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Adipose Tissue and Atherosclerosis
Exploring the Connection

Giamila Fantuzzi, Theodore Mazzone

Abstract—The prevalence of obesity, especially among the young, is dramatically increasing in the United States. Obesity
is associated with accelerated atherosclerosis and increased rates of cardiovascular death. There are many plausible
mechanisms by which an increase in adipose tissue could adversely affect the vessel wall. These include the changes
in blood pressure, glucose level, lipid/lipoprotein metabolism, and systemic inflammation. In addition, factors secreted
by adipose tissue may directly influence vessel wall homeostasis by influencing the function of endothelial cells, arterial
smooth muscle cells, and macrophages in the vessel wall. There is general agreement that central, as opposed to
peripheral, adipose tissue confers the most cardio-metabolic risk. Although the basis of this differential risk has not been
not established, the pattern of gene expression and secretory products in visceral fat would be predicted to be more
atherogenic compared with that in subcutaneous peripheral fat. Numerous studies have shown the beneficial effects of
weight loss on markers of cardiovascular risk but fewer have demonstrated improvement in direct measures of large
vessel disease. The unfolding role of adipose tissue as an important metabolic and secretory organ provides new
opportunities for developing more effective approaches for preventing obesity and its atherosclerotic complications.
(Arterioscler Thromb Vasc Biol. 2007;27:996-1003.)
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The prevalence of obesity is dramatically increasing in
the United States.1–3 Of special concern is the sharp

increase in obesity among children and adolescents. In
2003 to 2004, 17.1% of US children were obese (as defined
by being greater than the 95th percentile of sex-specific
body mass index (BMI) for age growth charts); signifi-
cantly increased compared with 1999 to 2000. Approxi-
mately 32.2% of US adults are obese as defined by a
BMI�30 kg/m2. Extreme obesity (defined as a BMI�40
kg/m2) affects 2.8% of men and 6.9% of women in the
United States. Many studies have demonstrated that obe-
sity increases mortality from all causes, including cardio-
vascular death. This review focuses on the contribution of
excess adipose tissue to the major underlying cause of
cardiovascular death, large vessel atherosclerosis. Studies
measuring the effect of obesity on direct measures of large
vessel atherosclerosis in humans are considered, along
with evidence regarding potential mechanisms by which
excess adipose tissue could adversely affect the vessel
wall.

Obesity and Atherosclerosis
Numerous studies have demonstrated the effect of excess adi-
pose tissue for increasing cardiovascular death for adolescents
and adults up to 75 years of age.4–7 A number of more recent
studies have specifically reported on the effect of excess adipose

tissue on direct measures of macrovascular disease. Using the
measurement of coronary artery calcium as a marker for coro-
nary atherosclerosis, Cassidy et al studied 443 asymptomatic
white individuals who had quantitation of coronary artery
calcium an average of 8 years apart.8 After fitting multivariable
linear regression models adjusting for the baseline risk factors,
several indices of obesity predicted the progression of coronary
arthrosclerosis in a group otherwise defined as low risk for
cardiovascular disease. In a study of 495 diabetic subjects
undergoing a single measurement of coronary artery calcium, a
multivariate analysis that corrected for multiple cardiovascular
risk factors showed that waist-to-hip ratio was a significant
predictor of coronary artery calcium.9 In another multiethnic
study in type 2 diabetes, visceral fat measured by CT scan
predicted coronary artery calcium.10 With respect to obesity and
atherosclerosis in younger individuals, the Pathobiological De-
terminants of Atherosclerosis in Youths Study collected arteries
and tissue from 3000 persons, aged 15 to 34 years, dying of
external causes.11 BMI was associated with both fatty streaks
and raised lesions in the right coronary artery and stenosis in the
left anterior descending artery. The link between obesity and
macrovascular disease, demonstrated by imaging approaches,
expands the opportunities for investigating potential mecha-
nisms by which excess adipose tissue adversely impacts the
vessel wall and for evaluating how adipose tissue distribution or
reduction (weight loss) impact atherosclerosis.
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Excess Adipose Tissue and the Vessel Wall:
Mechanisms of Injury

There are numerous mechanisms by which obesity can
adversely affect the vasculature and thereby increase cardio-
vascular mortality (Figure). Obesity has a number of conse-
quences known to accelerate atherosclerosis, including hy-
pertension, diabetes, and dyslipidemia.12,13 Systemic
inflammation and the production of adipokines by adipose
tissue have been considered as important mechanisms for the
adverse effects of adiposity on the vessel wall.14 Metabolites,
cytokines, and hormones released by adipose tissue can target
the liver, and, through changes in liver-derived lipoproteins,
clotting factors and inflammatory factors impact the athero-
genic environment of the vessel wall. Visceral adipose tissue,
with its favored access to the portal circulation, could be
especially important in this pathway. In addition, these same
adipose tissue–derived factors have been shown to influence
gene expression and cell function in endothelial cells, arterial
smooth muscle cells, and monocytes/macrophages. These
represent the major cell types of the artery wall and are key
components for defending vessel wall homeostasis.

There are multiple mechanisms by which obesity can
influence systemic lipid and lipoprotein metabolism.15 In-
creased release of fatty acids from adipose tissue in obesity
with increased flux to the liver can increase very-low-density
lipoprotein, apolipoprotein B (apoB), and triglyceride secre-
tion.15–18 Other factors secreted by adipose tissue may cause

adverse effects on circulating lipids. For example, in a study
of white men with BMI values ranging from 22 to 35 kg/m2,
adiponectin was the most significant predictor of plasma
very-low-density lipoprotein apoB concentration.19 Tumor
necrosis factor expression is increased in adipose tissue from
obese subjects and could have multiple effects on lipid
metabolism via both paracrine effects on adipocytes, as well
as on effects in the liver.15,20,21 Adipose tissue can also
influence systemic lipoprotein metabolism and function by
secreting apolipoproteins. ApoE is highly expressed in adi-
pose tissue and its expression increased by treatment with
peroxisome proliferator-activated receptor-� agonists.22,23

ApoE is a key apolipoprotein involved in the systemic and
cellular lipoprotein metabolism, and apoE secreted by extra-
hepatic tissue can have a profound effect on systemic lipopro-
tein metabolism.24 Endogenous expression of apoE in adipo-
cytes has also been shown to play an important role in
adipocyte triglyceride turnover and adipocytokine expres-
sion.25 Serum amyloid A is both an inflammatory cytokine
and an apolipoprotein produced by multiple cell types,
including adipocytes.14 Its level of expression is highly
correlated with BMI, and weight loss produces significant
decreases in serum amyloid A levels, as does treatment with
peroxisome proliferator-activated receptor-� agonists.26 In
inflammatory conditions, serum amyloid A becomes an
important surface constituent of HDL and thereby has a
number of important effects on the metabolism and function

Adipose tissue products work directly at the vessel wall and through the liver to modulate the atherogenic environment of the vessel
wall. In obesity, the production of metabolites, cytokines, and hormones by adipose tissue is altered. In the case of visceral adipose
tissue, these factors will have favored access to the liver through the portal circulation. At the liver, adipose tissue–derived factors
influence the composition and level of circulating lipoproteins and the levels of systemic inflammatory and clotting system components.
Adipose tissue–derived factors also can directly regulate gene expression and function of endothelial, arterial smooth muscle, and
macrophage cells in the vessel wall. FFA indicates free fatty acids; TNF, tumor necrosis factor; PAI, plasminogen activator inhibitor.
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of HDL.27–29 Two other apolipoproteins are also produced in
adipocytes, apoC1 and apoD,15 but their impact on systemic
lipoprotein metabolism or cellular lipid flux is less well
defined.

Increased free fatty acid release from adipose tissue in
obesity may also accelerate atherosclerosis by mechanisms
not directly related to lipids. Evidence for this is provided by
the results of a prospective study of 3315 subjects followed
for 5.3 years. Free fatty acid levels in these subjects indepen-
dently predicted all-cause and cardiovascular mortality after
adjustment for age, sex, BMI, triglycerides, HDL, LDL,
homeostasis model assessment of insulin resistance, hyper-
tension, smoking, C-reactive protein (CRP), homocysteine,
creatinine, statin use, and �-blocker.30 Excess free fatty acid
delivery to peripheral tissues may worsen insulin resistance
and may play a role in activating inflammatory processes,
possibly through activation of Toll-like receptor 4.14,31,32 Free
fatty acids have also been shown to induce endothelial cell
apoptosis and to impair endothelium-dependent
vasodilatation.33–35

A number of cytokines and adipokines secreted by adipose
tissue may also influence vessel wall directly. Resistin is
highly expressed in the fat tissue of rodents, and its level is
elevated in models of obesity and insulin resistance.36 Some,
but not all, studies have shown that resistin levels are also
increased in human obesity and diabetes.37,38 In humans,
resistin is expressed primarily in inflammatory cells, where
its expression is increased by treatment with endotoxin and
proinflammatory cytokines.39–41 Recently, the level of resis-
tin in humans has been shown to positively correlate with
increasing coronary atherosclerosis measured by coronary
artery calcium after adjustment for established cardiac risk
factors.42 On the other hand, recent data from Kunnari et al
showed no relationship between resistin levels and another
marker of atherosclerosis/cardiovascular risk, carotid intima/
media thickness.43 High levels of resistin may negatively
influence the atherosclerotic process through several mecha-
nisms. Resistin directly activates the endothelium through
upregulation of adhesion molecules, an effect that is antago-
nized by adiponectin (see below).44,45 Resistin also induces
production of the proinflammatory cytokines endothelin-1,
monocyte chemoattractant protein (MCP)-1, and pentraxin by
endothelial cells.44,45 It also promotes migratory activity of
vascular smooth muscle cells.41 In macrophages, resistin
increases expression of CD36 and facilitates lipid accumula-
tion, thereby promoting formation of foam cells; this effect is
also antagonized by adiponectin.46,47 Furthermore, resistin
induces production of the proinflammatory cytokines tumor
necrosis factor-� and interleukin (IL)-12 by macrophages
through activation of nuclear factor �B.48

Leptin is a product of adipocytes, and plasma leptin levels
increase with obesity. Plasma leptin levels have been posi-
tively associated with cardiovascular complications in hu-
mans, and this effect has been observed independent of BMI
and traditional cardiac risk factors.14 A recent study in type 2
diabetes demonstrated that hyperleptinemia was associated
with coronary atherosclerosis, as measured by coronary artery
calcium, and this association was independent of insulin
resistance.49 In animal models, recombinant leptin has been

shown to promote atherosclerosis and thrombosis in apoE-
deficient mice.50 This adverse effect on vascular disease was
observed in spite of the metabolic benefits associated with
leptin treatment. Other studies have shown that leptin may
have a role in neointimal formation in response to arterial
injury.51 Leptin has multiple effects on cells of the artery
wall; many of which are similar to those described for
resistin. In endothelial cells, leptin induces oxidative stress,
increases production of MCP-1 and endothelin-1, and poten-
tiates proliferation.52–55 In smooth muscle cells, leptin pro-
motes migration, proliferation and hypertrophy, this latter
effect being mediated by activation of p38 mitogen-activated
protein kinase.56 Leptin also contributes to increased activa-
tion of and cytokine production by macrophages, neutrophils,
and T lymphocytes.57–59 Finally, leptin promotes calcification
of cells of the vascular wall60 and facilitates thrombosis by
increasing platelet aggregation.61 Although these effects of
leptin point to a proatherogenic role for this adipokine, it is
important to note that obesity is associated with leptin
resistance, which leads to a reduced biological response to
leptin. Leptin resistance, probably mediated by alterations in
leptin receptor signaling pathways and originally reported in
the hypothalamus of obese subjects and experimental ani-
mals,62 has been shown to extend to the peripheral effects of
leptin, including those on platelets and the vascular wall.62,63

Adiponectin is a product of adipocytes, and its level in
humans is decreased in obese and diabetic subjects.14 Levels
of adiponectin increase with weight loss or with pharmaco-
logical treatment of insulin resistance. Adiponectin plays a
role in regulating systemic substrate metabolism, and several
recent publications have suggested a role for adiponectin in
modulating vessel wall health. Adiponectin circulates in 3
different oligomers, and each of these may has a different
biologic function.64,65 HDL cholesterol and high-molecular-
weight adiponectin level are positively correlated, and both
total serum adiponectin and high-molecular-weight adiponec-
tin levels correlate negatively with triglyceride, homeostasis
model assessment of insulin resistance, and circulating in-
flammatory markers.64,65 Serum high-molecular-weight adi-
ponectin level is significantly lower in men with coronary
artery disease,66 independent of other cardiac risk factors.
Rewers and colleagues studied the progression of coronary
artery calcification over 2.6 years in a group of patients with
type 1 diabetes and nondiabetic subjects aged 19 to 59
years.67 Adiponectin levels were inversely correlated to
progression of coronary artery calcium in both diabetic and
nondiabetic subjects. Adiponectin levels after treatment with
insulin sensitizers have also been shown to be the best
predictor of an improvement in carotid arterial wall stiffness
in a group of subjects with type 2 diabetes.68 Mutations of the
adiponectin gene are strongly associated with impaired glu-
cose tolerance, diabetes mellitus, and coronary artery disease
in humans.68 In adiponectin knockout mice, a high-fat and
high-sucrose diet leads to marked elevation of plasma glucose
and insulin levels, insulin resistance, and an increase in
intimal smooth muscle cell proliferation after injury in the
aorta; however, these alterations have not been observed in all
of the adiponectin knockout strains that have been developed
to date.69,70 Treatment of apoE-deficient mice with an adi-
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ponectin adenovirus has been shown to reduce plaque forma-
tion in the aortic sinus by 30%.69 As might be expected based
on the above observations, adiponectin promotes an anti-
atherogenic and antiinflammatory program of gene expres-
sion and function in vessel wall cells. Adiponectin downregu-
lates expression of adhesion molecules on endothelial cells
through inhibition of nuclear factor �B activation71 and
thereby reverses the effects of resistin.45 Adiponectin also
reduces endothelial oxidative stress and proliferation while
stimulating nitric oxide synthase activity.72–73 However, both
induction and suppression of chemokine production by endo-
thelial cells have been reported in response to adiponec-
tin.74,75 In vascular smooth muscle cells, adiponectin reduces
proliferation in a receptor-independent fashion by binding to,
and inhibiting, the activity of growth factors, such as heparin-
binding epidermal growth factor, basic fibroblast growth
factor, and platelet-derived growth factor-BB.76,77 In macro-
phages, adiponectin reduces lipid accumulation and down-
regulates expression of scavenger receptors.78 Similar to what
was reported in endothelial cells, controversy remains regard-
ing the role of adiponectin for macrophage cytokine
production.79–81

Obesity leads to increased expression of additional inflam-
matory mediators in adipose tissue, including MCP-1. Adi-
pocyte expression of MCP-1 increases in obesity, and in-
creased circulating MCP-1 levels have been shown to
increase the number of circulating CD11B-positive mono-
cytes in mice.82 CD11B is a component of MAC-1 and is
involved in binding of monocyte/macrophages to the vascular
wall. The expression of adipose tissue IL-6 is increased in
human obesity, and up to one-third of plasma IL-6 is believed
to be derived from adipose sites. In humans, IL-6 produces
elevation of plasma free fatty acids and increased levels of
hepatic CRP expression. CRP may also be produced in
adipose tissue, and recent data suggest that CRP may be
directly involved in atherogenesis at the vessel wall.14,83,84

Angiotensinogen, angiotensin-converting enzyme, and plas-
minogen activator inhibitor-1 are also produced by adipose
tissue, where their level of expression is increased in obesi-
ty.14 Angiotensin II produces vasoconstrictive effects and
may also promote systemic inflammation.14 Plasminogen
activator inhibitor-1 can promote atherothrombosis.14

Differences in Atherosclerotic Risk Based on
Adipose Tissue Distribution

There is widespread support in the literature for the conclu-
sion that central adiposity (fat in the trunk and/or abdomen)
confers more cardiovascular risk than peripheral adiposity (ie,
that present in the hips and thighs). Terry et al85 reported that
waist-to-thigh girth ratio positively correlated with triglycer-
ides and small dense LDL particles and negatively with HDL
cholesterol. Thigh girth correlated positively with HDL and
with LDL particle size in women. Okura et al86 examined 128
obese women (aged 34 to 62 years) during a 14-week weight
loss intervention with diet and exercise. During weight loss,
fat tissue change in the leg correlated with worsening of CHD
risk factors, whereas fat tissue change in the trunk correlated
with improvement in CHD risk factors. Klein et al examined
the effect of removing subcutaneous fat on metabolic param-

eters in 15 obese women before, and 10 to 12 weeks after,
abdominal liposuction.87 Liposuction reduced the volume of
subcutaneous abdominal tissue by 44% in subjects with
normal glucose tolerance, and 28% in those with diabetes.
Subjects with normal glucose tolerance lost approximately 9
kg of fat (an 18% decrease in total fat), and those with type
2 diabetes lost 10 kg of fat (19% of total fat). The comparison
of pre-liposuction and post-liposuction values showed that
removal of subcutaneous fat did not significantly alter insulin
sensitivity, or change the plasma concentrations of CRP,
IL-6, tumor necrosis factor-�, or adiponectin. It also did not
produce significant changes in blood pressure, plasma glu-
cose, insulin, or lipid concentrations. On the other hand, a
number of studies have shown that a reduction in visceral fat
in animals and humans is associated with increased in insulin
sensitivity, HDL cholesterol, and decreased in triglyceride
and blood pressure.88–91 Thorne et al randomized 50 subjects
with a BMI�35 kg/m2 to adjustable gastric banding alone, or
this plus surgical removal of the greater omentum.88 Meta-
bolic parameters were compared before surgery and 2 years
after surgery. There were no significant differences between
control and omentectomized patients at baseline. At 2-year
followup, there was a decrease in weight and improved
metabolic profile in both groups. Omentectomized subjects
lost more weight than control subjects, but the difference was
not statistically significant. Subjects who underwent omen-
tectomy, however, had a statistically significant improvement
in oral glucose tolerance, insulin sensitivity, fasting plasma
glucose, and insulin levels independent of the change in BMI.
There were no differences in blood lipids between the 2
groups.

Several recent studies have reported on the influence of
adipose tissue distribution on direct measures of macrovas-
cular disease. In a cross-sectional analysis of 1356 women, 60
to 85 years of age,92 aortic calcification (as an index of
atherosclerosis) was evaluated. Peripheral fat mass showed an
independent and dominant antiatherogenic effect in elderly
women. Ferreira et al investigated 336 subjects (175 women)
who were apparently healthy and examined the relationship
among truncal fat, peripheral fat, and estimates of the
stiffness of large arteries.93 Central fat was positively associ-
ated with stiffness of the carotid and femoral arteries, whereas
peripheral fat was inversely associated with stiffness of the
brachial and carotido-femoral segment. In a study of more
than 5000 middle-aged women aged 30 to 69 years, a
subsample of 310 participants underwent measurement of
carotid intima/media thickness. An increase in carotid intima/
media thickness was observed in abdominally obese (elevated
waist-to-hip ratio) women to lean women.94 Morricone et al
studied 55 patients undergoing coronary angiography,95 and
multivariate regression analyses showed that coronary artery
disease was significantly correlated with visceral adipose
tissue as measured by abdominal CT. No relationship was
found between coronary artery disease and BMI.

Although the basis for the apparent difference in vascular
risk conferred by different adipose tissue depots remains
under active investigation, patterns of gene expression be-
tween peripheral subcutaneous and visceral fat are consistent
with a more proatherogenic influence of the latter.14 Vohl et
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al recently performed a microarray analysis of genes differ-
entially expressed in subcutaneous versus visceral adipose
tissue of obese subjects and identified 347 genes that were
differentially expressed in the 2 depots, of which 131 genes
were expressed at higher levels in subcutaneous adipose
tissue and 216 were more abundant in visceral fat.96 Com-
pared with subcutaneous tissue, visceral adipose tissue pro-
duces higher levels of several factors that have been impli-
cated in cardiovascular disease and metabolic disturbances,
including IL-6, IL-8, MCP-1, vascular endothelial growth
factor, and plasminogen activator inhibitor-1.97–99 Many of
these factors are produced by the stromovascular fraction of
adipose tissue, mostly by macrophages, which infiltrate
adipose tissue in greater number in obese compared with lean
subjects.100 Increased levels of the chemokine MCP-1 in
visceral adipose tissue attract more monocytes/macrophages,
thereby creating a self-sustaining inflammatory cycle.31,100 In
addition to creating a more proinflammatory environment,
products of visceral adipose tissue—cytokines, free fatty
acids, and hormones—also gain a direct access to the liver
through the portal circulation (Figure 1), likely magnifying
the adverse consequences of excess visceral adipose tissue.101

Leptin, on the other hand, has been shown to be produced at
higher levels in subcutaneous compared with visceral adipose
tissue.102

Cardiovascular Benefits of Weight Loss
Observational studies have shown that mortality rates among
obese persons who have lost weight are not lower compared
with those who have not lost weight. The absence of a
reduction in mortality in these studies has been attributed to
underlying diseases that cause unintentional weight loss, or to
the adverse effect of repeated weight cycling. There are no
interventional studies demonstrating the benefit of weight
loss on cardiovascular events. One problem with obtaining
such data are the limited therapeutic success for producing
significant long-term weight loss in obese individuals. Per-
haps reflecting the limitations of current therapeutic interven-
tions, a definition of successful weight loss maintenance has
recently been proposed as a loss of at least 10% of body
weight for at least 1 year.103 Clearly, loss of almost any
amount of weight for only 1 year would have limitations for
showing differences in cardiovascular outcomes. In a recent
metaanalysis of trials testing the effect of weight loss medi-
cations, a net reduction from baseline weight of 2.9% was
shown for orlistat and 4.6% for sibutramine at 1 year.104

Similar effects have been reported for rimonabant.105,106

Lifestyle interventions can produce an average net reduction
of 5.8% over an average of 67 weeks.107 Only a few weight
loss studies have followed subjects for longer than 1 year,
and, among these, approximately 15% to 20% of individuals
maintain a weight loss of at least 5 kg or more at 5 years.103

There have been multiple studies demonstrating improve-
ment in metabolic or inflammatory markers with short-term
weight loss.12,13,85,108–110 There have, however, been fewer
reports of the effects of weight loss on direct measures of
macrovascular disease. Dengel et al have recently studied 12
overweight individuals without known diabetes or vascular
disease and measured parameters of vascular structure, func-

tion, and mechanical properties using ultrasound.108 An
intravenous glucose-tolerance test, blood pressure, body com-
position, and lipids were also measured. During weight loss,
there were significant reductions in BMI and percentage of
body fat. There were the expected improvements in total
cholesterol, LDL cholesterol, triglyceride, and insulin sensi-
tivity. After 6 months, there were also significant improve-
ments in brachial artery compliance and distensibility; how-
ever, endothelial function and arterial intima/media thickness
did not change. Ziccardi et al reported that after 1 year of
weight loss, the vascular response to L-arginine improved in
obese women.109 Balkestein et al reported that 3 months of
negative caloric balance improved carotid distensibility in
obese men.110 Overall, the results of studies evaluating the
effect of weight loss on measures of macrovascular disease
are mixed, and longer-term studies with sustained weight loss
are needed.

As compared with medical therapy, surgical intervention
can produce more substantial long-term weight loss. Sjostrom
et al recently reported on a prospective controlled study
involving obese subjects who underwent gastric surgery
compared with a matched conventionally treated obese con-
trol group.111 After 10 years, weight had increased by 1.6% in
the control group and decreased by16.1% in the surgery
group. Two- and 10-year rates of recovery from diabetes,
hypertriglyceridemia, low HDL, hypertension, and hyperuri-
cemia were more favorable in the surgery group. The surgical
group also had lower 2- and 10-year incidence of diabetes,
hypertriglyceridemia, and hyperuricemia. There were no
differences in the incidence of hypercholesterolemia or hy-
pertension between the groups. This study is important
because it demonstrates that the improvements in the meta-
bolic parameters that have been repeatedly demonstrated in
short-term weight loss are durable for up to 10 years.
However, there were no direct measures of macrovascular
disease reported for this study.

Conclusion
The recent increase in the prevalence of obesity, especially
among the young, has significant implications for rates of
atherosclerosis and consequent cardiovascular disease in the
coming decades. Several plausible mechanisms exist for a
causative role for obesity in producing atherosclerosis. These
include changes in blood pressure, lipids, glucose metabo-
lism, and systemic inflammation. In addition, evidence is
emerging that factors produced by adipose tissue in obesity
can directly impact the atherogenic environment of the vessel
wall by regulating gene expression and function in endothe-
lial, arterial smooth muscle, and macrophage cells. There is
also substantial support in the literature that adipose tissue
distribution is important for atherosclerotic risk. Truncal fat
confers more vascular and metabolic risk than peripheral fat,
and this may be at least partly related to a less favorable
pattern of adipokines and cytokines released by visceral fat
and its favored access to the portal circulation.

Important questions for additional research remain for
successfully meeting the challenge presented by the epidemic
of obesity. The development and evaluation of additional
tools for prevention and treatment of obesity and its vascular
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complications are critical. The use of surrogate vascular end
points can be useful not only for investigating the mechanistic
relationship between excess adipose tissue and macrovascular
atherosclerosis but also for evaluating the effect of weight
loss sustained over a shorter period of time than that needed
for measuring changes in cardiovascular events. Additional
work is also needed to further explore adipocyte and adipose
tissue biology. The recent recognition that adipose tissue is an
active endocrine and metabolic organ, with a major role in
regulating organismal substrate flux and metabolism and in
influencing systemic inflammatory state112,113 provides new
opportunities for investigations that could lead to more
effective approaches for preventing and/or treating obesity
and its vascular complications.

Acknowledgments
We thank Dr Godfrey Getz for critical review of the manuscript and
Stephanie Thompson for assistance with manuscript preparation.

Sources of Funding
G.F. is supported by NIH grants DK 061483 and DK 068035, and
T.M. is supported by NIH grants HL 39653 and DK 71711.

Disclosures
None.

References
1. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, Flegal

KM. Prevalence of overweight and obesity in the United States,
1999–2004. JAMA. 2006;295:1549–1555.

2. National Task Force on the Prevention and Treatment of Obesity:
overweight, obesity, and health risk. Arch Intern Med. 2000;160:
898–904.

3. Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence and trends
in obesity among US adults. JAMA. 2002;288:1723–1727.

4. Hu FB, Willett WC, Li T, Stampfer MJ, Colditz GA, Manson JE.
Adiposity as compared with physical activity in predicting mortality
among women. N Engl J Med. 2004;351:2694–2703.

5. Calle EE, Thun MJ, Petrelli JM, Rodrigues C, Heath CDW. Body mass
index and mortality in a prospective cohort of U.S. adults. N Engl J Med.
1999;341:1097–1105.

6. Stevens J, Cai J, Pamuk ER, Williamson DF, Thun MJ, Wood JL. The
effect of age on the association between body mass index and mortality.
N Engl J Med. 1998;338:1–7.

7. van Dam RM, Willett WC, Manson JE, Hu FB. The relationship
between overweight in adolescence and premature death in women. Ann
Intern Med. 2006;145:91–97.

8. Cassidy AE, Bielak LF, Zhou Y, Sheedy PF, Turner ST, Breen JF,
Araoz PA, Kullo IJ, Lin X, Peyser PA. Progression of subclinical
coronary atherosclerosis: does obesity make a difference? Circulation.
2005;111:1877–1882.

9. Elkeles RS, Fehert MD, Flather MD, Godsland IF, Nugara F, Richmod
W, Rubens MB, Wang D. The association of coronary calcium score and
conventional cardiovascular risk factors in type 2 diabetic subjects
asymptomatic for contrary heart disease (The PREDICT Study). Diabet
Med. 2004;21:1129–1134.

10. Mazzone T, Meyer PM, Kondos GT, Davidson MH, Feinstein SB,
D’Agostino RB, Perez A, Haffner SM. Relationship of traditional and
non-traditional cardiovascular risk factors to coronary artery calcium in
type 2 diabetes. Diabetes. In press.

11. McGill HC, McMahan CA, Hederick EE, Zieske AW, Malcom GT,
Tracy RE, Strong JP. Obesity accelerates the progression of coronary
atherosclerosis in young men. Circulation. 2002;105:2712–2718.

12. Poirier P, Giles TD, Bray GA, Hong Y, Stern JS, Pi-Sunyer FX, Eckel
RH. Obesity and cardiovascular disease: pathophysiology, evaluation,
and effect of weight loss. Arterioscler Thromb Vasc Biol. 2006;26:
968–976.

13. Klein S, Burke LE, Bray GA, Blair S, Allison DB, Pi-Sunyer X, Hong
Y, Eckel RH. Clinical implications of obesity with specific focus on

cardiovascular disease: a statement for professionals from the American
Heart Association Council on Nutrition, Physical Activity, and Metab-
olism. Circulation. 2004;110:2952–2967.

14. Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular
disease. Circ Res. 2005;96:939–949.

15. Yu Y-H, Ginsberg HN. Adipocyte signaling and lipid homeostasis:
sequelae of insulin-resistant adipose tissue. Circ Res. 2005;96:
1042–1052.

16. Dixon JL, Ginsberg HN. Regulation of hepatic secretion of apoli-
poprotein B-containing lipoproteins: information obtained from cultured
liver cells. J Lipid Res. 1993;34:167–179.

17. Lewis GF. Fatty acid regulation of very low density lipoproteins
(VLDL) production. Curr Opin Lipidol. 1999;10:475–477.

18. Fisher EA, Ginsberg HN. Complexity in the secretory pathway: the
assembly and secretion of apolipoprotein B-containing lipoproteins.
J Biol Chem. 2002;277:17377–17380.

19. Ng TWK, Watts GF, Farvid MS, Chan DC, Barrett HR. Adipocytokines
and VLDL metabolism: independent regulatory effects of adiponectin,
insulin resistance, and fat compartments on VLDL apolipoprotein B-100
kinetics? Diabetes. 2005;54:795–802.

20. Guerre-Millo M. Adipose tissue and adipokines: for better or worse.
Diabetes Metab. 2004;30:13–19.

21. Siri P, Candella N, Ko C, Zhang Y, Fusufzai S, Ginsberg HN, Huang
LS. Post-transcriptional stimulation of the assembly and secretion of
triglyceride-rich apolipoprotein B-lipoproteins in a mouse with selective
deficiency of brown adipose tissue, obesity, and insulin resistance. J Biol
Chem. 2001;276:46064–46072.

22. Yue L, Rasouli N, Ranganathan G, Kern PA, Mazzone T. Divergent
effects of PPAR� agonists and TNF� on adipocyte apoE expression.
J Biol Chem. 2004;279:47626–47632.

23. Zechner R, Moser R, Newman TC, Fried SK, Breslow JL. Apoli-
poprotein E gene expression in mouse 3T3–L1 adipocytes and human
adipose tissue and its regulation by differentiation and lipid content.
J Biol Chem. 1991;266:10583–10588.

24. Hasty AH, Linton MF, Swift LL, Fazio S. Determination of the lower
threshold of apolipoprotein E resulting in remnant lipoprotein clearance.
J Lipid Res. 1999;40:1529–1538.

25. Huang ZH, Reardon CA, Mazzone T. Endogenous apoE expression
modulates adipocyte triglyceride content and turnover. Diabetes. 2006;
55:3394–3402.

26. Yang RZ, Lee MJ, Hu H, Pollin TI, Ryan AS, Nicklas BJ, Snitker S,
Horenstein RB, Hull K, Goldberg NH, Goldberg AP, Shuldiner AR,
Fried SK, Gong DW. Acute-phase serum amyloid A: an inflammatory
adipokine and potential link between obesity and its metabolic compli-
cations. PLoS Med. 2006;3:e287.

27. O’Brien KD, Chait A. Serum amyloid A: the “other” inflammatory
protein. Curr Atheroscler Rep. 2006;8:62–68.

28. Cabana VG, Feng N, Reardon CA, Lukens J, Webb NR, de Beer FC,
Getz GS. Influence of apoA-1 and apoE on the formation of serum
amyloid A-containing lipoproteins in vivo and in vitro. J Lipid Res.
2004;45:317–325.

29. Cabana VG, Reardon CA, Feng N, Neath S, Lukens J, Getz GS. Serum
paraoxonase: effect of the apolipoprotein composition of HDL and the
acute phase response. J Lipid Res. 2003;44:780–792.

30. Pilz S, Scharnag H, Tiran B, Seelhorst U, Wellnitz B, Boehm BO,
Schaefer JR, Marz W. Free fatty acids are independently associated with
all-cause and cardiovascular mortality in subjects with coronary artery
disease. J Clin Endocrinol Metab. 2006;91:2542–2547.

31. Suganami T, Nishida J, Ogawa Y. A paracrine loop between adipocytes
and macrophages aggravates inflammatory changes: role of free fatty
acids and tumor necrosis factor �. Arterioscler Thromb Vasc Biol.
2005;25:2062–2068.

32. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links
innate immunity and fatty acid-induced insulin resistance. J Clin Invest.
2006;116:3015–3025.

33. Hufnagel B, Dworak M, Soufi M, Mester Z, Zhu Y, Schaefer JR,
Klumpp S, Krieglstein J. Unsaturated fatty acids isolated from human
lipoproteins activate protein phosphatase type 2C� and induce apoptosis
in endothelial cells. Atherosclerosis. 2005;180:245–254.

34. Steinberg HO, Tarshoby M, Monestel R, Hook G, Cronin J, Johnson A,
Bayazeed, Baron AD. Elevated circulating free fatty acid levels impair
endothelium-dependent vasodilation. J Clin Invest. 1997;100:
1230–1239.

Fantuzzi and Mazzone Adipose Tissue and Atherosclerosis 1001

 by on November 24, 2008 atvb.ahajournals.orgDownloaded from 

http://atvb.ahajournals.org


35. Steinberg HO, Paradisi G, Hook G, Crowder K, Cronin J, Baron AD.
Free fatty acid elevation impairs insulin-mediated vasodilation and nitric
oxide production. Diabetes. 2000;49:1231–1238.

36. Rajala MW, Qi Y, Patel HR, Takahashi N, Banerjee R, Pajvani UB,
Sinha MK, Gingerich RL, Scherer PE, Ahima RS. Regulation of resistin
expression and circulating levels in obesity, diabetes, and fasting.
Diabetes. 2004;53:1671–1679.

37. Yannakoulia M, Yiannakouris N, Bluher S, Metalas AL, Klimis-Zacas
D, Mantzoros CS. Body fat mass and macronutrient intake in relation to
circulating soluble leptin receptor, free leptin index, adiponectin, and
resistin concentrations in healthy humans. J Clin Endocrinol Metab.
2003;88:1730–1736.

38. Lee JH, Chan JL, Yiannakouris N, Kontogianni M, Estrada E, Seip R,
Orlova C, Mantzoros CS. Circulating resistin levels are not associated
obesity or insulin resistance in humans and are not regulated by fasting
or leptin administration: cross-sectional and interventional studies in
normal, insulin-resistant, and diabetic subjects. J Clin Endocrinol
Metab. 2003;88:4848–4856.

39. Patel L, Buckels AC, Kinghorn IJ, Murdock PR, Hollbrook JD,
Plumpton C, Macphee CH, Smith SA. Resistin is expressed in human
macrophages and directly regulated by PPAR gamma activators.
Biochem Biophys Rev Commun. 2003;300:472–476.

40. Kaser S, Kaser A, Sandhofer A, Ebenbichler CF, Tilz H, Patsch JR.
Resistin messenger RNA expression is increased by proinflammatory
cytokines in vitro. Biochem Biophys Res Commun. 2003;309:286–290.

41. Jung HS, Park KH, Cho YM, Chung SS, Cho HJ, Cho SY, Kim SJ, Kim
SY, Lee HK, Park KS. Resistin is secreted from macrophages in ather-
omas and promotes atherosclerosis. Cardiovasc Res. 2006;69:76–85.

42. Reilly MP, Lehrke M, Wolfe ML, Rohatgi A, Lazar MA, Rader DJ.
Resistin is an inflammatory marker of atherosclerosis in humans. Cir-
culation. 2005;111:932–939.

43. Kunnari A. Ukkola O, Paivansalo M, Kesaniemi A. High plasma resistin
level is associated with enhanced highly sensitive C-reactive protein and
leukocytes. J Clin Endocrinol Metab. 2006;91:2755–2760.

44. Verma S, Li SH, Wang CH, Fedak PW, Li RK, Weisel RD, Mickle DA.
Resistin promotes endothelial cell activation: further evidence of
adipokine-endothelial interaction. Circulation. 2003;108:736–740.

45. Kawanami D, Maemura K, Takeda N, Harada T, Nojiri T, Imai Y,
Manabe I, Utsunomiya K, Nagai R Direct reciprocal effects of resistin
and adiponectin on vascular endothelial cells: a new insight into
adipocytokine-endothelial cell interactions. Biochem Biophys Res
Commun. 2004;314:415–419.

46. Xu W, Yu L, Zhou W, Luo M. Resistin increases lipid accumulation and
CD36 expression in human macrophages. Biochem Biophys Res
Commun. 2006;351:376–382.

47. Rae C, Graham. A Human resistin promotes macrophage lipid accumu-
lation. Diabetologia. 2006;49:1112–1114.

48. Silswal N, Singh AK, Aruna B, Mukhopadhyay S, Ghosh S, Ehtesham
NZ. Human resistin stimulates the pro-inflammatory cytokines
TNF-alpha and IL-12 in macrophages by NF-kappaB-dependent
pathway. Biochem Biophys Res Commun. 2005;334:1092–1101.

49. Reilly MP, Igbal N, Schutta M, Wolfe ML, Scally M, Localio AR, Rader
DJ, Kimmel SE. Plasma leptin levels are associated with coronary
atherosclerosis in type 2 diabetes. J Clin Endocrinol Metab. 2004;89:
3872–3878.

50. Bodary PF, Gu S, Shen Y, Hasty AH, Buckler JM, Eitzman DT.
Recombinant leptin promotes atherosclerosis and thrombosis in apoli-
poprotein E-deficient mice. Arterioscler Thromb Vasc Biol. 2005;25:
119–122.

51. Stephenson K, Tunstead J, Tsai A, Gordon R, Henderson S, Dansky
HM. Neointimal formation after endovascular arterial injury is markedly
attenuated in db/db mice. Arterioscler Thromb Vasc Biol. 2003;23:
2027–2033.

52. Bouloumie A, Marumo T, Lafontan M, Busse R. Leptin induces oxi-
dative stress in human endothelial cells. FASEB J. 1999;13:1231–1238.

53. Yamagishi SI, Edelstein D, Du XL, Kaneda Y, Guzman M, Brownlee
M. induces mitochondrial superoxide production and monocyte che-
moattractant protein-1 expression in aortic endothelial cells by
increasing fatty acid oxidation via protein kinase A. J Biol Chem.
2001;276:25096–25100.

54. Park HY, Kwon HM, Lim HJ, Hong BK, Lee JY, Park BE, Jang Y, Cho
SY, Kim HS. Potential role of leptin in angiogenesis: leptin induces
endothelial cell proliferation and expression of matrix metallopro-
teinases in vivo and in vitro. Exp Mol Med. 2001;33:95–102.

55. Quehenberger P, Exner M, Sunder-Plassmann R, Ruzicka K, Bieglmayer
C, Endler G, Muellner C, Speiser W, Wagner O. Leptin induces
endothelin-1 in endothelial cells in vitro. Circ Res. 2002;90:711–718.

56. Shin HJ, Oh J, Kang SM, Lee JH, Shin MJ, Hwang KC, Jang Y, Chung
JH. Leptin induces hypertrophy via p38 mitogen-activated protein
kinase in rat vascular smooth muscle cells. Biochem Biophys Res
Commun. 2005;329:18–24.

57. Santos-Alvarez J, Goberna R, Sanchez-Margalet V. Human leptin stim-
ulates proliferation and activation of human circulating monocytes. Cell
Immunol. 1999;194:6–11.

58. Martin-Romero C, Santos-Alvarez J, Goberna R, Sanchez-Margalet V.
Human leptin enhances activation and proliferation of human circulating
T lymphocytes. Cell Immunol. 2000;199:15–24.

59. Caldefie-Chezet F, Poulin A, Tridon A, Sion B, Vasson MP. Leptin: a
potential regulator of polymorphonuclear neutrophil bactericidal action?
Leukoc Biol. 2001;69:414–418.

60. Parhami F, Tintut Y, Ballard A, Fogelman AM, Demer LL. Leptin
enhances the calcification of vascular cells: artery wall as a target of
leptin. Circ Res. 2001;88:954–960.

61. Nakata M, Yada T, Soejima N, Maruyama I. Leptin promotes aggre-
gation of human platelets via the long form of its receptor. Diabetes.
1999;48:426–429.

62. Munzberg H, Myers MG Jr. Molecular and anatomical determinants of
central leptin resistance. Nat Neurosci. 2005;8:566–570.

63. Knudson JD, Dincer UD, Dick GM, Shibata H, Akahane R, Saito M,
Tune JD. Leptin resistance extends to the coronary vasculature in pre-
diabetic dogs and provides a protective adaptation against endothelial
dysfunction. Am J Physiol Heart Circ Physiol. 2005;289:
H1038–H1046.

64. Bobbert T, Rochlitz H, Wegewitz U, Akpulat S, Mai K, Weickert MO,
Mohlig M, Pfeiffer AFH, Spranger J. Changes of adiponectin oligomer
composition by moderate weight reduction. Diabetes. 2005;54:
2712–2719.

65. Aso Y, Yamamoto R, Wakabayashi S, Uchida T, Takayanagi K,
Takebaysahi K, Okuno T, Inoue T, Node K, Tobe T, Inukai T, Nakano
Y. Comparison of serum high-molecular weight (HMW) adiponectin
with total adiponectin concentrations in type 2 diabetic patients with
coronary artery disease using a novel enzyme-linked immunosorbent
assay to detect HMW adiponectin. Diabetes. 2006;55:1954–1960.

66. Kumada M, Kihara S, Sumitsuji S, Kawamoto T, Matsumoto S, Ouchi
N, Arita Y, Okamoto Y, Shimomura I, Hiraoka H, Nakamura T,
Funahashi T, Matsuzawa Y. Association of hypoadiponectinemia with
coronary artery disease in men. Arterioscler Thromb Vasc Biol. 2003;
23:85–89.

67. Maahs DM, Ogden LG, Kinney GL, Wadwa P, Snell-Bergeon JK,
Dabelea D, Hokanson JE, Ehrlich J, Eckel RH, Rewers M. Low plasma
adiponectin levels predict progression of coronary artery calcification.
Circulation. 2005;111:747–753.

68. Araki T, Emoto M, Teramura M, Yokoyama H, Mori K, Hatsuda S,
Maeno T, Shinohara K, Koyama H, Shoji T, Inaba M, Nishizawa Y.
Effect of adiponectin on carotid arterial stiffness in type 2 diabetic
patients treated with pioglitazone and metformin. Metabolism. 2006;55:
996–1001.

69. Matsuzawa Y, Funahashi T, Kihara S, Shimomura I. Adiponectin and
metabolic syndrome. Arterioscler Thromb Vasc Biol. 2004;24:29–33.

70. Ma K, Cabrero A, Saha PK, Kojima H, Li L, Chang BH, Paul A, Chan
L. Increased beta-oxidation but no insulin resistance or glucose intol-
erance in mice lacking adiponectin. J Biol Chem. 2002;277:
34658–34661.

71. Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, Kuriyama H, Hotta
K, Nishida M, Takahashi M, Muraguchi M, Ohmoto Y, Nakamura T,
Yamashita S, Funahashi T, Matsuzawa Y. Adiponectin, an adipocyte-
derived plasma protein, inhibits endothelial NF-kappaB signaling
through a cAMP-dependent pathway. Circulation.
2000;102:1296–1301.

72. Chen H, Montagnani M, Funahashi T, Shimomura I, Quon MJ. Adi-
ponectin stimulates production of nitric oxide in vascular endothelial
cells. J Biol Chem. 2003;278:45021–45026.

73. Motoshima H, Wu X, Mahadev K, Goldstein BJ. Adiponectin sup-
presses proliferation and superoxide generation and enhances eNOS
activity in endothelial cells treated with oxidized LDL. Biochem Biophys
Res Commun. 2004;315:264–271.

74. Kobashi C, Urakaze M, Kishida M, Kibayashi E, Kobayashi H, Kihara
S, Funahashi T, Takata M, Temaru R, Sato A, Yamazaki K, Nakamura

1002 Arterioscler Thromb Vasc Biol. May 2007

 by on November 24, 2008 atvb.ahajournals.orgDownloaded from 

http://atvb.ahajournals.org


N, Kobayashi M. Adiponectin inhibits endothelial synthesis of
interleukin-8. Circ Res. 2005;97:1245–1252.

75. Rovin BH, Song H. Chemokine induction by the adipocyte-derived
cytokine adiponectin. Clin Immunol. 2006;120:99–105.

76. Arita Y, Kihara S, Ouchi N, Maeda K, Kuriyama H, Okamoto Y,
Kumada M, Hotta K, Nishida M, Takahashi M, Nakamura T, Shi-
momura I, Muraguchi M, Ohmoto Y, Funahashi T, Matsuzawa Y.
Adipocyte-derived plasma protein adiponectin acts as a platelet-derived
growth factor-BB-binding protein and regulates growth factor-induced
common postreceptor signal in vascular smooth muscle cell. Circu-
lation. 2002;105:2893–2898.

77. Wang Y, Lam KS, Xu JY, Lu G, Xu LY, Cooper GJ, Xu A. Adiponectin
inhibits cell proliferation by interacting with several growth factors in an
oligomerization-dependent manner. J Biol Chem. 2005;280:18341–18347.

78. Ouchi N, Kihara S, Arita Y, Nishida M, Matsuyama A, Okamoto Y,
Ishigami M, Kuriyama H, Kishida K, Nishizawa H, Hotta K, Muraguchi
M, Ohmoto Y, Yamashita S, Funahashi T, Matsuzawa Y. Adipocyte-
derived plasma protein, adiponectin, suppresses lipid accumulation and
class A scavenger receptor expression in human monocyte-derived mac-
rophages. Circulation. 2001;103:1057–1063.

79. Wulster-Radcliffe MC, Ajuwon KM, Wang J, Christian JA, Spurlock
ME. Adiponectin differentially regulates cytokines in porcine macro-
phages. Biochem Biophys Res Commun. 2004;316:924–929.

80. Wolf AM, Wolf D, Rumpold H, Enrich B, Tilg H. Adiponectin induces
the anti-inflammatory cytokines IL-10 and IL-1RA in human leu-
kocytes. Biochem Biophys Res Commun. 2004;323:630–635.

81. Tsatsanis C, Zacharioudaki V, Androulidaki A, Dermitzaki E,
Charalampopoulos I, Minas V, Gravanis A, Margioris AN. Adiponectin
induces TNF-alpha and IL-6 in macrophages and promotes tolerance to
itself and other pro-inflammatory stimuli. Biochem Biophys Res
Commun. 2005;335:1254–1263.

82. Takahashi K, Mizuaria S, Araki H, Mashiko S, Ishibhura A, Kanatani A,
Itadani H, Kotani H. Adiposity elevates plasma MCP-1 levels leading to
the increased CD11b-positive monocytes in mice. J Biol Chem. 2003;
278:46654–46660.

83. Singh U, Devaraj S, Dasu MR, Ciobanu D, Reusch J, Jialal I. C-reactive
protein decreases interleukin-10 secretion in activated human monocyte-
derived macrophages via inhibition of cyclic AMP production. Arte-
rioscler Thromb Vasc Biol. 2006;26:2469–2475.

84. Devaraj S, Davis B, Simon SI, Jialal I. CRP promotes monocyte-endo-
thelial cell adhesion via Fc{gamma} receptors in human aortic endo-
thelial cells under static and shear flow conditions. Am J Physiol Heart
Circ Physiol. 2006;291:H1170–H1176.

85. Terry RB, Stefanick ML, Haskell WL, Wood PD. Contributions of
regional adipose tissue depots to plasma lipoprotein concentrations in
overweight men and women: possible protective effects of thigh fat.
Metabolism. 1991;40:733–740.

86. Okura T, Nakata Y, Yamabuki K, Tanaka K. Regional body compo-
sition changes exhibit opposing effects on coronary heart disease risk
factors. Arterioscler Thromb Vasc Biol. 2004;24:923–929.

87. Klein S, Fontana L, Young VL, Coggan AR, Kilo C, Patterson BW,
Mohammed BS. Absence of an effect of liposuction on insulin action
and risk factors for coronary heart disease. N Engl J Med. 2004;350:
2549–2557.

88. Thorne A, Lonnqvist F, Apelman J, Hellers G, Arner P. A pilot study of
long-term effects of a novel obesity treatment: omentectomy in con-
nection with adjustable gastric banding. International J Obesity. 2002;
26:193–199.

89. Garbriely I, Ma X, Yang X, Atzmon G, Rajala M, Berg A, Scherer P,
Rossetti L, Barzilai N. Removal of visceral fat prevents insulin
resistance and glucose intolerance of aging: an adipokine-mediated
process? Diabetes. 2002;51:2951–2958.

90. Barzilai N, She L, Liu B-Q, Vuguin P, Cohen P, Wang J, Rossetti L.
Surgical removal of visceral fat reverses hepatic insulin resistance.
Diabetes. 1999;48:94–98.

91. Brochu M, Tchernof A, Turner A, Ades P, Poehlman E. Is there a
threshold of visceral fat loss that improves the metabolic profile in obese
postmenopausal women? Metabolism. 2003;52:599–604.

92. Tanko LB, Bagger YZ, Alexandersen P, Larsen PJ, Christiansen C.
Peripheral adiposity exhibits an independent dominant antiatherogenic
effect in elderly women. Circulation. 2003;107:1626–1631.

93. Ferreira I, Snijder M, Twisk JWR, van Mechelen W, Kemper HCG,
Seidell JC, Stehouwer CDA. Central fat mass versus peripheral fat and

lean mass: opposite (adverse versus favorable) associations with arterial
stiffness? The Amsterdam Growth and Health Longitudinal Study.
J Clin Endocrinol Metab. 2004;89:2632–2639.

94. De Michele M, Panico S, Iannuzzi A, Celentano E, Ciardullo AV,
Galasso R, Sacchetti L, Zarrilli F, Bond MG, Rubba P. Association of
obesity and central fat distribution with carotid artery wall thickening in
middle-aged women. Stroke. 2002;33:2923–2928.

95. Morricone L, Donati C, Hassan T, Cloffi P, Caviezel F. Relationship of
visceral fat distribution to angiographically assessed coronary artery
disease: results in subjects with or without diabetes or impaired glucose
tolerance. Nutr Metab Cardiovsc Dis. 2002;12:275–283.

96. Vohl MC, Sladek R, Robitaille J, Gurd S, Marceau P, Richard D,
Hudson TJ, Tchernof A. A survey of genes differentially expressed in
subcutaneous and visceral adipose tissue in men. Obes Res. 2004;12:
1217–1222.

97. Fain JN, Madan AK, Hiler ML, Cheema P, Bahouth SW. Comparison of
the release of adipokines by adipose tissue, adipose tissue matrix, and
adipocytes from visceral and subcutaneous abdominal adipose tissues of
obese humans. Endocrinology. 2004;145:2273–2282.

98. Bruun JM, Lihn AS, Madan AK, Pedersen SB, Schiott KM, Fain JN,
Richelsen B. Higher production of IL-8 in visceral vs. subcutaneous
adipose tissue. Implication of nonadipose cells in adipose tissue. Am J
Physiol Endocrinol Metab. 2004;286:E8–E13.

99. Bruun JM, Lihn AS, Pedersen SB, Richelsen B. Monocyte chemoat-
tractant protein-1 release is higher in visceral than subcutaneous human
adipose tissue (AT): implication of macrophages resident in the AT.
J Clin Endocrinol Metab. 2005;90:2282–2289.

100. Curat CA, Wegner V, Sengenes C, Miranville A, Tonus C, Busse R,
Bouloumie A. Macrophages in human visceral adipose tissue: increased
accumulation in obesity and a source of resistin and visfatin. Diabe-
tologia. 2006;49:744–747.

101. Schaffler A, Scholmerich J, Buchler C. Mechanisms of disease: adipocy-
tokines and visceral adipose tissue–emerging role in intestinal and
mesenteric diseases. Nat Clin Pract Gastroenterol Hepatol. 2005;2:
103–111.

102. Montague CT, Prins JB, Sanders L, Digby JE, O’Rahilly S. Depot- and
sex-specific differences in human leptin mRNA expression: implications
for the control of regional fat distribution. Diabetes. 1997;46:342–347.

103. Wing RR, Phelan S. Long-term weight loss maintenance. Am J Clin
Nutr. 2005;82(suppl):222S–225S.

104. Padwal I, Li SK, Lau DC. Long term pharmacotherapy for overweight
and obesity: a systematic review and meta-analysis of randomized con-
trolled trials. Int J Obes Relat Metab Disord. 2003;27:1437–1446.

105. Pi-Sunyer FX, Aronne LJ, Heshmati HM, Devin J, Rosenstock J. Effect
of rimonabant, a cannabinoid-1 receptor blocker, on weight and cardio-
metabolic risk factors in overweight or obese patients: RIO-North
America: a randomized controlled trial. JAMA. 2006;295:761–775.

106. Simons-Morton DG, Obarzanek E, Cutler JA. Obesity research–limi-
tations of methods, measurements, and medications. JAMA. 2006;295:
826–828.

107. Neter JE, Stam BE, Kok FJ, Grobbee DE, Geleijnse JM. Influence of
weight reduction on blood pressure: a meta-analysis of randomized
controlled trials. Hypertension. 2003;42:878–884.

108. Dengel DR, Kelly AS, Olson TP, Kaiser DR, Dengel JL, Bank AJ.
Effects of weight loss on insulin sensitivity and arterial stiffness in
overweight adults. Metabolism. 2006;55:907–911.

109. Ziccardi P, Nappo F, Giugliano G, Esposito K, Marfella R, Cioffi M,
Francesco D, Molinari AM, Giugliano D. Reduction of inflammatory
cytokine concentrations and improvement of endothelial functions in
obese women after weight loss over one year. Circulation. 2002;105:
804–809.

110. Balkestein EJ, van Aggel-Leijssen DP, van Baak MA, Struijker-Boudier
HA, Van Bortel LM. The effect of weight loss with or without exercise
training on large artery compliance in healthy obese men. J Hyperten.
1999;17:1831–1835.

111. Sjostrom L, Lindroos AK, Peltonen M, Torgerson J, Bouchard C,
Carlsson B, Dahlgren S, Larsson B, Narbro K, Sjostrom CD, Sullivan
M, Wedel H. Lifestyle, diabetes, and cardiovascular risk factors 10 years
after bariatric surgery. N Engl J Med. 2004;351:2683–2693.

112. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin
Endocrinol Metab. 2004;89:2548–2556.

113. Scherer PE. Adipose tissue: from lipid storage compartment to
endocrine organ. Diabetes. 2006;55:1537–1545.

Fantuzzi and Mazzone Adipose Tissue and Atherosclerosis 1003

 by on November 24, 2008 atvb.ahajournals.orgDownloaded from 

http://atvb.ahajournals.org

