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he role of socioeconomic stress in the risk for obesity
nd diabetes: potential new targets of treatment

mber M. Healy, DO, Frank L. Schwartz, MD, FACE
rom the College of Osteopathic Medicine, Ohio University, Athens, OH.
Our health can be negatively affected by chronic stress. Stress can be normal variable hassles of daily
life, life events, or sleep disruption, or it can be the more chronic social stresses related to personal role
in community, economic status, or status incongruity. Socioeconomic stress is often overlooked as
being a significant contributor to the increased prevalence of many chronic diseases like obesity,
diabetes mellitus, cardiovascular disease, and cancer; however the evidence is now compelling.
Although correlations between socioeconomic stress and chronic disease have been made, the physi-
ologic mechanisms by which socioeconomic stress results in increased risk remain poorly understood
and are only now being explored. For example, chronic stress can lead to a chronic increase in cortisol
secretion, leading to accelerated lipolysis, truncal obesity, and insulin resistance, which are risk factors
for the development of type 2 diabetes. We will review our current understanding of how socioeco-
nomic stress contributes to the development of obesity, insulin resistance, and type 2 diabetes, and
discuss newer targets for therapy based on these observations.
© 2010 Published by Elsevier Inc.
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Humans through evolutionary design have been pro-
rammed to store energy in times of adequate food avail-
bility to protect themselves from starvation when food is
ess readily available. However, today in times of relative
bundance of food, there is still a tendency to store excess
alories, which has resulted in an increase in the prevalence
f obesity and type 2 diabetes mellitus (T2DM). Although
he existence of starvation has virtually been eliminated in
he United States, less severe forms of hunger and food
nsecurity (fear of hunger) are still found within the United
tates, and this food insecurity has been linked to increased
ates of obesity, T2DM, and premature cardiovascular dis-
ase.
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ype 2 diabetes mellitus

ype 2 diabetes mellitus is a chronic disease associated with
besity, insulin resistance, compensatory hyperinsulinemia,
ventual beta cell failure, and consequent hyperglycemia.
here is a general consensus that acquisition of visceral
besity (intraabdominal) plays a pivotal role in the devel-
pment of insulin resistance, T2DM, and atherosclerosis.
isceral adipocytes, which function to store dietary fat,
nce saturated, begin to produce excess amounts of various
iologically active cytokines such as tumor necrosis factor-
lpha (TNF-�) and interleukin-6 (IL-6), which directly in-
uce insulin resistance.1 In insulin target tissues such as
iver and muscle, TNF-� induces insulin resistance by de-
reasing serine phosphorylation of the insulin receptor ki-
ase, whereas IL-6 induces insulin resistance by inhibiting
lucose transport 4 (GLUT4) synthesis. In addition, satu-
ated visceral adipocytes release excess free fatty acids
FFAs)/nonesterifed fatty acids. Excessive FFAs in the cir-

ulation also contribute directly to the development of in-
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ulin resistance through ectopic deposition in insulin-sensi-
ive tissues (liver and muscle), where they also release these
ame inflammatory cytokines.1-6 We have demonstrated
hat free fatty acids such as palmitate also directly activate
he innate immune system through pathologic expression of
oll-like receptor (TLR) expression and signaling in nonim-
une cells such as 3T3L1 adipocytes. TLRs are a family of

ell surface receptors normally found on immune cells that
ecognize microbial or cellular products and initiate our
nnate immune response to environmental pathogens.1

LR3, for example, recognizes double-stranded ribonucleic
cid (dsRNA) from viral-damaged cells, then activates
HC genes important for immune cell interactions and an

ntiviral gene response.2 Harii et al. were the first to de-
cribe functional TLR3 in nonimmune cells (thyrocytes)
nd show that TLR3 is overexpressed in thyrocytes from
atients with Hashimoto’s thyroiditis.3 TLR3 has also been
emonstrated in beta cells from individuals with new-onset
ype 1 diabetes mellitus.4 TLR4 normally function recog-

igure 1 Hypothesized pathway by which insulin resistance
ccurs in type 2 diabetes. a, TNF-�, IL-6.
ize bacterial lipopolysaccharides in immune cells and, like w
LR3, activate genes important for immune cell interac-
ions and an antibacterial response.5 We have shown that
almitate similar to lipopolysaccharides directly activates
LR4 signaling in nonimmune cells such as 3T3L1 adipo-
ytes, and that this activation of TLR4 increases expression
f IL-6 and TNF-�, which are the same cytokines that
nduce insulin resistance. This suggests that the innate im-
une system via pathologic activation of TLR4 in nonim-
une cells may also play a role in the pathogenesis of
2DM (Fig. 1).

hronic stress

The disproportionately higher prevalence rates of depres-
ion, obesity, T2DM, and cardiovascular disease observed
ithin socioeconomically at-risk populations, where food

ources are often inadequate, seemed initially to conflict
ith this hypothesis.7-9 However, socioeconomic stress it-

elf is now thought to be a major contributor to the in-
reased prevalence of many chronic diseases. Chronic stress
an have a cumulative negative impact on health over time.
tress has been shown to upregulate the sympathetic adrenal
edullary axis to increase the secretion of epinephrine and

orepinephrine, and the hypothalamic pituitary adrenal cor-
ical axis to release cortisol (Fig. 2). Stress-induced in-
reases in epinephrine, norepinephrine, and cortisol secre-
ion result in increases in heart rate and blood pressure, and
hanges in carbohydrate and fat metabolism, triggering in-
reased glucose mobilization that contributes directly to the
evelopment of insulin resistance. In response to these hor-
ones, visceral adipocytes produce the same inflammatory

ytokines, TNF-� and IL-6, which contribute to the induc-
ion of insulin resistance. Thus, stress can contribute to the
evelopment of diabetes acutely via mobilization of glucose
nd FFAs and chronically by stimulating the acquisition of
isceral obesity.

igure 2 Pathways and hormones involved with the stress re-
ponse. When chronic, they can lead to poorer lifestyle choices and

eight gain.
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ocioeconomic stress

Socioeconomic stress is the chronic strain of attempting
o meet basic survival needs without enough resources to do
o or living up to the expectations set by others in the same
ocial arena. Socioeconomic status is defined primarily by
ducation and income levels. People in lower socioeco-
omic status brackets have higher prevalence rates of most
hronic diseases, including obesity, diabetes, cardiovascular
isease, and cancer, as well as higher morbidity and mor-
ality rates from these diseases. In addition, the psychosocial
tress of poverty itself may contribute directly to the in-
reased risk for chronic illness.

Studies correlating socioeconomic stress with urine me-
abolites of epinephrine and norepinephrine, such as va-
illylmandelic acid or serum cortisol levels, have shown the
ighest stress hormone levels in lowest income quartiles.
ower socioeconomic status is also associated with in-
reased central adiposity10,11 and decreased leptin, which is
major satiety hormone involved in decreasing food intake

ontrol.12 Stress eating is a common observation and stress
ormones can result in decreases in serum levels of leptin,
hich is a major satiety signal. This might explain how

hronic emotional stress leads to overeating and weight
ain.12 Food insecurity and fear of hunger have also been
inked to increased rates of obesity, diabetes, and poorer
lucose control.

Chronic stress promotes adverse changes in mood and
ognition, all of which can affect food intake, both total
alories and food choices. During times of stress, it is part
f typical human behavior to choose foods that are higher in
alories and carbohydrates. These types of food also tend to
e cheaper and more convenient, which makes them more
ppealing when on a budget with respect to time or money.
he combination of stress and poor eating contribute to the
evelopment of visceral obesity and the risk for develop-
ent of T2DM. More research needs to be done to deter-
ine the precise mechanisms by which psychosocial stress

ssociated with poverty and economic disparity contribute
o the pathogenesis of chronic diseases like diabetes.

Food insecurity and fear of hunger have also been linked
o increased rates of obesity, diabetes, and poorer glucose
ontrol. In at-risk communities, individuals with T2DM
ere also more likely to live in food-insecure households

ompared with those without T2DM, and persons with
iabetes who exhibited glycosylated hemoglobin levels
igher than 7% were more likely to come from food-inse-
ure households compared with diabetics with levels lower
han 7%. These observations taken together suggest that
overty, food insecurity, and economic disparity are
trongly linked to the risk for obesity and T2DM. A study
onducted in monkeys showed that in groups of monkeys
hat were insecure in obtaining food developed obesity and
yperinsulinemia13 compared with control animals. Food
nsecurity is a form of socioeconomic stress, and although

onkeys do not directly experience socioeconomic stress, c
his study demonstrates that the stress of meeting basic
eeds can lead to obesity and hyperinsulinemia. This study
n primates demonstrated that food insecurity leads to
hanges in eating behavior, leading to changes in carbohy-
rate and fat metabolism, which results in increased glucose
obilization and insulin resistance.
The obvious solution to reduce the negative impact of

overty and socioeconomic stress on the prevalence of obe-
ity, T2DM, and other chronic diseases would be to elimi-
ate it. However, this is a very complex problem with
ultiple political, cultural, and economic barriers. Most

nterventions designed for stress management, including
upport groups, individual psychological therapy or coun-
eling, stress management, or relaxation techniques, are
imited with respect to access in these at-risk populations.
everal new therapeutic targets designed to combat obesity
nd insulin resistance are currently in development includ-
ng 11�-hydroxysteroid dehydrogenase (11�-HSD) inhibi-
ors, leptin, ghrelin, insulin-like growth factor-1 (IGF-1),
nd specific TLR inhibitors. The physiology of each com-
ound and their potential role in the treatment of obesity and
2DM are discussed here.

ew treatment targets

1�-HSD inhibitors

Cortisol is one of the stress hormones previously de-
cribed that is chronically elevated in at-risk populations
nd individuals in the lowest socioeconomic quartile. Cor-
isol is a major regulator of hepatic gluconeogenesis and
dipocyte lipolysis. Its secretion is elevated during periods
f stress, acute illness, or trauma, resulting in excessive
lucose production, increased lipolysis, increased inflam-
atory cytokine release (TNF-� and IL-6), and insulin

esistance. Cortisol is the hormone principally responsible
or the stress-induced hyperglycemia observed in these con-
itions. Cushing’s syndrome is a disease characterized by
ncreased cortisol secretion, and it also results in excessive
lucose production, increased lipolysis, central adiposity,
nsulin resistance, and glucose intolerance or overt T2DM.
ortisol is mildly elevated in obese patients, but there is also
n increase in peripheral metabolism that involves increased
onversion of cortisol to reduced derivatives as well as
ecreased hepatic conversion of cortisone to cortisol.14-16

he enzyme 11�-HSD is in the glucocorticoid hormone
ynthesis pathway. Both 11�-HSD type 1 and type 2 are
ocated in the liver, whereas only 11�-HSD type 1 is ex-
ressed primarily in adipocytes. In the liver, 11�-HSD type
functions as a reductase enzyme and metabolizes cortisol

o cortisone, which is inactive glucocorticoid, whereas 11�-
SD type 1 metabolizes cortisone back to cortisol. Thus,

hese enzymes work together to regulate the amount of

ortisol within the liver.
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Expressed primarily in adipocytes, 11�-HSD type 1 me-
abolizes inactive cortisone back into the active cortisol
olecule. This 11�-HSD type 1 enzyme activity can be

nduced by glucocorticoids or proinflammatory cytokines17

n adipocytes, and it has been hypothesized that the en-
anced conversion of cortisone to cortisol in adipose tissue
s important in the induction of visceral adipogenesis char-
cteristic of central obesity.14,17 It has also been hypothe-
ized that decreased hepatic cortisol 11�-HSD type 1 ex-
ression is a compensatory mechanism to decrease fasting
yperglycemia and improve insulin sensitivity in individu-
ls with visceral obesity and T2DM.17 Wake et al.18 state
hat increased 11�-HSD activity causes an increase in obe-
ity and hyperinsulinemia. Stewart et al. have hypothesized
hat an imbalance of the 11�-HSD type 1 and type 2 enzyme
ctivity leads to “hepatic and adipocytes glucocorticoid ex-
ess,” which contributes to excess gluconeogenesis and
nsulin resistance associated with visceral obesity and
2DM. In either capacity, 11�-HSD has a role in T2DM
nd visceral obesity.

Levels of 11�-HSD1 are increased in adipose tissue and
ecreased in liver in obese patients. In contrast, lean patients
ith T2DM have normal adipose 11�-HSD1 and less
arked down regulation of hepatic conversion of cortisone

o cortisol. Theoretically, selective inhibition of 11�-HSD1
nd/or the upregulation of 11�-HSD2 could prove benefi-
ial in the treatment of T2DM because increased endoge-
ous cortisol may be a factor in the development of insulin
esistance.

Other compounds have also been shown to affect 11�-
SD activity as well. For example, both caffeinated and
ecaffeinated coffee extracts inhibit 11�-HSD and inhibit
eduction of cortisol to cortisone.19 Licorice derivatives
lycyrrhizic acid and glycyrrhetinic acid are also potent
nhibitors of 11�-HSD, and their proposed mechanism of
ction is inhibition of the mRNA coding for 11�-HSD,
hich has been shown to increase the activity of glucocor-

icoids in rats (Fig. 3).20 Carbenoxolone, a drug derived
rom licorice, is a nonselective inhibitor of 11�-HSD1.21,22

ne study demonstrated that carbenoxolone decreases the
eneration of bioactive cortisol22; however, a subsequent
tudy demonstrated that carbenoxolone did not significantly
lter glucose and insulin concentrations.21 However, by also
nhibiting renal 11�-HSD2, carbenoxolone has unaccept-
ble long-term side effects including raising blood pressure.
linical effectiveness of this compound will require selec-

ive 11�-HSD1 inhibitors that lower intra-adipose cortisol
evels and enhance peripheral glucose uptake.

eptin

Leptin is an adipokine produced by visceral adipocytes
reviously mentioned and has been shown to be very im-
ortant in regulating food intake in the hypothalamus as
ell as energy balance peripherally23 via the HPA axis in

he adrenal gland.24 Specific leptin receptors have been

emonstrated in various regions of the brain and peripheral f
issues such as the adrenal gland. However, use of leptin to
uppress appetite was shown to be ineffective in patients
ith visceral obesity because they exhibited elevated leptin

evels secondary to down-regulation of leptin receptors in
he hypothalamus. The cellular mechanism of leptin recep-
or resistance in the hypothalamus is similar to insulin
esistance and is mediated through cytokine-induced factors
hat directly affect both insulin and leptin signaling at the
eceptor level including the suppressor of cytokine signaling

(SOCS3) in the Janus kinase/signal transducer and acti-
ation transcription protein (Jak/STAT) pathway.2 Activa-
ion of the Jak/STAT pathway leads to an inhibitory feed-
ack loop of leptin signaling.25 These observations imply
hat the same inflammatory cytokines, TNF-� and interfer-
n-�, which induce insulin resistance, may be mediating the
eptin resistance. Leptin resistance is also a common finding
n T2DM.26,27 The presence of leptin resistance has pre-
luded its use in most forms of obesity and T2DM.28 How-
ver, inhibitors of pathologic TLR expression in adipocytes
ay also decrease both insulin and leptin resistance (see

ection on TLRs).

hrelin

Ghrelin is a peptide hormone that is orexigenic, meaning
hat it promotes appetite. It is secreted primarily in the
undus of the stomach and in the small intestine, with
maller concentrations in the lungs, pancreatic islets, adre-
al glands, gonads, thyroid, placenta, kidney, and brain.28

imilar to leptin, ghrelin’s opposite effects on appetite and
ffects on energy metabolism have made it a substance of
reat research interest. Secretion of ghrelin occurs in a
ulsatile manner, where it is highest before eating and then
ecreases with food intake. It is also involved in regulation
f energy balance and communicates the status of energy
tores in the body to the brain.30,31 The effects of ghrelin on

igure 3 Metabolism of cortisol. Licorice derivatives like gly-
yrrhizic acid and glycyrrhetinic acid or the drug carbenoxolone
nhibit 11�-HSD1 specifically. Coffee extracts have also been
hown to inhibit the conversion of cortisol to cortisone via 11�-
SD.
ood intake and energy storage have been linked to obesity.
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hrelin causes people to consume and store more calories
han they need, and these calories are stored as fat.31 Ghrelin
evels are lower in persons with obesity and are increased in
ean individuals or in persons who lose weight.32,33 Central
njections of ghrelin lead to an increase in glucose and fat
toring enzymes, whereas peripheral injection of ghrelin
auses weight gain without increase in food intake.34 In-
reased ghrelin levels in response to diet-induced weight
oss promote increased food intake and make weight loss
ore difficult.35 Ghrelin increases gastric emptying leading

o an increase in food intake, so it is possible that a ghrelin
ntagonist could be used to slow down gastric emptying,35

ause earlier satiety, and reduce food consumption. Peptide
Y, which is found in L cells of the gastrointestinal tract—

specially in the ileum and colon—is stimulated by eating,
nhibits gastric motility, and decreases ghrelin secretion.
ogether, ghrelin and peptide YY also act on the arcuate
ucleus to regulate appetite.34

The relationship between insulin, glucose, ghrelin, and
2DM is unclear. Both oral and intravenous glucose de-
rease ghrelin levels.29 Studies have shown that low circu-
ating ghrelin levels are proportional to insulin sensitivity30;
hat is, insulin and ghrelin levels are inversely related in
2DM.29,31 The effect of the oral antidiabetic compound
etformin, which exhibits modest weight-reducing activity

linically, has been shown to suppress postprandial plasma
n ghrelin concentrations longer than diet alone in individ-
als with T2DM.35 The development of a specific ghrelin
ntagonist might be beneficial to suppress appetite in obe-
ity and T2DM treatment.

GF-1

IGF-1 is a peptide hormone produced primarily by the
iver that has properties similar to insulin to decrease glu-
ose output by the liver. Its synthesis and secretion is reg-
lated primarily by growth hormone, and it is a potent
timulator of cell growth and multiplication, and a potent
nhibitor of programmed cell death. IGF-1 is also an endog-
nous insulin sensitizer, and IGF-1 administration normal-
zes insulin resistance in obese individuals and is effective
t reducing glucose and hemoglobin A1c levels, as well as
nsulin requirements in both type 1 diabetes and T2DM.
owever, in trials where it was administered to patients
ith diabetes and preexisting retinopathy, it caused progres-

ion of the retinopathy and the studies were suspended.36

LR inhibitors

TLRs are pattern recognition receptors that recognize
nvironmental elements of bacteria and viruses and appear
o be important components of the innate immune system.
nappropriate TLR expression in nonimmune cells has now
een associated with disease expression.1-6,37-44 Pathologic
xpression of TLR3 in nonimmune activated genes that

ncrease inflammatory cytokines and costimulatory mole- w
ules which are important in the pathogenesis of many
utoimmune diseases including Hashimoto’s thyroiditis and
ype1 diabetes. They are also involved in the growth and
igration of certain cancers such as papillary thyroid can-

er; malignant melanoma; and carcinoma of the pancreas,
olon, breast, and prostate. As mentioned previously, FFAs
uch as palmitate directly activate pathologic expression of
LR4 expression in 3T3L1 adipocytes and that TLR4 acti-
ation increases the expression of IL-6 and TNF-�. These
re the same cytokines that induce insulin resistance and
ontribute to the development of T2DM. The development
f a compound that would selectively inhibit pathologic
xpression of TLR signaling without affecting normal TLR
unction in immune cells would be an important new ther-
py. Phenylmethimazole (C10) is a derivative of methima-
ole, a drug used to treat autoimmune Graves’ disease and
uppress thyrotrophin receptor antibody formation. Leonard
ohn and colleagues developed C10, which has been shown

o inhibit pathologic TLR expression and signaling in a
ariety of disease models including diabetes and cancer.

TLR4 signaling has been hypothesized to regulate the
nflammatory markers through the Jak/STAT pathway
here SOCS3 is upregulated. Secretion of inflammatory
arkers decreases insulin sensitivity in fat cells; SOCS3

locks insulin by impairing phosphorylation of insulin re-
eptors.37,39,40 A treatment that would inhibit TLR signaling
ould be beneficial in preventing or improving insulin re-
istance.41 C10 has already been proven to inhibit TLR3
ignaling in Hashimoto’s thyroiditis.3 Phenylmethimazole
C10) inhibits the TLR4 signaling pathway, making it a
romising novel therapeutic for reversing both leptin and
nsulin resistance and thus possibly in the treatment of
besity and T2DM.42,43

iscussion

here are already multiple pharmacologic compounds used
o treat T2DM. Each acts to overcome some part of the
athophysiology of T2DM (Table 1). Often these com-
ounds are used in combination to attack the various ab-
ormalities seen with T2DM. The newer compounds dis-
ussed in this paper have the potential to be used in the
reatment of obesity and T2DM, but unfortunately they will
ot be available in the near future. Specific ghrelin antago-
ists, 11�-HSD1 inhibitors, and TLR receptor inhibitors
ay also prove to be safe and effective for the treatment of

besity and T2DM. However, in addition to clinical effi-
acy, the cost of these newer drugs will be a major limiting
actor in their clinical use, especially in the economically
t-risk populations discussed here. Keeping this in mind,
lucophage (generic, metformin; Bristol-Myers Squibb,
rinceton, NJ), one of the most commonly used oral agents

s on the $4 generic list at many pharmacies but is still too
xpensive for some budgets. Thus, affording diabetes med-
cations is another stressor coupled with food insecurity,

hich promotes the cycle of socioeconomic stress.
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onclusion

isceral obesity, T2DM, and their associated cardiovascular
omplications are major health care concerns. Lower socio-
conomic status, stress from poverty, and food insecurity are
ajor contributors to the development of obesity and T2DM.

n addition to adequate food for nutritional requirements, find-
ng affordable interventions for these at-risk populations must
e a national priority to avoid the personal crisis of poor or
eclining health and the stress of trying to afford healthy foods
nd medications. As more is discovered about the physiology
f stress and its role in the development of chronic diseases like
iabetes, perhaps more therapy can be targeted at the under-
ying causes along with preventive medicine measures such as
iet and exercise.
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