity, increased percent body fat, lipid abnormalities
and insulin resistance.29:30

More recent animal models of maternal over-nutrition, representing the Western diet, have
typically used high-fat (HF) diet during pregnancy and lactation.31:32 However, rat studies
on maternal HF feeding have reported variable effect on birth weight, ranging from low to
normal to high33-35 This varying effect on birth weight may be attributed to other
confounding maternal abnormalities, such as diabetes, and to the specific composition of HF
diets. Nonetheless, the large majority of studies confirm that perturbations of fetal growth
and development lead to adult obesity.2%33:36 Qur rat model on maternal obesity and HF
diet prior to and during pregnancy results in normal birth weight newborns. But when nursed
by HF dams, these HF offspring also demonstrate compensatory, accelerated (catch-up)
growth and early onset of obesity with lipid abnormalities, evident by 3 weeks of age.3’

Thus, an apparent paradox of increased adiposity at both ends of the birth weight spectrum
exists (i.e., higher BMI with higher birth weight and increased central obesity with lower
birth weight). It may be that similar underlying mechanism(s) predispose both newborns
(IUGR/maternal obesity) to adult obesity. This may include lasting changes in central
nervous system appetite control, proportions of fat and lean body mass, adiposity structure
and function, and adipokine secretion and regulation. Thus, elucidating the relationship
between early life experiences and later body proportions is critical in preventing obesity,
particularly because it can have life-long and perhaps multigenerational impact.

Mechanisms of Programmed Obesity

Animal studies have provided important insights into the underlying mechanisms of
programmed obesity. Obesity occurs as a result of dysregulated energy balance wherein
increased food intake, reduced energy expenditure, altered adipocyte phenotype, and
efficient metabolism may all or partly contribute. Appetite and satiety function develops in
utero in precocial species in order to prepare for newborn life. In the rat and humans,
although neurons which regulate appetite and satiety becomes detectable in the fetal
hypothalamus early in gestation, the functional neuronal pathways form during the second
week of postnatal life in the rat and likely during the third trimester in humans.38-40
Notably, the obesity (ob) gene product leptin, which is synthesized primarily by adipose
tissue and placenta, is a critical neurotrophic factor during development.#! In the fetus/
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newborn, leptin promotes the development of satiety pathways. In contrast, in the adult,
leptin acts as a satiety factor.42

Studies have demonstrated that appetite dysregulation contributes to obese phenotype in
IUGR newborns.#3:44 Our studies on IUGR specifically indicate dysfunction at several
aspects of the satiety pathway, as evidenced by reduced satiety and cellular signaling
responses to leptin.#> Most recently, our studies have demonstrated a hypothalamic
upregulation of the nutrient sensor SIRT1, a factor which epigenetically regulates gene
transcription of factors critical to neural development.#® Importantly, we have demonstrated
that neuronal stem cells from IUGR fetuses/newborns demonstrate reduced growth and
impaired differentiation to neurons and glial cells.*” Thus, impaired neuronal development
(and ultimately reduced satiety pathways) may be a consequence of a reduction in neural
stem cell growth potential and reduced leptin-mediated neurotrophic stimulation during
periods of axonal development.

Studies on the effects of maternal HF diets have similarly shown increased offspring food
intake associated with increased expression of orexigenic peptides in the offspring,3!
prolonged neonatal leptin surge and dysregualted leptin signaling.34:48

Adipose Tissue

In addition to appetite/satiety dysfunction, mechanisms regulating adipose tissue (AT)
development and function (lipogenesis) may be a key factor in the development of
programmed obesity. Increase in AT mass or adipogenesis occurs primarily during the
prenatal and postnatal development, though some adipogenesis continues throughout
adulthood.*® The process of adipogenesis requires highly organized and precisely controlled
expression of a cascade of transcription factors within the preadipocyte. Further, AT is now
acknowledged as a major secretory and endocrine organ involved in multitude functions that
ultimately impacts homeostasis and disease states. Lastly, AT differ from many other tissues
in that they occur in multiple, dispersed sites around the body, differentially impacting
metabolism. We briefly summarize each of these three characteristics of AT.

Adipogenesis and Lipogenesis

The cellular development associated with adipose tissue growth involves both cellular
hypertrophy (increase in cell size) and hyperplasia (increase in cell number). Hypertrophy is
the result of excess triglyceride accumulation in existing adipocytes due to a positive energy
balance (energy intake in excess of energy expenditure). Hyperplasia, also referred to herein
as ‘adipogenesis’, results from the recruitment of new adipocytes from precursor cells in AT
and involves the proliferation and differentiation of preadipocytes.?%-52 Both adipocyte
hypertrophy and hyperplasia occur in association with positive energy balance during
normal growth and during the development of obesity, with hypertrophy often preceeding
hyperplasia in a cyclic manner.53

Adipogenesis regulation involves an association of transcription factors promoting
differentiation, both directly, and via functional interplay among each other.>45% The PPAR
and C/EBP family members play a cooperative role in the induction of adipocyte
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differentiation.56-58 These transcription factors appear to be part of a cascade in which C/
EBP and C/EBPS are involved in the induction of PPARy and C/EBPa?9:%0 PPARy
activation induces dimerization with retinoid X receptors (RXRa)) which leads to adipocyte
differentiation. PPARy, is the principal regulator of adipogenesis and activated PPARy,
facilitates lipogenesis by induction of lipogenic transcription factor, sterol regulatory
element binding protein 1 (SREBP1).61-63 However, SREBP1 can also activate PPARy, by
both stimulating the production of an endogenous ligand,4 as well as by inducing PPARy
promoter activity via a E-box motif.61:64 These data are suggestive of a feed-forward
mechanism, in which PPARy activates SREBP1 and vice-versa, and which is aimed at
promoting adipogenesis and lipogenesis.®2 SREBP1 has been shown to induce the
expression of extracellular lipolytic enzyme (lipoprotein lipase) and lipogenic enzyme (fatty
acid synthase) that in turn, lead to an increase in fatty acid uptake and synthesis, promoting
lipid accumulation within the adipocyte.5%:66 The release of free fatty acid from adipocytes
is facilitated by an intracellular lipolytic enzyme, hormone-sensitive lipase8” (Figure 1).

An Endocrine Organ

AT was conventionally characterized as a metabolically inactive tissue, storing fat during
calorie abundance and releasing fatty acids in times of energy shortage. As evidence
emerged of AT’s ability to secret hormones and cytokines, it established AT as an important
endocrine organ playing a crucial role in multiple regulatory and homeostatic functions
(Figure 2).68:69 The first discovery of an adipocyte-derived signaling molecule was an
appetite regulating hormone, leptin. Since then a number of proteins secreted by adipocytes
have been identified. These include adiponectin which is associated with insulin sensitivity,
fatty acid oxidation, and reduced hepatic glucose output; resistin and retinol binding
protein-4 are associated with adiposity and insulin resistance; metallothionein is a metal-
binding and stress-response protein which may have an antioxidant role; and other secretory
proteins (angiotensinogen, adipsin, acylation-stimulating protein, retinol-binding protein,
plasminogen activator inhibitor-1 and tissue factor) are involved in vascular homeostasis or
the complement system. More recent studies demonstrate that adipocyte-derived
macrophages are the major source of inflammatory cyokines, such as TNFa and 1L-6.
Increased TNFa and IL-6 often seen in obesity, contributes to a chronic low-grade
inflammatory state that has been linked to the development of insulin resistance and
diabetes. These proteins, known as adipokines, have autocrine or paracrine effects, and are
central to the dynamic control of energy metabolism, communicating the nutrient status with
the specific tissues responsible for regulating both energy intake and expenditure as well as
insulin sensitivity. As such, the investigation of the pathophysiological consequences of
altered adipocyte protein production due to changes in adiposity is imperative. There is
already considerable evidence linking increased production of some adipocyte factors with
obesity and metabolic abnormalities.”®

Regional Fat Depots

The location of the excess body fat (regional fat distribution) is a major determinant of the
degree of excess morbidity and mortality due to obesity.” At least three components of
body fat are associated with obesity-related adverse health outcomes: the total amount of
body fat (expressed as a percentage of body weight), the amount of subcutaneous AT or
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abdominal fat (upper body fat), and the amount of visceral fat located in the abdominal
cavity.”2 These three components are partly correlated with each other but exhibit a fairly
high degree of independence. Each of these components of body fat are gender specific,”3
and are associated with varying degrees of metabolic abnormalities and independently
predict adverse health outcomes.’4 7> White AT is located primarily in two major
anatomical AT depots, subcutaneous (inguinal, axillary, interscapular fat depots) and
visceral (mesenteric, omental, perirenal, retroperitoneal, epididymal, parametrial).

Subcutaneous AT are made up of smaller, more insulin sensitive adipocytes and act as a sink
or powerful ‘buffers,” avidly absorbing circulating fatty acids and triglycerides in the
postprandial period.>1:72:76:77 This prevents their diversion to non-adipose tissues, thereby
protecting against ectopic fat syndrome and metabolic syndrome.”8:79 In contrast, excessive
visceral AT amount leads to increased secretion of fatty acids, adipokines and inflammatory
molecules that contribute to insulin resistance, glucose intolerance, dyslipidemia,
hypertension and coronary artery disease.

Mechanism of Programmed Adipogenesis

IUGR Offspring

Mechanistic studies on enhanced adipogenesis or alteration in function/response of
adipocytes in IUGR offspring are limited. Past studies on maternal protein restriction model
have demonstrated smaller adipocytes with increased expression of insulin receptor,
hypertrophic adipocytes and upregulation of genes involved in adipocyte differentiation in
adult offspring that already exhibit obesity.8%-82 Our model of IUGR offspring specifically
demonstrates that hyperleptinemia and hypertrophic adipocytes, including increased de novo
fatty acid synthesis, all indicative of increased propensity for fat storage, occurs prior to
onset of obesity. 29:83:84 Hence, our focus has been to investigate primary mechanism(s)
early in life that lead to enhanced adipogenesis in IUGR newborns. We have shown that at 1
day of age, IUGR male offspring have upregulated adipogenic signaling cascade,
specifically increased AT expression of PPARy.83 Further, enzymes influencing adipocyte
lipid synthesis, storage and release indicate increased susceptibility to retain fat in IUGR
adipocytes. As these changes are evident early in life, it suggests a programmed pathway of
increased adipocyte differentiation and lipogenesis which likely promotes the development
of obesity and metabolic abnormalities in IUGR offspring.

We next explored the putative mechanism for the paradoxical increased PPARy activity.
PPAR-y activity is modulated by select co-repressors and co-activators. The co-repressors
include SIRT1 (an NAD*-dependent histone deacetylase® and chromatin-silencing factor),
NCoR (nuclear receptor corepressor), and SMRT (silencing mediator for retinoid and
thyroid hormone receptor). The complex SIRT1/PPARy/NCoR is recruited to specific DNA
sequences (PPRE) in the promoter region of PPARy target genes and inhibits their
transcription.86:87 Co-activators include members SRC1 (steroid receptor co-activator 1) and
TIF2 (transcriptional intermediary factor 1) which interact directly with PPARy to initiate
its transactivation.88:89 In our study, IUGR newborns at 1 day of age showed significantly
increased protein expression of co-repressors (SIRT1, SMRT) and the co-activator SRC1,
suggesting a key role of co-activator in modulating PPARYy activity.90:91
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These results further raise the question of whether the increased adipogenic potential of
IUGR adipocytes is due to an intrinsic cellular change. To address this, we utilized primary
adipocyte cell cultures and demonstrated that indeed IUGR adipocytes retain the basal
phenotypic characteristic of programmed upregulation of adipogenic PPARy in cell culture,
as evident by significantly increased mMRNA and protein expression.%2 Thus, the adipocyte
itself exhibits “programmed” adipogenesis/lipogenesis, independent upon the IUGR
hormonal milieu. Despite this programming, the primary adipocyte cell cultures from 1 day
old IUGR were able to respond to a synthetic PPARy repressor-ligand, BADGE (bisphenol
A diglycidyl ether)?3 with downregulation of PPARy expression. Interestingly, primary
adipocyte cell cultures from 3 week old IUGR offspring were non-responsive to BADGE. %
Thus, the normal suppressive response to the repressor at 1 day of age suggests that IUGR
adipocytes may respond to pharmacologic approaches to prevent obesity, though within a
certain limiting period.

Maternal High Fat Diet Offspring

The mechanism of programming resulting from in utero overnutrition likely involve a triad
of effects: preexisting maternal obesity, high fat diet effects, and varying degrees of glucose
intolerance. Thus, human studies of obese mothers with gestational diabetes indicate an
increased risk for offspring adiposity.%°

Currently, mechanistic studies on programmed adipogenesis due to maternal obesity or high
fat diet are lacking. Our studies show that despite the putative nutritional difference, HF
offspring demonstrate enhanced adipogenesis, akin to IUGR newborns. Thus both under-
and overnutrition programs increased adipogenesis. Although, the underpinning contributory
factor is once again attributed to upregulated PPARYy, it is mediated via different
mechanisms. In contrast to IUGR newborn, HF newborns demonstrate downregulated co-
repressors (SIRT1, NCoR, SMRT) with unchanged co-activator (TIF2), suggesting a key
role of PPARy co-repressors.%

Therapies, Applications and Conclusions

The obesity epidemic represents one of the major public health challenges in the 21st
century. Devising effective policy and practice to combat childhood obesity is a high
priority for many governments and health professionals. There is irrevocable evidence that
departures from optimal growth in utero, whether from limited or excess nutrition, increase
the relative risk of adult obesity. This essentially provide the basis for the ‘programming’
hypothesis and present a challenge to elucidate the mechanisms by which gene-nutrient
interactions during embryonic or fetal development set the stage for an adult’s susceptibility
to multiple metabolic abnormalities. Emerging evidence suggests that alterations in
epigenomics may be a key mechanism by which nutritional exposure in utero can influence
gene expression, and therefore, phenotype. Indeed, PPARY is epigenetically regulated,®’
and though less characterized, NCoR and SRC1 genes may also be regulated by epigenetic
modifications. This may in part explain upregulated PPAR+y and increased adipogenesis
under both limited and excess nutrient availability, though occurring via divergent
mechanisms. In HF offspring, it may be downregulation of co-repressors whereas IUGR
offspring demonstrate upregulation of co-activators. In this scenario, therapeutic
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interventions for the prevention of offspring obesity will require target-specific modalities
dependent upon the primary etiology. Alternatively, overall suppression of PPARy may be
achieved through antagonist treatment or administration of a selective repressor-ligand
(BADGE), which is known to decrease adipocyte cell size and prevent obesity. Whether the
demonstrated in vitro and in vivo effectiveness® of this approach can be replicated in
human remains to be determined.
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Figure 1. Sequential Regulation of Adipogenesisand Lipogenesis
(1) C/EBPS and C/EBP upregulate PPARy and C/EBPa.; (2) PPARYy, upregulates C/EBPa and vice versa, resulting in

adipocyte differentiation; (3) PPARy, upregulates lipogenic transcription factor, SREBP1c; (4) SREBP1c upregulates
extracellular lipolytic enzyme, lipoprotein lipase facilitating fatty acid uptake by adipocytes; (5) SREBP1c upregulates lipogenic
enzyme, fatty acid synthase facilitating lipogenesis within adipocytes; (6) Intracellular lipolytic enzyme, hormone sensitive
lipase acts on triglyceride to release fatty acid from adipocyte.
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Figure 2. Adipose Tissue asan Endocrine Organ
Adipocytes secrete adipokines that regulate energy homeostasis, appetite regulation, insulin sensitivity, inflammatory response,

and blood pressure. Imbalanced secretion of some of these adipokines is associated with obesity and metabolic syndrome.
Tumor Necrosis Factor alpha (TNF-a), Interleukin 6 (IL-6), Monocyte chemotactic protein-1 (MCP-1), Angiotensinogen (AGT)
and Plasminogen Activator Inhibitor (PALI).
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