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Abstract The prevalence of overweight and obesity has
markedly increased during the past few decades. Stress
has been suggested as one environmental factor that
may contribute to the development of obesity. In this
review, we discuss the role that exposure to chronic
stress may play in the development of obesity, with
particular attention to the effects of chronic psychosocial
stress. Of particular importance is the effect that social
stress has on dietary preference, food consumption, and
regional distribution of adipose tissue. We present evi-
dence from human and animal studies that links sym-
pathetic nervous system and hypothalamic-pituitary-
adrenal axis hyperactivity with visceral obesity, and that
stress tends to alter the pattern of food consumption,
and promotes craving of nutrient-dense “comfort foods.”
Lastly, we discuss the visible burrow system, a model
of chronic social stress used in our laboratory to assess
the effects of social subordination on behavioral and
metabolic profile.
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Introduction

The prevalence of overweight and obesity has dramatically
risen over the past few decades. Although the rate of in-
crease has begun to slow (at least temporarily) in the United
States, approximately two thirds of the population is over-
weight, and nearly one third is obese [1]. Initially thought to
be a problem of a small number of wealthy nations, it is now
clearly a global issue [2]. Although overeating and seden-
tary lifestyle are the most frequently cited suspects, there are
likely many other contributors to the surge in obesity and
obesity-related illness, including cultural, industrial, and
genetic factors [3, 4]. The “thrifty gene” hypothesis put forth
by James Neel would suggest that from an evolutionary
standpoint, the genetic propensity to gain weight and adi-
posity was adaptive—in times when food was scarce and
energy demands great, it was important for the body to use
nutrients efficiently and to store any excess energy for future
states of negative energy balance [5]. However, John Speak-
man [6] hypothesizes that genes promoting obesity have
always been maladaptive. He proposes that our ancestors
lived in an environment that would weed out disadvanta-
geous genes at either end of the metabolic spectrum. He
notes that nearly 10% of fossilized hominids from the Plio-
cene era show evidence of predation [6], and that genes
promoting obesity would also be selected against, as carry-
ing excess weight would impair the ability to escape. Fol-
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lowing the development of tools, the use of fire, and more
organized social structures, humans were less vulnerable to
predation. Therefore, he has proposed that this “release from
predation” has allowed maladaptive genes promoting obesity
to be passed down through generations in evolutionary drift [7].

Regardless of whether genes promoting obesity were ever
adaptive or maladaptive, both hypotheses highlight the impor-
tance of gene x environment interactions. The disparity
between the environment and lifestyle of our ancestors and
that of today clearly plays a role in the development of obesity
[5, 8, 9]. Other factors likely confer resilience or vulnerability
to metabolic dysfunction. Stress has long been associated with
changes in dietary preference, food intake, weight gain, and fat
accrual, although specific mechanisms are less well under-
stood. Importantly, psychological stress is linked to visceral
deposition of fat, which is associated with greater health risks
[10–13]. In this review we outline the stress response and how
its derangement can negatively affect metabolic health through
changes in feeding behavior and metabolic function. We
review evidence from humans and animal models, with a focus
on chronic social stress studies ongoing in our laboratory.

The Stress Response in Health

Stress is generally defined as a real or perceived threat to
homeostasis [14]. Although often thought of as a negative
thing, the stress response is critical to survival, as its func-
tion is to help the organism adapt to challenge and maintain
homeostasis [15]. When one experiences acute stress (eg, a
threat from a predator), the sympathetic branch of the auto-
nomic nervous system (ANS) is rapidly activated, followed
by the hypothalamic-pituitary-adrenal (HPA) axis. The ANS
governs visceral functions such as respiration, heart rate,
maintenance of blood pressure, hormone release, and diges-
tion. Acute activation of the sympathetic nervous system
(SNS) following stress exposure is often referred to as the
“fight or flight” response. The SNS increases respiration,
blood pressure, and heart rate, and activates catabolic path-
ways. Catecholamines bind to β- adrenergic receptors of
adipocytes, inducing lipolysis via hormone-sensitive lipase.
This frees nonesterified fatty acids from adipocytes and
releases them into the circulation. Glycogen is hydrolyzed
and gluconeogenesis is stimulated to provide glucose to
tissues requiring large amounts of energy (primarily the
brain, and skeletal and cardiac muscle) necessary to cope
with the threat to homeostasis [16]. SNS activation inhibits
the effects of insulin, and functions not necessary for imme-
diate survival (eg, digestion, growth, and reproduction) are
suppressed during this period.

Stress also triggers the HPA axis through activation of the
parvocellular cells of the paraventricular nucleus of the hypo-
thalamus (PVN). This results in the release of corticotropin-
releasing hormone (CRH) and arginine vasopressin into the

hypothalamo-pituitary portal circulation. CRH stimulates the
synthesis and release of adrenocorticotropic hormone (ACTH)
from the anterior pituitary, which binds to receptors on the
adrenal cortex, inducing the release of glucocorticoids from the
zona fasciculata (primarily cortisol in humans and corticoste-
rone in rats and mice), the end product of the HPA axis [17,
18]. Glucocorticoids bind to corticosteroid receptors, gluco-
corticoid (GR) and mineralocorticoid, which are, for the most
part, intracellular receptors. Glucocorticoids are lipophilic and
can therefore pass through cell membranes to bind with GR
within the cytosol, forming a complex with other proteins.
After binding, GRs translocate to the nucleus of the cell, where
they act as transcription factors, binding to positive or negative
glucocorticoid response elements to activate or repress gene
expression. Similar to catecholamines, glucocorticoids in-
crease lipolysis and gluconeogenesis and antagonize the ana-
bolic actions of insulin by inhibiting both its release from
pancreatic β cells, as well as its signaling abilities [19], allow-
ing glucose, fatty acids, and amino acids to be shunted to the
tissues that need them most.

In healthy individuals the stress response is short lived.
Activation of the SNS is rapidly counterbalanced by the
parasympathetic (“rest and digest”) branch of the ANS. The
HPA response is terminated via negative feedback loops;
glucocorticoids act on receptors at the level of the PVN and
pituitary to inhibit the production and release of CRH and
ACTH. Indirect negative feedback from limbic structures such
as the medial prefrontal cortex and hippocampus also contrib-
utes to termination of the HPA axis response. Although the
stress response is necessary for survival and adaptation, pa-
thology can arise when it is prolonged. In vulnerable individ-
uals, exposure to chronic stress can adversely affect numerous
aspects of health [8, 9, 15].

How Can Social Stress Contribute to Obesity?

It seems counterintuitive that prolonging the stress response
could result in obesity; mounting a stress response is an
energetically costly activity and it serves to mobilize energy
stores for immediate use. This is true for acute stress, but
periods of chronic stress exposure promote acquisition and/
or redistribution of energy stores. Although certainly a sub-
jective measure, most people consider themselves “stressed,”
and most frequently report that the source is social in nature.
Common psychosocial stressors include low socioeconomic
status, personal conflicts with friends and family, stressful
work environments, lack of adequate social support, poor
self-esteem, trying to balance home and work life, or caring
for a sick loved one [8, 20–22]. Because these are chronic
types of stressors, they contribute to increased weight gain and
visceral adiposity. Socioeconomic status is strongly related
with disease and mortality, and has been dubbed “the status
syndrome” byMarmot [23]. In the United States, poor citizens
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have significantly poorer health than the rich. Lack of, or
inadequate, health insurance and access to health care certain-
ly contributes to the particularly wide gap among Americans,
but disparity is still observed in countries with universal health
care. The gap is observed despite accounting for lifestyle
differences, and Marmot [23] asserts that this is likely due to
the psychological effects of low status—one’s relative status
and perception of control and integration within society. Al-
though social hierarchies are inherent in human society, the
magnitude of the health disparity between the affluent and
poor may be ameliorated by addressing inequalities, improv-
ing access to health care and supportive resources, providing a
greater sense of control, and participation with society [24].

In addition to the metabolic effects, stress can also affect
appetite and influence dietary preference. These effects are
not always consistent—many people report that they tend to
gain weight when they are stressed, whereas others report
loss of appetite. Differences may reflect the type of stressor,
its duration or severity, genetic predisposition, and learned
coping style [25, 26]. Another factor is pre-existing weight:
men and women that are overweight or at the upper limits of
“normal” weight are more likely to gain weight in response
to stress than those that are of lower weight. It is believed
that elevated insulin levels observed in heavier individuals
are responsible for greater weight gain in response to stress
[27•, 28]. Many people who increase food intake in re-
sponse to stress report craving foods high in fats and sugar.
This “comfort food” effect is thought of as non-homeostatic
feeding and is proposed to activate brain reward systems
and dampen stress responses. For some obese patients,
overconsumption of palatable foods is thought of as a form
of addiction. Imaging studies have revealed dysregulation of
dopaminergic reward circuitry, similar to that observed in
drug addiction [26, 29•]. Chronic social stress, access to
highly palatable, energy-dense foods, and little need for
physical activity set the stage for the development of over-
weight and obesity.

Chronic Activation of the Stress Response

Effects of Chronic Sympathetic Activation on Metabolism

Chronic SNS activation has generally been associated with
the development of obesity [30–32]. If SNS activation
increases metabolism, mobilization of energy stores, energy
expenditure, and thermogenesis, it would seem to make
sense that obesity would be associated with lowered SNS
activity [16]. Differences are most likely a consequence of
the method by and time of assessment. Most studies agree
that basal SNS activity is elevated in those with metabolic
disorders. However, there is some disagreement about what
happens in response to challenge, such as insulin adminis-
tration or cold stress [16, 33]. Studies suggest that although

basal SNS activity may be chronically elevated, the re-
sponse to stress is blunted. It is hypothesized that these high
levels of basal catecholamines induce downregulation or
desensitization of adrenergic receptors in adipose tissue.
This, in turn, inhibits lipolysis upon activation of the SNS,
and leads to insulin resistance. Spraul et al. [31] found that
increased SNS activity, as measured by muscle sympathetic
nerve activity, was directly related to body composition.
Others have demonstrated that men with low job status have
lower heart rate variability, indicating enhanced sympathetic
activity [34]. But is SNS hyperactivity a cause or conse-
quence of obesity? Recent studies have indicated that
heightened sympathetic activity may precede overweight
and obesity in individuals. Elevated resting and ambulatory
heart rate have been directly related to overweight and
obesity in follow-up examinations of hypertensive patients
[35]. Similarly, a prospective study of healthy, nonobese
males found that those with elevated plasma norepinephrine
gained more weight over a 5-year period [36].

HPA Axis Hyperactivity

Chronic activation of the HPA axis has been associated with
numerous pathologies, including metabolic disorders. In
fact, many of the symptoms of the metabolic syndrome are
shared with those of Cushing’s syndrome, caused by hyper-
cortisolism. These include the preferential deposition of
adipose tissue in the midsection, hypertension, dyslipide-
mia, and insulin resistance [37–39]. Although an acute
stress response promotes mobilization of energy stores for
use, chronic glucocorticoid exposure has the opposite effect,
promoting energy storage as fat, and preferentially within
the abdomen. For example, chronic variable stress or admin-
istration of exogenous corticosterone increases body weight,
mesenteric fat pad weight, leptin levels, and adipocyte size of
rodents [13, 40]. The overall effects of glucocorticoid expo-
sure differ by tissue type. Chronic glucocorticoid exposure
increases the expression and activity of lipoprotein lipase
within adipose tissue depots, facilitating fat storage, and this
predominates within visceral adipose tissue since visceral
depots express more GR than subcutaneous depots. The stro-
mal vascular cells of visceral adipose express higher levels of
11β-hydroxysteroid dehydrogenase (11β-HSD-1), an enzyme
that regenerates glucocorticoids from their inactive metabo-
lites, further augmenting local glucocorticoid action in ab-
dominal fat [41, 42].

Does Social Stress Cause Human Obesity?

Numerous epidemiologic studies have linked social stress
with obesity and metabolic disorders. However, it is difficult
to determine whether stress contributes to the development
of metabolic dysfunction or is a result of metabolic
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dysfunction itself. Because of the difficulties associated with
long-term studies, many rely on measures taken over a short
period of time, metabolic response to acute stressors, or
retrospective studies. However, some recent studies have
looked at psychosocial factors and metabolic function over
longer periods of time. Beginning with baseline measures
taken in the mid- to late 1980s, health data have been
regularly collected from a large group of UK civil servants,
in what is referred to as the Whitehall II Studies. One recent
follow-up found that men and women who reported long-
term conflicts within, or lack of support from, their closest
relationships were more likely to have had an increase in
waist circumference and body mass index (BMI) over the
study period [43]. Others studying the Whitehall II cohort
have found associations between chronic stress and other
factors associated with metabolic syndrome, such as elevat-
ed basal sympathetic activity or prolonged sympathetic re-
sponse to stress [21, 34]. Similarly, a recent Finnish study
conducted over a 6-year period found that adults self-
reporting psychological distress had a significantly higher
likelihood of developing the metabolic syndrome by study
end [44].

A particularly troubling issue is the number of children
and adolescents who are classified as overweight or obese.
Recent estimates indicate that approximately 17% of chil-
dren in the United States are obese [45]. It is already well
established that childhood obesity often persists into adult-
hood, and recent studies suggest that childhood overweight
and obesity are associated not only with poor health in
adulthood, but shortened lifespan [46]. As in adults, the
nutritional and social environment likely plays a large role
in pediatric obesity. Although we are all exposed to social
stressors, adolescents may be particularly vulnerable to their
deleterious effects on health [47]. Adolescence is a period of
development associated with the desire for more indepen-
dence from family, which can lead to conflict. Desire for
acceptance from peers can lead to significant social pres-
sure. It is also a period in which the brain is still developing
and attitudes about food and coping behaviors are learned.
Although the overall rise in childhood obesity has slowed, it
has not for those from disadvantaged backgrounds [48].
Low income has been associated with higher risk of child-
hood overweight and obesity in several studies [47, 49–52].
Stamatakis et al. [53••] contend that there is in fact a grow-
ing divide between the upper class and those with a lower
socioeconomic status.

Animal Models of Stress

Because of obvious technical and ethical constraints, there
are limitations to stress studies in humans. Clearly, it is not
ethical to purposefully subject humans to chronic social
stress. It takes decades to conduct prospective studies of

long-term social stress on human health. For these reasons,
animal models can help to elucidate mechanisms by which
stress impacts physiology. It is of great importance to
thoughtfully consider the model that is used; it should be
ethologically relevant to the animal, and should also trans-
late to the human condition. Although in the past it was
assumed that all stressors were generally the same, we now
realize that psychological and physiologic stressors can
utilize very different neural circuitry [54, 55]. Therefore,
studies of social species in a social environment may be
most useful in modeling the human condition. Numerous
species have been used to study stress effects, including
nonhuman primates, rodents, and zebrafish.

Nonhuman primates have provided invaluable insight
into the effects of social stress; since they are most closely
related to humans, they share many physiologic and neuro-
anatomical features. Female nonhuman primates have a
reproductive cycle that more closely resembles that of
humans, and many nonhuman primate species also form
dominance hierarchies, allowing for the investigation of
sexually dimorphic effects of social subordination. Nonhu-
man primates also share many of the same genetic poly-
morphisms as humans that have been associated with
vulnerability or resilience to disease. Their average lifespan
is considerably shorter than humans, but much longer than
those of rodents, which makes them ideal for longitudinal
studies. Although less closely related to humans than non-
human primates, rats and mice still share many similarities,
which are supported by a rich literature of behavior and
comparative anatomy and physiology. Because of their size
and shorter lifespan, they require far fewer resources (time,
space, and economic) and can provide valuable information
over a shorter period of time than nonhuman primates. A
particular strength of rodent models is the wide variety of
strains available. Rats and mice have been selectively bred
for particular traits such as coping style, susceptibility to
disease, and diet-induced obesity [56–58, 59•, 60]. Addi-
tionally, the ability to look at the effects of down- or upre-
gulation of gene expression via spontaneous mutations,
transgenics, and the use of viral vectors yields invaluable
information on genetic vulnerability or resilience to disease
[61–65]. Zebrafish (Danio rerio) may also help us to eluci-
date the genetic and epigenetic mechanisms that underpin
behavioral or coping strategies. These social fish have a
well-documented behavioral repertoire and share similar
neuroendocrine and neurotransmitter systems and basic neu-
roanatomy to those in humans, nonhuman primates, and
rodents. A particular strength of the zebrafish is that its
genome has been fully sequenced, and a number of mutant
models are available for study [66]. For instance, zebrafish
with a mutation of the fibroblast growth factor receptor 1a
(fgfr1a) gene engage in more exploration of a novel envi-
ronment, spend more time in proximity to a novel object,

Curr Obes Rep (2012) 1:16–25 19



and exhibit more aggressive behaviors toward a “conspecific”
(reaction to its own reflection in a mirror). This single muta-
tion appears to influence the temperament or coping style of
the zebrafish [67]. It appears that the gene affects behavior
through its influence on histamine expression, which is re-
duced in the fgfr1amutant fish. Restoring histamine to normal
levels resulted in behavior similar to that of wild-type zebra-
fish. It is also possible to study the effects of social stress in
zebrafish, as dominance is established when males are pair-
housed [68].

Social stress in animals affects food intake, food prefer-
ence, and body composition. Subordinate (SUB) nonhuman
primates exhibit behavioral and physiologic symptoms of
stress, including depressive-like behaviors and increased
HPA axis and SNS activity. Sexually dimorphic effects on
fat deposition exist in both humans and nonhuman primates,
and can therefore facilitate study into the mechanisms by
which males are more vulnerable to developing visceral
obesity. In male cynomolgus macaques, social instability
(generated by frequently changing the composition of social
groups) results in increased coronary artery atherosclerosis
and deposition of abdominal adipose tissue [69, 70]. Males
with the greatest heart rate responses to stressors (a measure
of sympathetic activation) also have the most severe athero-
sclerosis [69]. SUB female rhesus macaques consume more
calories than dominant (DOM) females when provided with
a standard diet. When provided with a choice between the
standard diet and a highly palatable high-calorie diet, both
DOM and SUB females preferred the high-calorie diet, but
the SUB females continue to consume more than the DOM
females. When provided with a moderate-fat diet, SUB
female cynomolgus monkeys are more likely to centralize
fat stores than DOM females [71, 72]. Similarly, SUB male
mice consume more high-fat diet than DOM males, and
have improved caloric efficiency, leading to weight gain
and elevated plasma glucose and free fatty acids.

Access to and consumption of palatable food and drink
appears to ameliorate or prevent some of the behavioral and
physiologic effects of stress. In the previously mentioned
study, consumption of the high-calorie diet was associated
with a decrease in aggression and anxiety-related behaviors
in SUB female cynomolgus monkeys [73]. Male rats pro-
vided daily access to a small amount of sweetened solution
have a blunted HPA axis response to acute stressors such as
restraint [74, 75•].

The Visible Burrow System

Our laboratory examines the effects of chronic social stress
on metabolism using the visible burrow system (VBS),
which is used to create a semi-natural, ethologically relevant
habitat for socially housed rats. It consists of a series of
tunnels and chambers, meant to simulate burrows formed by

wild rats, and an open surface area exposed to a 12:12 light
cycle (Fig. 1). When males and females are housed within
this system, males form a dominance hierarchy. SUB males
exhibit signs of social stress including lower testosterone,
elevated corticosterone, adrenal hypertrophy, thymic invo-
lution, hypophagia, and weight loss over the 2-week hous-
ing period [76–79]. At the end of this period, both DOM and
SUB males lose fat mass, but SUB males lose a greater
proportion of subcutaneous to visceral adipose tissue than
DOM males. SUB males also lose a significant amount of
lean tissue. Upon removal and a 3-week recovery period of
single housing, SUB males are hyperphagic and accrue a
significant amount of adipose tissue, preferentially stored in
visceral depots [77, 80, 81]. This suggests increased visceral
adiposity, despite the finding that the body weight does not
return to that of DOMs and CONs (controls; singly housed
males) during a 3-week recovery period. This is similar to a
recent cross-sectional study of men that found that although
self-reported stress scores did not correlate with BMI, they
were directly related to body composition [82]. In the VBS,
body compositional effects are enhanced by multiple cycles
through VBS and recovery [81, 83•]. On the surface, the
VBS model differs from animal and human models in that
the most socially stressed animals lose weight. However,
this may be an effect of the severity of the social stress
within the burrow. The release and recovery from this stress
is likely responsible for the rapid recovery of weight and
preferential deposition of visceral fat. When SUBs come out
of the VBS, they have elevated glucocorticoids, low testos-
terone, and upregulation of orexigenic hypothalamic neuro-
peptides, which most likely contributes to this phenotype.
Much of our recent research has focused on the mechanisms
by which this preferential fat gain occurs. Two recent studies
have focused on the roles of pattern of food ingestion and
nutrient trafficking during and following subordination
stress.

Stress-Induced Changes in Feeding Behavior

One area of interest is how feeding patterns are altered
during VBS housing and recovery. Others have demonstrat-
ed that the manner in which one consumes food can affect
weight gained and/or body composition, even when the total
caloric intake is the same [84–86]. Monitoring food intake
of group housed animals is not an easy task; continuous
video recording allowed us to determine when each rat was
at a feeder, but it was not suitable for studying how much
food was consumed or the microstructure of meals. In
collaboration with AccuScan Instruments (Columbus, OH)
and the University of Cincinnati (UC) Biomedical Engineer-
ing Department, we have modified a meal pattern system
(Dietmax ID, AccuScan Instruments) with which to study
the meal patterns of males within the VBS (Fig. 1). Prior to
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the study, each male is implanted with a small microchip that
can be read by scanners located above feeding cups within the
VBS. The food cups sit upon scales connected to an analyzer
which records, with a timestamp, all changes in cup weight
(Dietmax ID System). This allows us to determine where and
when each rat fed, in addition to the amount of food consumed.
The UC Biomedical Engineering Department has developed a
program in which these data can be analyzed to determine meal
patterns for each animal; the number of meals taken, size of
individual meals, duration of meals, and intermeal interval, a
measure of time taken between meals. A more thorough expla-
nation of the meal pattern equipment can be found in a recently
published study by Melhorn et al. [83•]. The food intake of
DOMs and SUBs decreases significantly during the first day of
VBS housing, as the dominance hierarchy is established. How-
ever, DOMs rapidly return to their basal food intakes. The
reduction in food intake of SUBs persists through the duration
of VBS housing, and occurs through a reduction in both the
size and number of meals. This reduction occurs voluntarily;
food is readily available in each chamber and the open surface
area. The temporal pattern of food intake of SUBs is markedly
altered. Whereas DOMs and CONs consume the bulk of their

meals during the dark period (since rats are a nocturnal species),
SUBs take meals throughout the 24-hour period, including
many during the light period [83•].

When SUBs are removed from the VBS and allowed to
recover in individual cages, they are hypercorticosteronemic
and hyperphagic. SUBs consume fewer meals, but the meal
size is significantly greater than CONs, a pattern associated
with preferential adipose gain, as noted previously. They
also continue to consume more meals during the light period
during the first week of recovery, which may further con-
tribute to weight gain during recovery, as disrupted sleep or
reverse feeding represent additional stressors associated
with sympathoadrenal hyperactivity–altered metabolic pro-
file and obesity [40, 87, 88]. Although DOMs regain adi-
pose tissue during a 3-week recovery period, SUBs have a
much more exaggerated gain in adiposity, which is most
pronounced during the first week of recovery [83•].

Stress-Induced Changes in Glucose Trafficking

Glucose trafficking may play an important role in body
composition changes during and in recovery from social

Fig. 1 Illustrates the visible
burrow system with food intake
monitoring equipment
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stress. Epidemiologic studies have found that psychosocial
stressors correlate to poor glycemic control [82, 89]. We
have recently begun to examine the effects of social stress
on glucose transporter 4 (GLUT4) expression of SUB rats
during VBS housing and following a recovery period.
GLUT4 is an insulin-dependent glucose transporter located
in adipose tissue, muscle, and brain. Insulin stimulates
translocation of GLUT4 from vesicles within the cytosol
to the plasma membrane, and enabling glucose uptake into
the cell. Chronic activation of the stress response is associ-
ated with insulin resistance, impairing GLUT4-mediated
glucose uptake. GLUT4 expression is highly regulated by
glucocorticoids and transcription can be directly modulated
by local glucocorticoid levels. Our preliminary data indicate
that DOM males have an increased ratio of plasma mem-
brane (translocated, active) to whole membrane (cytosolic)
GLUT4 protein in skeletal muscle, compared with CONs
and SUBs, suggesting a mechanism by which DOMs pref-
erentially gain lean tissue in recovery. We find that SUBs are
not glucose intolerant at the end of VBS housing, despite
elevated corticosterone levels. This is most likely due to
increased physical activity within the burrow, which has
been shown to increase muscle GLUT4 translocation and
insulin sensitivity; offsetting the suppressive effects of ele-
vated glucocorticoids [90]. We are currently looking at
GLUT4 expression in different adipose depots of DOMs,
CONs, and SUBs. Although many studies report that ele-
vations in glucocorticoids inhibit insulin sensitivity in both
adipose tissue and skeletal muscle, others have found that
elevations can enhance insulin sensitivity in human adipo-
cytes [91]. Increased adipose gain in SUBs during recovery
suggests that there may be an upregulation in adipose
GLUT4 expression, or an enhancement of translocation
from intracellular stores to the plasma membrane, augment-
ing glucose uptake.

Conclusions

Obesity and its associated health risks have risen dramati-
cally in the past few decades. Sedentary lifestyle and easy
accessibility to highly palatable nutrient-dense foods creates
an environment that promotes overweight and obesity.
Chronic social stress, often arising from poor interpersonal
relationships, job or unemployment stress, poor self-esteem,
and low socioeconomic status has been associated with
obesity and its associated illnesses. Chronic activation of
the SNS and HPA axis contribute to a anabolic state that
promotes fat storage within visceral depots, which increases
the risk of dyslipidemia, type 2 diabetes, cardiovascular
disease, and other facets of the metabolic syndrome. Stress
can also enhance weight gain and fat deposition through
changes in feeding behavior. Chronic stress is known to alter

the pattern of food intake, dietary preference, and the re-
warding properties of foods.

Animal models, such as colony housing of rodents and
nonhuman primates have provided invaluable insight into
the mechanisms by which obesity may arise from social
stress exposure. Although the ideal model to study effects
of stress on humans is, of course, humans, ethical and
logistical issues often preclude such studies. Human
responses to social stress also vary widely among individu-
als, and it is impossible to completely control for aspects of
individual personal experience. For these reasons, etholog-
ically relevant animal models of social stress can fill an
important void in understanding how social stress may
contribute to obesity.

Of course, there are some aspects that cannot be modeled
in animals. Some emotions experienced in response to social
stress such as shame, guilt, and self-consciousness are con-
sidered by most to be unique to humans. Therefore, it is
important to consider animal studies as a complement to
studies in humans that may provide insight into the neural
mechanisms and genetic factors that underlie stress-
associated illness. This in turn may facilitate the develop-
ment of interventions that may prevent and/or treat stress-
related metabolic dysfunction.
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