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Abstract
Purpose of review—The concept of the developmental origins of health and disease
susceptibility is rapidly attracting interest and gaining prominence as a complementary approach
to understanding the causation of many complex common disorders that confer a major burden of
disease; however several important issues and questions remain to be addressed, particularly in the
context of humans.

Recent findings—In this review we enunciate some of these questions and issues, review
empirical evidence primarily from our own recent studies on prenatal stress and stress biology,
and discuss putative maternal–placental–fetal endocrine and immune/inflammatory candidate
mechanisms that may underlie and mediate short-term and long-term effects of prenatal stress on
the developing human embryo and fetus, with a specific focus on body composition, metabolic
function, and obesity risk.

Summary—The implications for research and clinical practice are discussed with a summary of
recent advances in noninvasive methods to characterize fetal, newborn, infant, and child
developmental and health-related processes that, when coupled with available state-of-the-art
statistical modeling approaches for longitudinal, repeated measures time series analysis, now
afford unprecedented opportunities to explore and uncover the developmental origins of human
health and disease.
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Introduction
The origins of health and disease susceptibility for many complex, common disorders that
confer a major burden of disease in developed societies and other societies in rapid
transition, including but not limited to body composition, metabolic function, and obesity
risk, can be traced back to the intrauterine period of life. Development is a plastic process,
wherein a range of different phenotypes can be expressed from a given genotype. The
unfolding of all developmental processes across the multicontoured landscape from
genotype to phenotype is context-dependent, wherein the developing embryo/fetus responds
to, or is acted upon by, conditions in the internal or external environment during sensitive
periods of cellular proliferation, differentiation, and maturation, resulting in structural and
functional changes in cells, tissues, and organ systems. These changes may, in turn, either
independently or through interactions with subsequent developmental processes and
environments, have short-term and/or long-term consequences for health and disease
susceptibility. These concepts have variously been referred to as the fetal or developmental
origins of health and disease [1].

With respect to developmental programming specifically during fetal life some important
issues currently being addressed include identification of salient intrauterine conditions;
exposition of structural and functional changes produced in response to or by these
intrauterine exposures; detection of critical time periods during gestation when intrauterine
conditions exert their greatest impact; determination of the nature of the exposure-outcome
relationship (whether a threshold, or a linear, dose-dependent, or a J-shaped or U-shaped
function); elucidation of the underlying physiological mechanisms by which intrauterine
exposures produce their programming effects; clarification of whether the long-term health
effects are necessarily mediated by unfavorable birth outcomes; and amplification of the role
of subsequent postnatal conditions in either potentiating or mitigating effects of earlier
intrauterine exposures.

Human studies on prenatal stress exposure and subsequent health
outcomes

Over the past several years the UC Irvine Development, Health, and Disease Research
Program has examined the interface between biological, behavioral, and social processes in
human pregnancy, with a focus on the impact of maternal psychosocial stress and stress
biology on fetal development, birth outcomes, and subsequent newborn, infant, and child
developmental and health outcomes. Findings from our studies converge to suggest that after
accounting for the effects of other established sociodemographic and obstetric risk factors,
maternal psychosocial stress exposure is significantly and independently associated with
increased risk of adverse pregnancy and birth outcomes related to the length of gestation
(preterm birth) and fetal growth [low birth weight/small-for-gestational age (SGA) birth] [2–
5]. Our studies also suggest that the effects of maternal psychosocial stress are mediated, in
part, by stress-related alterations in maternal–placental–fetal (MPF) endocrine and immune
processes [6–9]. Ongoing work in this area addresses the role of maternal–fetal gene–
environment interactions, with a focus on candidate genes implicated in the regulation of
key enzyme systems, steroid hormones and other peptides that regulate fetal development
and birth outcomes. Other studies address the role of mitochondrial genetic variation, and
the biobehavioral basis for the well documented racial/ethnic disparities and the Hispanic
acculturation paradox in reproductive health outcomes. The significance of this area of
research derives from the well established fact that adverse birth outcomes represent the
major problem in maternal-child health in the USA and other developed and developing
nations [10].
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A more recent set of studies, described below, has extended our research agenda to the long-
term effects of prenatal psychosocial stress exposure on adult physiology and health. A large
number of studies of fetal programming have focused on the critical role of prenatal and
perinatal nutrition and have produced important findings and insights (reviewed in [11•]).
Based on the consideration that key environmental conditions that have shaped evolutionary
selection include not only a variation in the amount and constituents of energy substrate
availability and utilization (nutrition) but also conditions and challenges that may impact the
physical integrity and survival of living organisms (stress), we and others have proposed that
prenatal stress exposure likely represents yet another important adverse intrauterine
environment that may impact the anatomy and physiology of the developing organism, with
important implications for the developmental programming of health outcomes and disease
susceptibility [12]. Moreover, emerging evidence supports a bi-directional interaction
between nutrition and stress, such that the consequences on target tissues of either one are
moderated by the other [13–17]. Last, we submit the application of a prenatal stress
perspective which offers an excellent model system for the study of early development
because it is increasingly apparent that the developing fetus acquires and incorporates
information about the nature of its environment in part via the same systems that in an
already-developed individual mediate adaptation and central and peripheral responses to
endogenous and exogenous challenges [12] (see conceptual framework in Fig. 1).

Our studies are designed to address the primary question of elucidating the long-term health
effects in adult human offspring of exposure to maternal psychosocial stress during
pregnancy. Other corollaries addressed include whether these long-term effects are
independent from those of other established obstetric, newborn, and childhood risk factors;
whether the effects are outcome specific, or whether they influence a range of outcomes; and
whether the effects are necessarily mediated by unfavorable birth outcomes. Experimental
studies in animals suggest maternal exposure to psychosocial stress during gestation can
independently exert long-term effects simultaneously on several central and peripheral
systems in the offspring, and that titration of the prenatal stress exposure dose can produce
significant long-term effects without altering the birth phenotype [18–22]. However, only a
very small number of studies have addressed these questions in humans.

As a first step to addressing these questions, we employed a retrospective case–control
design in a sample of healthy young adults born to mothers with healthy pregnancies. One
half of the study population of young adults was born to mothers who had experienced a
major stressful life event during the index pregnancy (prenatal stress group), whereas the
other half was a sociodemographically matched population with no history of maternal
exposure to prenatal stress (comparison group). We selected a study population of younger
as opposed to older adults in order to focus on predisease markers of physiological
dysregulation of metabolic, endocrine and immune systems as early predictors of disease
susceptibility. The potential effects of other established obstetric, newborn, and childhood
risk factors on adult health were controlled using a stringent set of exclusionary criteria.
Maternal and child medical records were obtained and screened to exclude presence of any
maternal acute or chronic diseases, obstetric complications (e.g., gestational diabetes,
hypertension/preeclampsia, infection), unhealthy behaviors (smoking), adverse birth
outcomes (preterm birth, low birth weight), newborn complications, and history of any
major childhood or current diseases (obesity, diabetes, asthma, and adverse neuro-
developmental or psychiatric conditions). Study assessments were performed to quantify
health and physiological markers of disease risk, including body composition and glucose-
insulin metabolism (BMI and percentage fat mass; basal and postoral glucose tolerance test
levels of glucose, insulin, leptin, adiponectin; fasting lipid profile), endocrine function (basal
and post-behavioral/pharmacological stress levels of pituitary– adrenal stress hormones,
chronobiological regulation of adrenal function, and assessment of HPA-axis feedback

Entringer et al. Page 3

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2011 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sensitivity), immune function [immune cell trafficking and lipopolysaccharide (LPS)-
stimulated production of proinflammatory and anti-inflammatory and TH1/TH2 cytokines],
and cognitive function (working memory under basal and hydrocortisone conditions).
Because subtle physiological differences in disease susceptibility are often not detected in
basal state we employed appropriate challenge tests to quantify the function of these systems
under stimulated conditions (e.g., oral glucose challenge, ACTH stimulation test, LPS-
stimulated immune responses).

Our results indicated that the young adults exposed during intrauterine life to maternal
psychosocial stress consistently exhibited significant dysregulation of all these key
physiological parameters, thereby placing them at increased risk for developing clinical
disorders. Specifically, individuals in the prenatal stress group exhibited higher BMI and
percentage body fat, primary insulin resistance, and a lipid profile consistent with the
metabolic syndrome [23], see Fig. 2; altered immune function with a TH2 shift in the TH1/
TH2 balance (consistent with increased risk of asthma and autoimmune disorders [24]);
altered endocrine function, with an increased adrenocorticotrophic hormone (ACTH) and
reduced Cortisol levels during pharmacological and psychological stimulation paradigms
(consistent with the high-risk endocrine profile exhibited by individuals exposed to early life
abuse [25]); and impaired prefrontal cortex (PFC)-related cognitive performance
(impairments in working memory performance after hydrocortisone administration) [26].
Consistent with the finding on cognitive function are results from one of our other recent
prospective, longitudinal studies on the long-term effects of prenatal stress (anxiety) on child
brain morphology. After excluding cases with low birth weight and adjusting for total gray
matter volume, age, gestational age at birth, handedness and postpartum stress, maternal
pregnancy-specific anxiety in mid-gestation was associated with gray matter volume
reductions in several child brain regions, including the prefrontal cortex [27].

Taken together, our findings suggest that in-utero exposure to prenatal psychosocial stress
may confer increased long-term risk of a range of negative physiological and cognitive
health outcomes in humans; these effects are independent from those of other established
obstetric and childhood risk factors; and these long-term effects are not necessarily mediated
by unfavorable birth outcomes. It is noteworthy that our above-described finding on body
composition is consistent with a more recent report in a large, national cohort sample linking
prepregnancy and prenatal stress exposure related to maternal bereavement to risk of
childhood overweight [28], and our finding on immune function is consistent with another
recent report linking prenatal maternal anxiety with infant illnesses and antibiotic use [29].

Stress-related maternal–placental–fetal endocrine and immune processes
as potential mediators of fetal programming of health and disease

The fetal programming hypothesis has led to the search for underlying mechanisms by
which disparate intrauterine insults exert a multitude of effects on different physiological
systems in the developing offspring. A question of further interest relates to whether these
biological mechanisms are outcome specific, or whether there may be some common
mechanisms that influence a range of disparate outcomes. We suggest that stress-related
maternal–placental–fetal endocrine and immune processes in gestation constitute an
attractive underlying common candidate mechanism because they are responsive to many
classes of intrauterine perturbations and they act on multiple targets of fetal programming
[12]. Unlike exposure to toxins and teratogens, it is important to appreciate that maternal–
placental–fetal hormones and cytokines play an essential and obligatory role in orchestrating
key events underlying cellular growth, replication and differentiation in the brain and
peripheral tissues [30–35]. Thus, perturbations in the level and/or time of exposure of these
biologic effectors are likely to produce alterations of normal structure and function. It also is
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important to appreciate that the state of pregnancy itself produces major and progressive
alterations in the function of these systems, and that these changes may have important
implications for altering the responsivity of these systems to exogenous or endogenous
perturbations.

The maternal–placental–fetal endocrine and immune systems in mammalian pregnancy
Pregnancy produces major alterations in neuroendocrine and immune function, including
changes in hormone and cytokine levels and control mechanisms (feedback loops), that are
crucial in providing a favorable environment within the uterus and fetal compartment for
growth, differentiation, and maturation and conveying signals when the fetus is ready for
extrauterine life. Starting very early in gestation the placenta, the first fetal organ to develop
and function, produces hormones, neuropeptides, growth factors, and cytokines, and appears
to function in a manner resembling that of compressed hypothalamic–pituitary–target
systems [36,37]. Glucocorticoid physiology (Cortisol in humans) has received extensive and
well placed consideration as a critical endocrine mediator of fetal programming, with an
emphasis on not only hormone production but also hormone action mediated by tissue-
specific glucocorticoid receptor expression, sensitivity and affinity, and by maternal–fetal
transfer mediated by the activity of the placental 11β-hydroxysteriod dehydrogenase enzyme
system (see [38••] for a recent review). Less well recognized is the potential and perhaps
equally important role of the peptide corticotrophin-releasing hormone (CRH). In primates,
but not other mammals, the placenta synthesizes and releases CRH in large amounts into the
fetal and maternal circulations. In contrast to the inhibitory influence on hypothalamic CRH
production, Cortisol stimulates placental CRH production [39], and this positive feedback
loop results in a progressive amplification of CRH and Cortisol production over the course
of gestation [40]. With respect to the immune axis, a major endeavor of pregnancy-related
alterations in immune function is to achieve and maintain the optimal balance between
tolerating the fetal semi-allograft while not suppressing maternal immune responses to an
extent that increases maternal or fetal susceptibility to infection. Thus, a generalized
reduction of maternal immune responsiveness occurs during pregnancy, mediated by
hormonal changes (e.g., increased levels of progesterone), trophoblast expression of key
immunomodulatory molecules, and a progressive switch from a TH1/TH2 balance to a
predominantly T-helper 2-type pattern of cytokines [41•].

Prenatal stress and maternal–placental–fetal endocrine and immune function
Substantial evidence in nonpregnant humans and animals demonstrates that stress exposure
produces activation of the neuroendocrine system (e.g., HPA axis) and exaggerated
inflammatory responses [42,43]; however, these associations cannot be assumed to also be
present in the pregnant state because the above-described changes in endocrine and immune
physiology have consequences for attenuating the responsivity of these systems to stress.
With respect to prenatal psychosocial stress-related biological pathways, some of our earlier
studies were among the first to demonstrate that despite the large pregnancy-associated
changes in maternal endocrine physiology, the system is responsive to maternal
psychosocial states (such as high stress and low social support) [6]. Our more recent studies
on maternal stress responses in human pregnancy are among the first to demonstrate that
maternal psychophysiological stress responses are progressively attenuated with advancing
gestation [44•], and that after accounting for the effects of other established risk factors, the
degree of attenuation is a significant predictor of shortened length of gestation and earlier
delivery [45].

Studies by other groups have reported that elevated psychosocial stress in pregnant women
is associated with higher circulating levels of inflammatory markers like C-reactive protein
(CRP) and the proinflammatory cytokines IL-1b, IL-6, and TNF-α, with lower circulating
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levels of the anti-inflammatory cytokine IL-10 and ex-vivo endotoxin (LPS)-stimulated
levels of IL-1b and IL-6 [46,47]. Another recent study of proinflammatory responses to an
in-vivo antigen challenge (influenza virus vaccination) in pregnant women reported an
association between depressive symptoms and sensitization of the inflammatory cytokine
responses [48].

In addition to psychosocial stress, substantial in-vitro and in-vivo evidence indicates that
maternal–placental–fetal endocrine and immune processes during pregnancy respond to a
variety of other maternal and intrauterine perturbations, including biological effectors of
stress [7,49–53], obstetric risk conditions such as preeclampsia, pregnancy-induced
hypertension [54–67], gestational diabetes [68,69], infection [54–56,70], reduced
uteroplacental blood flow [57,58], and behavioral factors such as the constituents of
maternal diet, over nutrition and under nutrition, and smoking [59–67].

Based on these findings, it is apparent that measures of maternal–fetal endocrine and
immune/inflammatory stress markers capture physiological responses to a wide range of
intrauterine perturbations including, but not limited to prenatal stress. In accordance with
our suggestion that stress-related maternal–placental–fetal endocrine and immune processes
in gestation constitute an attractive candidate mechanism for fetal programming, a recent
JAMA editorial [71] on an article reporting an increase in the prevalence of several
categories of chronic illness in childhood, including obesity, asthma, and ADHD [72],
speculates there may be common early risks underlying these conditions that are triggering
development of aberrant physiologic pathways. The editorial suggests that adverse early
experiences that affect stress-sensitive physiologic systems (endocrine/metabolic, immune)
may contribute to not only the onset of childhood illness but also predispose the same
individuals to develop age-related diseases as adults.

Fetal programming of body composition, metabolic function, and obesity
risk

Continuing with the theme of a common underlying biological mechanism, in this section
we address the issue of the potential impact of prenatal stress biology on multiple targets of
fetal programming. We consider here, as an example, phenotypic outcomes related to body
composition, metabolic function, and obesity risk.

Obesity (or, to be more precise, adiposity) is recognized as one of the most serious health
problems in the USA and other societies. At the individual level, obesity results when
energy intake exceeds energy expenditure. However, the relationship between excess energy
intake and adiposity is not linear and monotonic; there is a wide variation among children or
adults at identical levels of excess energy intake in their propensity to gain weight and
accrue fat mass. This variation across individuals defines susceptibility for developing
obesity/adiposity. Once an individual becomes obese, it is difficult to lose weight, and even
more difficult to sustain weight loss, because of the remarkable efficiency of energy balance
homeostasis mechanisms [73,74••]. For these reasons, it is important to gain a better
understanding of the origins of individual differences in the propensity for weight and fat
mass gain, in order to predict obesity risk and develop strategies for primary prevention
[74••].

Targets of programming of obesity: potential role of the maternal–placental–fetal
endocrine and immune/inflammatory pathway

It is well established that the primary targets of programming of body composition,
metabolic function, and obesity risk are the neural networks that regulate energy balance
(appetite, feeding, and basal energy expenditure) and peripheral organs and tissues involved
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in fat synthesis/breakdown, storage, and metabolic function (adipocyte, liver, and pancreas).
In this section, we consider and review findings that pertain to the potential role of prenatal
stress biology in programming these major targets of interest.

Stress-related endocrine and immune processes in human pregnancy are associated with not
only fetal development and birth outcomes but also with later disease risk. For example, we
have reported that placental CRH concentrations in human pregnancy significantly predict
the rate of fetal growth and size at birth [8], which, in turn, is a significant predictor of
childhood and adult adiposity [75–77]. Other researchers have found a positive association
between CRH levels in pregnancy and an increase in central adiposity [78] and alterations in
adiponectin levels in 3-year-old children [79••]. Yet others have reported a positive
association between maternal levels of interleukin-6 (IL-6) in pregnancy and neonatal
adiposity [80].

Neural circuits—The central role of ventromedial hypothalamic (VMH) circuits in
regulating feeding and energy balance is well established. VMH neurons contain receptors
for and receive afferent signals related to fat stores (leptin), nutrient metabolism (insulin),
hunger (ghrelin), and satiety (peptide YY), and they integrate peripheral signals of effectors
of food intake and energy expenditure so as to prevent substantial variations in the level of
energy balance [81]. Also involved in the regulation of appetite and food intake are brain
regions that make food intake rewarding (limbic structures), and higher cortical structures
(e.g., prefrontal cortex) that are important for learned patterns of eating behavior and
executive control [82]. A growing body of literature suggests that intrauterine perturbations
can produce reorganization of these neural pathways that regulate energy intake and
expenditure in ways that enhance the development of obesity. Several studies have
convincingly demonstrated that biological (endocrine, immune) stress during gestation,
triggered by a variety of nutritional, inflammatory, vascular, behavioral, or psychosocial
perturbations, can promote obesity in the offspring by reorganizing central neural pathways
through programming of energy balance ‘set points’ (see [83••] for recent review). One key
system involved in the regulation of energy balance is the hypothalamic (CRH)–pituitary
(ACTH)–adrenal (Cortisol) neuroendocrine stress axis, which forms a network of neuronal
pathways capable of interacting with brain circuits controlling energy balance [84]. For
instance, the adipogenic hormone leptin which is the afferent loop informing the
hypothalamus about the states of fat stores, participates in the expression of hypothalamic
CRH, interacts at the adrenal with ACTH, and is regulated by Cortisol. Cortisol increases
leptin secretion and limits CNS leptin-induced efferents [85].

Adipocytes—Obesity is impacted by increases in fat cell number, size, or both. Fetal
adipose tissue development is regulated by the complex interaction of maternal, endocrine,
and paracrine influences that initiate specific changes in angiogenesis, adipogenesis, and
metabolism [86]. Adipogenesis, the process of adipocyte development from mesenchymal
stem cell precursors, occurs primarily during late fetal and early postnatal life in humans,
and the number of adipocytes is relatively fixed after young adulthood [86–88], supporting
the notion that fetal and early postnatal periods are crucial windows in the development of
adipose depots. Adipogenesis is highly sensitive to the intrauterine biological environment,
in particular to concentrations of insulin-like growth factors, glucose, insulin, and
glucocorticoids [86,87]. In addition, CRH seems to be an important regulator of adipocyte
function, and CRH receptors are expressed in both white and brown adipocytes [89]. The
role of cytokines as regulators of adipose tissue metabolism is well established.
Proinflammatory cytokines are elevated in obese individuals, and they seem to modulate
leptin secretion from adipocytes [90]. Furthermore, animal studies have shown that fat cells
exposed to an excess substrate supply during crucial windows in their development have an
increased capacity for storing lipid in postnatal life [91,92]. This enhanced lipogenic
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capacity renders these individuals more likely to store excess energy in the form of fat and
increases their susceptibility to weight gain and obesity and its metabolic sequelae. In
individuals exposed to low nutrition levels before birth, adipocyte development is initially
sacrificed in favor of ‘essential’ organs [93,94]. If an in-utero ‘restricted’ individual is born
into a postnatal environment in which nutrient supply is no longer constrained, a period of
‘catch-up’ fat deposition ensues, mainly in the visceral adipose depot [95]. These individuals
are at increased risk of visceral obesity [77] and, consequently, to the development of insulin
resistance and type 2 diabetes [96].

Liver and pancreas—The liver controls the production and fate of metabolic fuels
through the action of hepatic enzymes. Phosphoenolpyruvate carboxykinase (PEPCK), a key
enzyme in hepatic gluconeogenesis, is under potent glucocorticoid regulation. In animals,
prenatal exposure to dexamethasone produces an increased expression of hepatic
glucocorticoid receptors as well as increased levels and activity of PEPCK [97], thereby
predisposing these animals to glucose intolerance later in life. Furthermore, manipulation of
diet during pregnancy is associated with epigenetic changes in the promotor regions of the
genes encoding PPARα and the glucocortiocid receptors in the liver in offspring after birth,
thereby altering their metabolic phenotype [98,99]. Insulin is produced by the beta cells in
the pancreas in response to elevated blood glucose levels. Increased glucocorticoid exposure
and malnutrition during fetal development have the potential to permanently reduce the
pancreatic beta cell mass and lower pancreatic insulin content, thereby increasing the risk
for metabolic disease later in life (reviewed in [100•]).

Genetics, gene–environment interactions, and epigenetics
Although weight and body composition are highly heritable, known genes account for only a
modest proportion of their variance [101–103]. Genetic makeup alone cannot explain the
rapid increase in obesity prevalence in the population because the genetic characteristics of
the human population have not changed in the last three decades, but the prevalence of
obesity has tripled during that time [104]. Estimates of maternal transmission of heritability
are stronger than those for paternal transmission, which argues in favor of intrauterine
effects and/or mitochondrial DNA effects. Moreover, the strongest genetic associations
seem to vary as a function of the environment (e.g., effects are seen at specific times but not
other times in the life cycle). These observations suggest that gene–environment interactions
are particularly relevant in the context of the obesity phenotype. Interestingly, a variant in
the gene encoding the glucocorticoid receptor has been associated with increased body
fatness in children [105], and we and others have described the association of the same
variant with altered physiological stress responses [106]. Potential epigenetic mechanisms
are areas of great interest in this context. A detailed review of epigenetics is beyond the
scope of the current paper, and we have elaborated on this issue elsewhere [107•,108].

Future directions: implications for research and clinical practice
By incorporating the developmental programming approach into the traditional paradigm of
causation of complex common health disorders, the focus shifts to placing a far greater
emphasis on the health and well being of young women of reproductive age prior to
conception and across gestation, in order to more effectively address health and disease risk-
related issues in their offspring from infancy and childhood through adolescence and into
adult life. A multilevel approach is required, including molecular and cellular studies, the
use of appropriate animal models, and well designed human studies. In the context of human
research, opportunities are limited for experimental manipulations of prenatal stress and the
intrauterine environment, and for access to many of the target tissues of interest, particularly
in fetal life. The value of prospective, longitudinal, follow-up studies, ideally starting before
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conception, and extending through pregnancy and birth into childhood and beyond, is
emphasized. For these studies, deployment of state-of-the art methods, including 3D/4D
fetal ultrasonography for quantification of fetal growth (biometry), regional blood flow
(uterine, umbilical, cerebral, hepatic and renal [109,110]), volume and growth trajectory of
organs (placenta, brain, liver, kidneys, adrenals) [111,112], and body composition (arm,
thigh and visceral fat/lean mass [113•, 114]), coupled with reliable assessments in newborns,
infants, and children of body composition [with magnetic resonance imaging (MRI) or dual
energy X-ray absorptiometry; DXA] and energy expenditure [total energy expenditure using
the doubly labeled water method (DLW), and resting metabolic state using the indirect
calorimetry approach], will move the field forward in an informed manner. Furthermore,
recent advances in imaging techniques will likely enable the developments of protocols in
infants and children for subcutaneous and visceral fat quantification (especially intrahepatic
fat) [115•], and characterization of and differentiation between white and brown adipose
tissue [116••]. These observational studies, in conjunction with parallel molecular studies
including studies of human placental, multipotent (stromal) stem cells, and adipose tissue
culture systems [117••], and coupled with state-of-the-art statistical modeling techniques for
parametric and nonparametric repeated measures, time-series data [118–121], will contribute
to further defining technical capabilities in this field.

Regarding clinical implications, it is apparent that current approaches to the prevention and
management of obesity and associated metabolic disorders have yielded only very limited
success. Once an individual becomes obese, it is difficult to lose weight, and even more
difficult to sustain weight loss [73,74••]; systematic studies of the efficacy of current weight
loss programs has provide the sobering statistic that approximately 80–90% of obese people
who have lost weight regain it within 1 year [122–124]. Clearly, it is critical to adopt a
developmental framework in order to arrive at a better understanding of the origins of
individual differences in the propensity for weight and fat mass gain, and to develop and test
hypotheses that set the stage for translational research to inform the subsequent development
of primary intervention strategies before an individual becomes overweight or obese, or
secondary interventions to increase the likelihood of a favorable and more sustained
response to weight-loss strategies.

Conclusion
Based on the conceptual framework and empirical findings presented here, we suggest that
prenatal stress exposure may represent an important consideration in arriving at a better
understanding of developmental programming of health and disease susceptibility.
Moreover, we submit that stress-related maternal–placental–fetal endocrine and immune
processes in human gestation represent a potentially attractive underlying candidate
mechanism for elucidating the common biological basis (pathway) for mediating not only
the long-term effects of prenatal stress but also those of a host of other intrauterine
perturbations that have been implicated in this area.
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Figure 1. Conceptual framework of a biobehavioral model in humans of prenatal stress-related
maternal–placental–fetal endocrine and immune processes and programming of health and
disease risk
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Figure 2. Mean glucose, insulin, C-peptide, and leptin responses (±SEM) to an oral glucose
tolerance test in prenatally stressed (PS, ‘black circles’) and comparison group (CG, ‘white
triangles’) individuals (left panel)
Glucose levels were not significantly different across the groups, however, PS individuals
showed significantly elevated 2 h insulin (P=0.01) and C-peptide levels (P=0.03), as well as
higher leptin levels at all time points during the oral glucose tolerance test (OGTT)
(P=0.05). In addition, PS individuals had a higher % body fat and a higher BMI (P=0.04,
right panel). Adapted with permission from [23].
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