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Summary

Obesity is a worldwide epidemic that continues to grow at
an alarming rate. This condition increases the morbidity and
mortality associated with both acute and chronic diseases. Some
of the deleterious consequences of obesity have been attributed
to its induction of a low-grade chronic inflammatory state that
arises from the production and secretion of inflammatory medi-
ators from the expanded pool of activated adipocytes. This
review focuses on the mechanisms that underlie the proposed
link between obesity and inflammation, and it addresses how
obesity-induced inflammation may account for increased mor-
bidity and mortality that is associated with a diverse group of
diseases. � 2009 IUBMB
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INTRODUCTION

Obesity is a serious health problem that increases the mor-

bidity and mortality of a variety of acute and chronic diseases,

most notably type 2 diabetes and cardiovascular diseases. In

2005, the World Health Organization estimated that more than

400 million adults worldwide are obese (as defined by a body

mass index [ 30) and the incidence continues to increase at an

alarming rate (1).

The pathophysiological processes that underlie the influence

of obesity on the progression and severity of cardiovascular dis-

eases (CVD) remain poorly defined. Metabolic changes related

to increased insulin resistance, including oxidative stress, have

been implicated in obesity-related pathophysiology (2). How-

ever, most attention in recent years has been devoted to the

concept that obesity elicits a chronic, low-grade systemic

inflammatory response that results from a combination of

increased insulin resistance and an increased production of

inflammatory mediators by the expanding pool of adipocytes.

As other CVD risk factors, such as hypertension and hypercho-

lesterolemia, are also known to induce an inflammatory pheno-

type, albeit via different mechanisms, the combination of obe-

sity with these other risk factors is likely to yield a heightened

state of systemic inflammation that enhances the progression

and severity of CVD. Given the potential biomedical signifi-

cance of obesity to human health, in general, and CVD, in par-

ticular, a review of the proposed causes and consequences of

the inflammatory state that accompanies obesity is warranted.

AN ENDOCRINE ROLE FOR ADIPOCYTES
IN OBESITY-ASSOCIATED INFLAMMATION

The energy storage function of adipose tissue has long been

appreciated. However, there is growing recognition that fat is

not only a passive organ that merely accumulates triglycerides

in hypertrophied adipocytes during periods of caloric excess,

but also releases these lipids for use by the organism during

periods of caloric restriction. Even the notion that expansion of

body fat results exclusively from an increase in the size of adi-

pocytes is now challenged, with newer evidence supporting the

view that the increased fat mass in obese individuals also results

from hyperplasia or increased number of adipocytes. Although

the factors regulating adipocyte hypertrophy versus hyperplasia

remain unclear, there is growing evidence suggesting that the

processes that allow for fat accumulation also impose significant

stress on adipocytes, leading to their activation and consequent

production and release of a variety of peptides. These peptides

are known to modulate a number of different physiological
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processes, including appetite, energy expenditure, immunity,

and inflammation.

The stress imposed on adipocytes by lipid droplet creation

and expansion is manifested prominently in the endoplasmic

reticulum (ER) and mitochondria. The ER dysfunction that

accompanies adipocyte hypertrophy can result in impaired post-

translational modification of proteins, which is manifested as

improper folding of newly synthesized proteins, the formation

of lipid droplets, and impaired cholesterol sensing (3). The

accumulation of unfolded proteins in the cytosol of adipocytes

can lead to increased release of free fatty acids and inflamma-

tory mediators, which in turn can activate c-Jun-N-terminal ki-

nases (JNK) in muscle, liver, and adipose cells, thereby promot-

ing insulin resistance in these tissues (3).

Mitochondrial dysfunction also appears to add to the stress

experienced by hypertrophied adipocytes. Mitochondrial uncou-

pling caused by the processing of excess fatty acids in adipo-

cytes can result in an enhanced production of reactive oxygen

species (ROS) (4). Enhanced ROS production in adipose tissue

is evidenced by the accumulation of malondialdehyde and con-

jugated dienes, which are commonly used as surrogate markers

of oxidative stress (5). The pro-oxidative environment resulting

from mitochondrial uncoupling is amplified by the enhanced

ROS production that is linked to ER stress (6). In response to

the stresses imposed on the ER and mitochondria, adipocytes

assume both a proinflammatory and insulin-resistant phenotype.

Activated adipocytes secrete a variety of biological peptides

with cytokine-like properties called adipokines. The adipokines

can mediate autocrine, paracrine, and endocrine effects, thereby

exerting their actions both locally and systemically. Leptin,

which is best known for its powerful inhibitory influence on

food intake, is produced proportionally to body fat mass. It is

known to increase insulin sensitivity (7) and stimulate lipolysis

in adipose tissue. Leptin (ob/ob) or leptin-receptor (db/db) defi-

cient mice have been employed as experimental models of obe-

sity. Although congenital leptin deficiency associated with obe-

sity has been reported (8), the detection of high leptin levels in

obese subjects suggests that leptin resistance (rather than leptin

deficiency) is more common in human obesity (9).

Leptin receptors are expressed on circulating blood cells

(leukocytes and platelets) and vascular endothelial cells. The

engagement of leptin with its receptors on these cells appears to

result in cell activation. On endothelial cells, the response to

leptin includes increased ROS production, which usually results

in an increased expression of endothelial cell adhesion mole-

cules and an increased capacity to recruit immune cells. Leptin

may also induce this inflammatory phenotype in endothelial

cells by stimulating the release of TNF-a from circulating

monocytes. The proposed proinflammatory actions of leptin are

further supported by evidence that leptin deficient ob/ob mice

are resistant to chronic inflammatory diseases such as inflamma-

tory bowel disease (10) and atherosclerosis (11). In view of the

established link between inflammation and thrombosis (12), it is

not surprising that leptin also promotes a prothrombotic pheno-

type in the vasculature. Leptin has been shown to elicit platelet

aggregation, enhance platelet adhesion to extracellular matrix

proteins, and induce thrombosis in mice. Leptin- and leptin re-

ceptor-deficient mice are protected from thrombosis, as mice

are treated with a leptin neutralizing antibody, whereas exoge-

nously administered leptin enhances thrombosis (13).

Adiponectin, which normally exhibits the highest plasma con-

centration of all adipokines, is known to enhance insulin sensitiv-

ity and to act as an anti-inflammatory agent. As obesity is gener-

ally associated with decreased plasma levels of adiponectin, this

adipokine has been implicated in the insulin resistance and proin-

flammatory state associated with obesity. The anti-inflammatory

effects of adiponectin have been attributed to its ability to

enhance nitric oxide (NO) production by endothelial cells and to

inhibit cytokine-induced upregulation of endothelial cell adhesion

molecules. Adiponectin-deficient mice exhibit an increased

expression of endothelial cell adhesion molecules such as E-

selectin and VCAM-1, impaired vascular NO production, and

increased leukocyte-endothelial cell adhesion, all of which are

reversed by administration of recombinant human adiponectin

(14). Furthermore, the protective effects of exogenous adiponec-

tin on the leukocyte adhesion responses to adiponectin deficiency

were lost when the mice were treated with the endothelial NO

synthase inhibitor, L-NAME, supporting a critical role for NO in

the anti-inflammatory responses of this adipokine (14). The pro-

inflammatory effects of TNF-a administration to mice are also

blunted by treatment with human recombinant adiponectin (14).

Resistin, an adipokine that induces insulin resistance, is pro-

duced by macrophages and adipocytes in humans (15). This adi-

pokine exerts a variety of effects on endothelial and immune

cells that are consistent with an inflammatory mediator. Resistin

is associated with an increased production of proinflammatory

cytokines and a decreased production of anti-inflammatory cyto-

kines, with the former mediated through NFkB activation. The

adipokine acts on endothelial cells to induce oxidative stress,

increase the expression of the chemokine MCP-1 and adhesion

molecules, such as VCAM-1 and ICAM-1, and stimulate the

release of endothelin-1. Macrophages also respond to resistin

stimulation by producing proinflammatory cytokines such as

TNF-a, IL-12, and IL-6 (16). In the clinical setting, resistin levels

appear to correlate with other inflammatory markers, such as C-

reactive protein (CRP), in different pathological conditions (17).

A variety of well-characterized proinflammatory cytokines,

including TNF-a, IL-6, and CRP, are also produced by adipo-

cytes. The circulating plasma levels of these cytokines are ele-

vated in obese subjects and their levels appear to correlate with

the amount of body fat, with weight loss resulting in reduced

levels. CRP is largely synthesized by the liver, which enhances

its production of the acute phase protein in response to TNF-a

and IL-6. Hence, CRP appears to amplify the proinflammatory

effects of other adipokines. TNF-a, IL-6, and CRP are known to

induce an inflammatory phenotype in vascular endothelial cells

that is characterized by increased adhesion molecule expression

and ROS production and diminished barrier function.
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MACROPHAGES AMPLIFY THE INFLAMMATORY
EFFECTS OF ADIPOKINES

A consequence of the production and local release of cyto-

kines and cytokine-related substances by adipocytes is the

recruitment of large numbers of immune cells, including mono-

cytes and T-lymphocytes, into adipose tissue. Support for such

a link between immune cell recruitment and adipokine produc-

tion is provided by the observation that proinflammatory cyto-

kine levels and macrophage density in visceral fat depots are

much higher than in subcutaneous adipose tissue (18). Although

the mechanisms underlying the recruitment and activation of

macrophages in adipose tissue remain poorly understood, there

is emerging evidence that chemokines liberated by adipose

tissue (probably adipocytes) are largely responsible for the

recruitment, retention, and activation of macrophage precursors

(monocytes) in fat. Monocyte chemoattractant protein-1 (MCP-

1) has been implicated as a major mediator of the monocyte

recruitment that occurs in adipose tissue, whereas macrophage

colony stimulating factor (M-CSF) is believed to mediate the

conversion of monocytes to macrophages in adipose tissue. A

role for MCP-1 and M-CSF is supported by reports of a positive

correlation between adiposity and MCP expression in the adi-

pose tissue, the significantly higher expression of MCP in vis-

ceral adipose tissue compared with the subcutaneous adipose

tissue (19), and the correlation between M-CSF and macrophage

infiltration in omental adipose tissue (20). Other candidate adi-

pocyte-derived molecules that have also been implicated in

macrophage recruitment/activation in adipose tissue include free

fatty acids and lipoprotein lipase (21).

The primary function of macrophages that reside in adipose

tissue remains unclear. It has been proposed that macrophages

clear dead (apoptotic and necrotic) cells (2). Hence, adipocytes

undergoing necrosis secondary to hypertrophy may lead to mac-

rophage activation (with the accompanying release of inflamma-

tory mediators) and their subsequent clearance from adipose tis-

sue (22). Another potentially important role of adipose tissue

macrophages is modulation of adipocyte function. Cross-talk

between adipocytes and macrophages is evidenced by the ability

of each cell type to enhance the production of protein mediators

by the other (23). For example, adipocyte conditioned media

can elicit large increases in the production/release of TNFa, IL-

6, and NO by macrophages (21), whereas TNF-a released from

macrophages inhibits the production of adiponectin by adipo-

cytes (24). Likely consequences of this cross-talk between mac-

rophages and adipocytes include amplification and perpetuation

of the inflammatory phenotype that is induced by the expanding

mass of body fat.

SITE-SPECIFIC INTERACTIONS BETWEEN ADIPOSE
TISSUE AND INFLAMED TISSUE

Although the link between obesity and cardiovascular disease

has focused much attention to adipocytes as a remote source of

inflammatory mediators, there is also mounting evidence sug-

gesting the possibility of a link between inflammation and adi-

pose tissue that is anatomically associated with certain tissues,

such as the colon, lymph nodes, myocardium, and large arteries.

Changes in the quantity and quality of adipose tissue within the

mesentery and surrounding mesenteric lymph nodes near the

inflamed bowel have been described in human inflammatory

bowel disease (IBD) (25) and in animal models of experimental

IBD (26). This has led to speculation that these activated adipo-

cytes generate mediators that contribute to the inflammatory

response that occurs within the adjacent gut wall. A similar

relationship has been proposed between epicardial adipose tis-

sue and myocardial tissue in high-risk cardiac patients under-

going coronary artery bypass grafting (27, 28). Increased mac-

rophage accumulation in epicardial adipose tissue may account

for the enhanced inflammatory potential described in these

reports and this raises the possibility that locally generated adi-

pokines may be a predisposing factor for coronary artery dis-

ease (CAD). A detrimental role for epicardial fat in further sup-

ported by reports describing the ability of TNF-a, leptin, and
other adipokines to reduce myocardial contractility (28).

Although the notion that site-specific accumulation and acti-

vation of adipocytes may contribute to chronic inflammatory

diseases, such as IBD and CAD, which is interesting and poten-

tially important, the available evidence is largely circumstantial

and does not yet warrant the development of therapeutic strat-

egies that target such tissue-specific fat depots. A more convinc-

ing case, however, can be made for the involvement of perivas-

cular adipose tissue (PAT) in the regulation of vasomotor func-

tion. It is well known that virtually all arteries are surrounded

by PAT, which increases during obesity (29). The short distance

(\100 microns) between PAT and the adventitial layer of the

blood vessel allows adipocyte derived products, including adi-

pokines and ROS, to alter vascular function. Although adipo-

nectin is known to relax vascular smooth muscle and produce

vasodilation, leptin, resistin, TNF-a, and other adipokines have

been shown to impair endothelium-dependent vasodilation in

small and large arteries, probably through the activation of

NADPH oxidase and enhanced production of superoxide, which

inactivates the endothelium-dependent vasodilator, nitric oxide

(29).

A compelling case was recently made for the involvement of

PAT in the vasomotor dysfunction associated angiotensin II

(AngII)-induced hypertension in mice (30). Chronic AngII infu-

sion leads to hypertension, impaired endothelium-dependent va-

sodilation, and enhanced superoxide formation in large arteries,

as well as the infiltration of TNF-a-producing T-lymphocytes

(mostly CD41 T-cells) into the PAT surrounding these vessels.

The responses were not observed in AngII-treated mice either

lacking T-cells or treated with a TNF-a antagonist. These obser-

vations led the authors to propose that AngII promotes T-cell

accumulation and enhanced TNF-a release in PAT, which stim-

ulates NADPH oxidase activity and superoxide production in

the adjacent vascular smooth muscle layer, leading to impaired

vasomotor function and hypertension. It remains unclear
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whether adipocyte-derived factors underlie the recruitment of T-

cells in PAT in this clinically relevant model of hypertension

and whether the contribution of PAT to vasomotor dysfunction

and hypertension is unique to angiotensin II.

ADIPOSE TISSUE MICROCIRCULATION:
A MICROCOSM OF THE SYSTEMIC INFLAMMATORY
RESPONSES TO OBESITY?

It is generally believed that mediators released from the

expanded and activated pool of adipocytes in obese subjects

accumulate in plasma to achieve levels that are sufficient to

elicit the chronic low-grade systemic inflammatory response

that is characteristic of this condition. It is more likely, how-

ever, that the systemic plasma levels achieved by these media-

tors do not cause overt inflammation in tissues distant from

their source (adipose tissue) but instead increase the sensitivity

(prime) of cells in these tissues (e.g., endothelial cells) and in

circulating blood (e.g., leukocytes, platelets) to subsequent

inflammatory stimuli. Within adipose tissue, adipokines would

be expected to achieve much higher local concentrations in

extracellular fluid, which could result in overt inflammation.

Such a scenario is supported by studies that directly examine

the microcirculation of visceral adipose tissue in genetically

obese (ob/ob) mice and in obese wild type mice placed on a

high fat diet (31). These studies reveal that all three segments

(arterioles, capillaries, venules) of the microvasculature in vis-

ceral adipose tissue respond to obesity in a manner that is con-

sistent with active inflammation (Fig. 1), whereas no such

changes are detected in microvessels of subcutaneous fat or

skeletal muscle.

Arterioles, the primary site of resistance to blood flow, ex-

hibit a large reduction in blood flow velocity in obese adipose

tissue (31). The reduction in perfusion is sufficient to induce a

hypoxic state. The mechanism(s) underlying the flow reduction

remain unclear, but it may reflect the ability of leptin, resistin,

and other adipokines to blunt endothelium-dependent vasodila-

tion (29) or it could result from the plugging of capillaries by

adherent leukocytes and platelet aggregates (31). The latter pos-

sibility is supported by the observation that capillary perfusion

in obese adipose tissue is improved following immunoneutral-

ization of ICAM-1 (31). Capillary proliferation (angiogenesis)

is also evident in obese adipose tissue, which may arise from

the tissue hypoxia and increased expression of HIF-1 a (a

proangiogenic factor) detected in this inflamed tissue (32).

Venules in obese adipose tissue also exhibit an inflammatory

phenotype. Increased expression of the endothelial cell adhesion

molecules ICAM-1 and E- and P-selectin is accompanied by an

increased recruitment of rolling and firmly adherent leukocytes,

and the formation of platelet-leukocyte aggregates (31). The

increased expression of these adhesion molecules likely results

from elevated local levels of TNF-a, leptin and resistin, reduced

levels of adiponectin, and the oxidative stress elicited in obese

adipose tissue (33). The increased P-selectin expression detected

on platelets in the venous effluent of obese adipose tissue (31)

likely accounts for the platelet-leukocyte aggregation. These

cell–cell interactions are accompanied by an increased vascular

permeability. As ICAM-1 immunoneutralization blocks the leu-

kocyte-endothelial cell interactions and the vascular permeabil-

ity response, leukocyte adhesion-dependent mechanisms are

likely responsible for the altered endothelial barrier function

observed in obese adipose tissue (31).

OBESITY, INFLAMMATION, AND ORGAN
DYSFUNCTION

Although tissues distant from obese adipose tissue do not ex-

hibit an overt inflammatory response, they are exposed to ele-

vated levels of adipokines that are derived from the expanded

and activated pool of adipocytes. The cytokine-like actions of

these substances, coupled to their ability to reduce insulin resist-

ance, enhance the responsiveness of distant organs to additional

stresses and inflammatory stimuli. This notion is supported by

clinical and animal studies of obesity, which reveal exaggerated

inflammatory responses that can lead to enhanced tissue injury

and organ dysfunction in different organs, including the brain,

heart, and intestine. Some examples of clinically relevant condi-

tions that exhibit exaggerated inflammatory and tissue injury

responses in the setting of obesity include myocardial ischemia,

ischemic stroke, sepsis, and nonalcoholic steatohepatitis

(NASH).

Cardiovascular Diseases

Large-scale clinical studies indicate that obesity is an inde-

pendent risk factor for cardiovascular disease (CVD), that is

significant and progressive increases in mortality are noted as

BMI exceeds 30 kg/m2 (34). The distribution of body fat is an

important determinant of the risk posed by obesity, with abdom-

inal fat (which produces larger amounts of adipokines) yielding

a higher risk for CVD than subcutaneous fat. There is also evi-

dence indicating that, in addition to increasing the likelihood

that a tissue will experience an ischemic episode, obesity may

also exacerbate the inflammatory and injury responses to ische-

mia. For example, a study of diet-induced obesity has revealed

that in response to brief repetitive periods of ischemia followed

by reperfusion, the heart exhibits an exaggerated inflammatory

response and larger infarcts (35). Similarly, it has been reported

that hearts of genetically obese (ob/ob) mice do not exhibit the

protective ischemic preconditioning response that is evident in

their lean counterparts, which renders the hearts of obese mice

more vulnerable to larger infarcts following exposure to longer

ischemic episodes (36).

Obesity is also considered as a risk factor for ischemic

stroke (37) and transient ischemic attacks (TIA) (38). A worse

long-term prognosis and higher mortality accompanies the

increased risk for stroke in obese patients. Animal studies have

revealed larger increases in leukocyte and platelet adhesion in

cerebral venules, blood brain barrier permeability, plasma
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monocyte chemoattractant protein-1 (MCP-1) concentration, and

infarct size in obese (ob/ob) mice subjected to focal cerebral is-

chemia and reperfusion (I/R), when compared with their lean

counterparts (39). Although leptin administration to the leptin

deficient ob/ob mice did not blunt the exaggerated inflammatory

and injury responses to I/R, immunoneutralization of MCP-1

significantly reduced infarct volume, implicating a role for this

chemokine in the obesity-enhanced injury response to cerebral

I/R (39).

Sepsis

Sepsis is the leading cause of mortality in noncoronary inten-

sive care units worldwide (40) Although some clinical studies

report a positive correlation between mortality in the medical

intensive care unit and BMI (41), a recent meta analysis of crit-

ically ill patients in both medical and surgical intensive care

units shows no such correlation between obesity and increased

mortality (42). Notwithstanding the controversy that surrounds

the link between obesity and morbidity/mortality in septic

Figure 1. Mechanisms linking adipose tissue to inflammation in obesity. Adipocytes, macrophages, and T-lymphocytes residing

within obese adipose tissue are activated via mitochondrial and endoplasmic reticulum (ER) dependent mechanisms (Inset A) to

produce and secrete a variety of cytokines, chemokines, and adipokines. These substances exert a paracrine action on the local

microcirculation and an endocrine action on the vasculature in distant tissues to induce phenotypic changes that are consistent with

an inflammatory response. In arterioles (Inset B), adipose tissue-derived mediators induce the production of superoxide, which inac-

tivates the vascular smooth muscle relaxant nitric oxide (NO), leading to vasoconstriction and reduced perfusion. The mediators

further impair tissue perfusion by activating leukocytes, which become less deformable and consequently obstruct flow through

capillaries (Inset C). The resulting hypoxic state promotes angiogenesis. Venules respond to the adipose tissue-derived mediators

by increasing (via ROS mediated, NFkB-dependent transcription) the expression of endothelial cell adhesion molecules (CAMs)

that promote the recruitment of leukocytes and platelets (Inset D), which subsequently lead to impaired endothelial barrier function,

increased vascular permeability, and interstitial edema.
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patients, animal studies are generally consistent with exagger-

ated inflammatory and tissue injury responses to sepsis in obese

mice, compared with their lean counterparts. Enhanced leuko-

cyte and platelet adhesion and increased endothelial adhesion

molecule expression are noted in the cerebral microcirculation

of septic lean mice, with much greater responses noted in obese

(ob/ob) mice (43). These exaggerated responses are accompa-

nied by larger increases in blood brain barrier (BBB) permeabil-

ity and more severe behavioral deficits. Leptin deficient ob/ob

mice and leptin replete melanocortin-4 receptor knockout mice

respond similarly to the sepsis induced by cecal ligation and

puncture (CLP) (43). P-selectin immunoneutralization affords

protection against the obesity-enhanced inflammatory and BBB

permeability induced by CLP, suggesting that the exaggerated

tissue injury response is linked to inflammation. A more promi-

nent inflammatory response to sepsis has also been described in

the intestinal microcirculation of septic ob/ob mice (43).

Fatty Liver Disease

Obesity is associated with increased risk for nonalcoholic

fatty liver disease (NAFLD) and nonalcoholic steatohepatitis

(NASH). The prevalence of NAFLD is directly correlated with

BMI (44). Oxidative stress and activation of NF kappa B are

critical for the initiation of inflammation and tissue injury asso-

ciated with NASH. The recruitment of inflammatory cells and

platelets results in a reduction in the number of perfused liver

sinusoids and tissue perfusion, which may amplify the hepato-

cellular injury mediated by inflammatory cells. Steatosis is also

associated with exaggerated inflammatory and injury responses

to ischemia and reperfusion, which limits the use of fatty donor

livers for transplantation (45).

CONCLUSIONS

There is compelling evidence from both clinical and animal

studies that supports the view that obesity induces a chronic

low-grade inflammatory state. Activation products (adipokines)

from an expanded pool of adipocytes likely represent the link

between obesity and inflammation. A major target tissue for the

proinflammatory actions of locally and systemically released

adipokines is the microvasculature, which exhibits impaired

function in arterioles, capillaries, and venules alike. The obe-

sity-induced microvascular dysfunction contributes to both the

initiation and propagation of the inflammatory response. A con-

sequence of the systemic inflammatory state associated with

obesity is the priming of tissues for more robust inflammatory

and tissue injury responses when challenged with an additional

inflammatory stimulus, which may account for the role of obe-

sity as a risk factor for a variety of different diseases.
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