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Abstract: Two billion people worldwide older than 18 years of age, or approximately 30% of the world population,
are overweight or obese. In addition, more than 43 million children under the age of 5 are overweight or obese.
Among the population in the United States aged 20 and greater, 32.8 percent are overweight and 39.8 percent
are obese. Blacks in the United States have the highest age-adjusted prevalence of obesity (49.6%), followed by
Hispanics (44.8%), whites (42.2%) and Asians (17.4%). The impact of being overweight or obese on the US economy
exceeds $1.7 trillion dollars, which is equivalent to approximately eight percent of the nation’s gross domestic prod-
uct. Obesity causes chronic inflammation that contributes to atherosclerosis and causes >3.4 million deaths/year.
The pathophysiologic mechanisms in obesity that contribute to inflammation and atherosclerosis include activation
of adipokines/cytokines and increases in aldosterone in the circulation. The adipokines leptin, resistin, IL-6, and
monocyte chemoattractant protein activate and chemoattract monocytes/macrophages into adipose tissue that
promote visceral adipose and systemic tissue inflammation, oxidative stress, abnormal lipid metabolism, insulin
resistance, endothelial dysfunction, and hypercoagulability that contribute to atherosclerosis. In addition in obesity,
the adipokines/cytokines IL-18, IL-18, and TNF are activated and cause endothelial cell dysfunction and hyperper-
meability of vascular endothelial junctions. Increased aldosterone in the circulation not only expands the blood
volume but also promotes platelet aggregation, vascular endothelial dysfunction, thrombosis, and fibrosis. In order
to reduce obesity and obesity-induced inflammation, therapies including diet, medications, and bariatric surgery
are discussed that should be considered in patients with BMIs>35-40 kg/m? if diet and lifestyle interventions fail
to achieve weight loss. In addition, antihypertensive therapy, plasma lipid reduction and glucose lowering therapy
should be prescribed in obese patients with hypertension, a 10-year CVD risk >7.5%, or prediabetes or diabetes.

Keywords: Subcutaneous adipose tissue, visceral adipose tissue, body mass index, waist to hip ratio, chronic
inflammation, adipokines, insulin resistance, endothelial dysfunction, atherosclerosis, atherosclerotic coronary
artery disease, heart failure, weight loss medications, glucose lowering medications, antihypertensive medications

class Il obesity: BMI 35.0-39.9 kg/m?, and
class Ill or extreme obesity: BMI>40.0 kg/m?
[2, 3]. For Asians, a BMI greater than 23 kg/m?
is considered overweight and a BMI of 27.5 kg/
m?2 or more is considered obese. Poor dietary
habits, excessive calorie intake, and a seden-

Introduction
Incidence

Obesity is widespread in the industrialized
world. The World Health Organization (WHO)

and the American Heart Association (AHA) clas-
sify obesity based on body mass index (BMI),
which is calculated as the body weight in kilo-
grams divided by the height in meters squared
[1]. Body mass index categories include: under-
weight: BMI<18.5 kg/m?, normal weight: BMI
18.5-24.9 kg/m?2, overweight: BMI 25.0-29.9
kg/m?, class | obesity: BMI 30.0-34.9 kg/m?,

tary lifestyle contribute to the worldwide devel-
opment of obesity.

Two billion people worldwide older than 18
years of age, or approximately 30% of the world
population, are overweight or obese [4]. In addi-
tion, more than 43 million children under the
age of 5 are overweight or obese [5, 6]. In the
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Obesity is a major risk factor
for atherosclerotic cardiovas-
cular disease. Each one-point
increase in an individual's BMI
above normal weight causes a
ten percent increase in the
risk for atherosclerosis and
coronary heart disease (CHD)
[13]. A 10 kg increase in body
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Figure 1. Relative risk of mortality versus body mass index over 20 years. Un-
derweight, overweight and obesity increases the risk of all-cause mortality
with a J shaped dose-response relationship. The nadir of the dose-response
curve occurs in the BMI range of 23 to 24 among never smokers [11, 12].

United States 180.5 million people ages 2 or
greater are overweight or obese. Among the
population in the United States aged 20 and
greater, 32.8 percent are overweight and 39.8
percent are obese [7]. Blacks in the United
States have the highest age-adjusted preva-
lence of obesity (49.6%), followed by Hispanics
(44.8%), whites (42.2%) and Asians (17.4%) [8].

Obesity accounts for 47% of the total cost of
chronic disease treatment in the United States
[7]. The impact of being overweight or obese on
the US economy exceeds $1.7 trillion dollars,
which is equivalent to approximately eight per-
cent of the nation’s gross domestic product.
The estimate includes $480.7 billion in direct
health-care costs and $1.24 trillion in lost pro-
ductivity from obese individuals [7].

Overweight and obesity cause worldwide more
than 3.4 million deaths each year [9]. The years
of life lost for obese men and women range
from 0.8-0.9 years for those aged 60-79 years
to 5.9-6.1 years for those men and women
aged 20-39 years. The more an individual
weighs and the younger his or her age, the
greater the effect of obesity on the risk and
complications from cardiovascular disease
[10]. The relationship between obesity as mea-
sured by BMI and mortality risk, which is pri-
marily atherosclerotic cardiovascular risk, is
characterized by a J-shaped curve, with the
greatest mortality seen among individuals clas-
sified as extremely obese as illustrated in
Figure 1. Figure 1 is adapted in part from [11,
12].
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weight increases the risk of
atherosclerotic coronary ar-
tery disease by 12% and
increases the systolic blood
pressure by approximately 3
mmHg and the diastolic blood
pressure by 2.3 mmHg [14].
According to a meta-analysis
of 21 studies that included 389,239 individu-
als and 20,652 coronary heart disease events,
men and women who are overweight or obese
have a relative risk of 1.32 and 1.81, respec-
tively, for developing atherosclerotic coronary
heart disease after adjusting for age, gender,
and smoking status [15]. However, mild obesity
may be associated with improved survival in
patients with established atherosclerosis-a
finding that is termed the “obesity paradox”.
Whether or not the obesity paradox is a true
clinical entity is hotly debated. In this regard,
there is a growing body of literature on potential
methodological explanations for the obesity
paradox, including the “fat but fit” hypothesis
ascribed to obese patients with good cardiore-
spiratory conditioning. Alternatively, opponents
of the obesity paradox cite: (1) misclassification
bias toward obese patients caused by using
BMI as a measure of obesity instead of body fat
distribution, (2) unmeasured confounding fac-
tors in investigations, such as patient cardiore-
spiratory fitness, sarcopenia, and tobacco
smoking, and (3) a potential for bias toward
obese patients in comparison with nonobese
patients with severe iliness-related weight loss.
In addition, the “obesity paradox” often is
reported in young obese individuals with few
comorbid conditions. Nevertheless, obesity is
not a benign disease and individuals frequently
termed “metabolically healthy obese” often
progress to metabolically unhealthy obese indi-
viduals. The important interactions that link
body composition, fat distribution, aging, car-
diorespiratory fitness and atherosclerotic dis-
ease are critical areas of current basic and
clinical research.
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In addition to diet and lack of physical exercise,
obesity is due to a number of contributing fac-
tors such as genetics, the microbiome, altera-
tions in circadian rhythms, environmental
stressors and confounding factors such as
pharmaceutical drugs and chemicals. However,
the interaction of these multiple factors across
generations and the lifespan of an obese indi-
vidual make it extremely difficult to determine
the precise contribution of these factors to the
obesity pandemic in humans. Moreover,
despite considerable research efforts devoted
to the understanding the biology of obesity, the
available knowledge to date has been of little
help in curbing the pandemic of obesity. This
review interprets and cites the current litera-
ture on obesity and obesity-induced athero-
sclerosis and focuses on the diagnosis and
measurement of obesity in patients, the mech-
anisms whereby adipocytes, primarily from vis-
ceral obesity, contribute to atherosclerosis,
and the current treatments of obesity in
patients.

Measurements of obesity

The determination of BMI is a common clinical
measurement for determining the prevalence
of obesity. However, BMI gives no information
about variations in different ethnic groups or
whether body fat is in the subcutaneous or in
the visceral depots or both, which is important
in determining the risk for atherosclerosis [16,
17]. In addition, the BMI does not distinguish
between fat mass, fat-free mass, and lean
mass and can overestimate the degree of obe-
sity in individuals who are extremely muscular.
Some individuals who have a normal weight or
who are overweight are at high risk for athero-
sclerosis if they have an excess of visceral adi-
pose tissue with ectopic fat deposition in the
heart, liver, and skeletal muscle. Conversely,
individuals who are overweight or obese can be
at relatively low atherosclerotic risk if they
expand their subcutaneous adipose tissue
mass, particularly in the gluteal-femoral area,
but not in the visceral organs. These individuals
are often termed “metabolically healthy obese”
and often have little visceral fat and lack the
metabolic syndrome. Consequently, individuals
with similar BMIs can have vastly different
body compositions and different risks for
atherosclerosis.

Measurements of the waist circumference and
the waist to hip ratio, as indicators of central
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adiposity, are better measurements than body
mass index, for identifying individuals at
increased risk of developing atherosclerotic
cardiovascular diseases. A waist to hip ratio
greater than 0.9 in men and greater than 0.85
in women indicates central obesity, or abdomi-
nal wall plus visceral fat, and an increased risk
for atherosclerosis [18]. However, measure-
ments of waist circumference do not distin-
guish between subcutaneous adipose tissue
and the visceral adipose tissues. The distinc-
tion between subcutaneous and visceral adi-
pose tissue is important because of the strong
association of visceral adiposity with ather-
osclerosis.

The development of imaging technologies has
revolutionized the study of body adiposity and
the relationship of obesity with atherosclerotic
cardiovascular disease. Because of distinct
properties of fat, muscle, and bone tissues,
body composition and body fat partitioning
phenotypes can be precisely assessed with
multidetector computerized axial tomography
(CAT), magnetic resonance imaging (MRI), or
dual x-ray absorptiometry (DXA). These tech-
niques can characterize in women and men the
heterogeneity in abdominal fat distribution and
the differences in fat distribution with age [19,
20]. However, both CAT and MRI imaging are
expensive tests and require a specially trained
technologist and physician to administer and
interpret the examinations. Dual x-ray absorpti-
ometry (DXA) is currently being used as a low-
cost, low-radiation alternative to CAT and MRI
and provides measurements of fat mass, fat
free mass, and body bone mineral content [20-
22]. In general, adult men with a percent body
fat >30% and adult women with a percent body
fat >41% by DXA are considered obese. The
effective radiation dose with DXA is small (1-7
microsievert) [20, 21]. Individuals with excess
visceral adipose tissue, irrespective of their
BMI or total adiposity, have an increased risk
for atherosclerotic cardiovascular disease and
diabetes. Excess epicardial adipose tissue
deposition measured by CAT scan or MRI scan
is associated with abnormal myocardial blood
flow reserve, coronary plaque vulnerability, cor-
onary artery calcification, and coronary artery
disease severity [21A]. Table 1 compares the
clinical utility of different noninvasive tech-
niques in the measurement of adiposity and
the ability of each technique to estimate vis-
ceral adiposity where + = adequate and ++++ =
optimal. Table 1 is adapted, in part, from [22].
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Table 1. Utility of different techniques in the measurement of adi-

posity in obese individuals

body adipose depots. Upper
body and visceral adipose tis-

sues are associated with

Technique Clinical utility Visceral adiposity estimate . .
- metabolic dysfunction and
Body mass index +++ + . .

o atherosclerotic disease, wh-
WafSt C"C‘_Jmfer_ence AR * ereas lower body gluteofemo-
Waist to hip ratio ++ +t ral subcutaneous adipose
Waist height ratio +++ ++ tissue is associated with
Computrized tomography ++ ++++ some protection against diet-
Magnetic resonance imaging ++ ++++ induced metabolic derange-
Dual X-ray absorptiometry it 4t ments. Each adipose depot

This table compares the clinical utility of different noninvasive techniques in the
measurement of adiposity and the ability of each technique to estimate visceral

adiposity where + = adequate and ++++ = optimal.

Pathological mechanisms in obesity: subcuta-
neous and visceral obesity are metabolically
active tissues that contribute to atherosclero-
sis

In the human body there are two types of adi-
pose tissue, brown adipose tissue and white
adipose tissue. Brown adipose tissue is primar-
ily found in small and discrete regions of new-
borns and is responsible for the production of
heat by thermogenesis. White adipose tissue is
the predominant form of adipose tissue found
in adults and is responsible for fat storage in
the body [23].

Adipose tissue has been thought in the past to
act primarily as a storage depot that builds up
or breaks down excess triglycerides into free
fatty acids and glycerol based on the metabolic
needs of the body. More recently, adipose tis-
sue is recognized to be metabolically active
and capable of engaging in cross-talk between
the organs within the body.

Excessive caloric intake along with a sedentary
lifestyle results in an energy imbalance and an
increase in subcutaneous adipose tissue in the
body. When excessive caloric intake exceeds
the normal storage capacity of the subcutane-
ous adipocytes, with adipocytes exceeding
100-120 um in size, fatty acids are then stored
in visceral adipocytes in the mesentery and
omentum and also stored in the pericardium
and epicardium, liver, pancreas, and kidneys
[24, 25].

Distinct adipose tissue depots can be divided
among upper body and abdominal subcutane-
ous adipose depots, visceral depots, and lower
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can function distinctly as an
endocrine organ with a differ-
ent impact on health out-
comes.

In general, visceral adipocytes transfer and
release fatty acids more extensively than sub-
cutaneous adipocytes, secrete more inflamma-
tory adipokines and less anti-inflammatory adi-
pokines, and have greater responses to gluco-
corticoids than subcutaneous adipose tissue.
Excessive fatty acid accumulation in visceral
organs such as the liver results in impairment
in liver metabolism and overproduction of apo-
lipoprotein B-containing lipoproteins, increased
hepatic glucose production, decreased hepatic
degradation of insulin, and systemic hyperinsu-
linemia [24]. Adipokine overproduction in vis-
ceral adipose tissue has an autocrine and para-
crine role in crosstalk with endothelial cells,
fibroblasts, and immune cells that contribute to
obesity-associated inflammation and insulin
resistance [26, 27]. In addition, adipokines
function as circulating cytokines and hormones
that communicate with the brain, heart, liver,
muscle, and the immune system and are impli-
cated in the genesis of insulin resistance and
atherosclerosis. However, abdominal subcuta-
neous adipose tissue is not protective against
atherosclerosis, insulin resistance and diabe-
tes mellitus because a significant accumulation
of deep abdominal subcutaneous adipose tis-
sue is associated with dyslipidemia, insulin
resistance, glucose intolerance, and the meta-
bolic syndrome [28].

Hypertrophic adipocytes in the viscera release
adipokines which induce the infiltration of
monocytes and macrophages into the visceral
adipose tissue and promote local and systemic
inflammation [1, 24, 29]. The macrophages
express CD11c, inducible nitric oxide synthase
(iNOS), tumor necrosis factor (TNF), IL-6, mono-
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cyte chemoattractant protein (MCP-1), interleu-
kin (IL) IL-1B and IL-12 which contribute to an
inflammatory state. These inflammatory media-
tors activate inhibitor of nuclear factor kappa-B
kinase subunit beta (IKKB), c-Jun N-terminal
kinase (JNK), and inflammasome pathways,
especially the NLR family pyrin domain contain-
ing-3 (NLRP3) inflammasome, which negatively
regulate insulin signaling, glucose metabolism
and fibrinolysis and ultimately contribute to ath-
erosclerosis [29, 30].

Visceral adiposity is linked to the deposition of
excess triglycerides in the myocardium and
localized fat depots in the epicardium and peri-
cardium which are associated with coronary
stenosis, myocardial infarction, and mortality
[18, 31]. In this regard, the 30-day mortality in
viscerally obese individuals after hospitaliza-
tion for myocardial infarction can be as high as
16% in patients without diabetes [30] and 19%
in patients with diabetes [31].

Inflammatory adipokines/cytokines in obesity
that increase atherosclerosis: leptin, resistin,
retinaol binding protein 4, angiopoietin-like
protein 2, il-6, and monocyte chemoattractant
protein-1

Many studies of the mechanisms of actions of
adipokines have been performed in cell cul-
tures and in rodents with widely different
approaches and sometimes inconsistent
results. Moreover, rodent adipokines are not
100% homogenous with human adipokines.
Consequently, not every postulated adipokine
mechanism of action reported in the litera-
ture can be extrapolated to obese patients.
Therefore, this manuscript discusses, and cites
the appropriate supporting bibliographic refer-
ences, the major cardiovascular mechanisms
of action of adipokines that are generally
accepted by cardiovascular specialists who
diagnose and treat obese patients.

Important adipokines that are involved in initi-
ating and promoting inflammation and that are
increased in visceral obesity include leptin,
resistin, retinol binding protein 4 (RBP4),
Angiopoietin Like Proteiin-2 (AngptL-2), IL-6 and
MCP-1 [32, 33]. These adipokines induce sys-
temic inflammation, endothelial dysfunction,
hypercoagulability, and insulin resistance, all of
which promote atherosclerosis. In contrast,
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adiponectin and omentum-1 are anti-inflamma-
tory and anti-atherogenic adipokines.

Leptin: Leptin normally regulates food intake by
signaling the hypothalamus to suppress hunger
signals. The leptin concentration in the blood
increases with body adiposity and is significant-
ly increased in individuals with visceral obesity.
However, obese individuals are resistant to the
appetite suppressant effects of leptin due to
impaired leptin transport across the blood
brain barrier, inhibition of leptin signal trans-
duction by suppressor of cyotkine3, defective
autophagy, and impairment of the biological
function of leptin due to cellular endoplasmic
reticulum stress [30, 34]. Nevertheless, obese
patients are not resistant to the inflammatory
actions of leptin, especially in the vasculature
and myocardium.

In obese patients, leptin is a potent monocyte/
macrophage chemoattractant. Hyperleptinemia
in obese individuals stimulates inflammation by
increasing monocyte and macrophage secre-
tion of inflammatory molecules TNFg, IL-6, and
MCP-1, and increasing the expression of adhe-
sion molecules VCAM-1, ICAM-1, and E-selectin,
which cause monocyte attraction to vascular
endothelial cell walls, increased permeability of
vascular endothelial cell junctions, and athero-
ma formation [31, 35, 36]. Leptin also stimu-
lates monocyte production of reactive oxygen
species and promotes monocyte/macrophage
cell chemoattraction and proliferation in endo-
thelial cells which contributes to endothelial
dysfunction and atherosclerosis by impairing
nitric oxide (NO) dependent vasorelaxation and
causing vasoconstriction and thrombosis [37-
39]. In addition, hyperleptinemia can increase
the accumulation of cholesterol esters in ath-
erosclerotic foam cells by upregulating acyl-
CoA cholesterol acyltransferase and downregu-
lating cholesterol esterase [40]. Leptin can also
decrease high density lipoprotein (HDL) con-
centrations and, in this manner, impede cho-
lesterol removal from tissues by increasing
hepatic HDL clearance by hepatic scavenger
receptors [41].

In obesity, leptin stimulates vascular endothe-
lial cell and smooth muscle proliferation, hyper-
trophy, and migration and platelet aggregation,
which contributes to vascular stenosis and
thrombosis [29, 42, 43]. In this regard, leptin
can upregulate thrombospondin-1, a potent
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proatherogenic protein, which is an extracellu-
lar matrix glycoprotein that facilitates vascular
smooth muscle proliferation and migration
[44]. In addition, leptin can induce a prothrom-
botic state by enhancing PAI-1 expression,
which is a major endogenous inhibitor of fibri-
nolysis [45-47]. Increased leptin concentra-
tions positively correlate with the plasma con-
centration of PAI-1, in men and in women with
atherosclerosis [47-49]. Leptin can also play an
important role in atheroma plaque instability
and rupture by stimulating the expression of
matrix metalloproteinase-2 (MMP-2) by human
vascular smooth muscle cells with the resul-
tant breakdown of matrix and non-matrix pro-
teins [50, 51].

Hyperleptinemia potentiates the deleterious
vasoconstrictive actions of angiotensin Il and
endothelin on blood vessels, while angiotensin
Il increases leptin synthesis--thereby generat-
ing a self-perpetuating cycle of excessive oxida-
tive stress and vasoconstriction [31]. Leptin-
mediated aldosterone production contributes
to obesity-associated endothelial dysfunction
and cardiac fibrosis, which impair myocardial
relaxation and thereby contribute to atheroscle-
rotic cardiovascular disease. Clinical studies
demonstrate that increased leptin plasma con-
centrations can foretell acute cardiovascular
events, coronary restenosis after coronary
angioplasty, and cerebral stroke independently
of the traditional cardiovascular risk factors
[47]. In this regard, increased plasma leptin
concentrations correlate with increased coro-
nary artery calcifications, myocardial infarc-
tions (MI), and carotid artery intima-media
thickness [43, 47, 52]. Consequently, hyperlep-
tinemia can be proatherogenic and prothrom-
botic in obese patients and, therefore, hyper-
leptinemia can be an important therapeutic
target in the treatment of atherosclerosis in
patients.

Resistin: Resistin is a pro-inflammatory adipo-
Kine that binds to Toll-like Receptor 4 or Adenylyl
Cyclase-Associated Protein 1 (CAP1) in endo-
thelial cells and monocytes and mediates pro-
inflammatory signals through nuclear factor
kappa beta (NFkB) and mitogen activated pro-
tein kinase (MAPK) signaling [53]. Resistin con-
centrations are positively associated with the
concentrations of soluble TNFa receptor-2,
interleukin-6, and lipoprotein-associated phos-
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pholipase A2. In this regard, resistin significant-
ly upregulates the expression of the inflamma-
tory molecules TNF-q, IL-1, IL-6, IL-12, the adhe-
sion molecules vascular cell adhesion molecule
1 (VCAM1) and intracellular adhesion molecule
1 (ICAM1) via the p38/mitogen-activated pro-
tein kinase (MAPK) pathway and the release of
endothelin (ET)-1 [53-57]. In addition, resistin
induces insulin resistance by decreasing insu-
lin-stimulated glucose uptake by skeletal mus-
cle [53]. Significantly, resistin upregulates lipo-
protein-associated phospholipase A2 and free
fatty acid expression, thereby increasing intra-
cellular fatty acids in human macrophages and
promoting foam cell formation and atheroscle-
rosis [53, 58]. In addition, resistin up-regulates
MCP-1 to attract monocytes to infiltrate the
subendothelium and shifts monocytes or M2
macrophages into inflammatory M1 macro-
phages [59]. Furthermore, resistin interferes
with insulin-sensitizers adiponectin and Fi-
broblast growth factor 21 by reducing their
interaction with membrane receptors [60].
Resistin, also induces human aortic smooth
muscle cell proliferation, migration and athero-
ma production through extracellular-signal-reg-
ulated kinasel/2 (ERK1/2) and protein kinase
B (Akt) signaling pathways [61, 62]. In addition,
resistin produces vascular endothelial cell
vasoconstriction and predisposes to thrombo-
sis by decreasing endothelial cell nitric oxide
synthase (eNOS) and nitric oxide (NO) concen-
tration by activation of p38 and JNK MAPK and
by increasing the endothelial cell concentra-
tions of free oxygen radicals [53, 63].

Resistin is significantly increased in patients
with atherosclerosis and in patients with acute
coronary syndromes [54, 56, 64-66]. A resistin
concentration >12.76 ng/ml indicates that a
patient is at high risk for acute myocardial isch-
emia/infarction and positively correlates with
the severity of atherosclerotic plaques [67, 68].
In addition, resistin is increased in atheroscle-
rotic aneurysms. Increased resistin concentra-
tions also correlate with increased C reactive
protein concentrations as well as the number of
coronary arteries with calcification and >50%
coronary stenosis in patients [69]. Conse-
quently, resistin is emerging as an important
biomarker of coronary atherosclerosis and a
potentially useful therapeutic target for treat-
ment in patients with coronary artery disease.
Preclinical studies indicate that statin drugs
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can inhibit the upregulation of resistin and
decrease resistin concentrations in adipocytes
[70, 71].

Retinol binding protein 4: Retinol binding pro-
tein 4 (RBP4) is expressed in adipocytes, mac-
rophages, and in the liver, and is significantly
increased in individuals with excessive visceral
fat accumulation. Increased serum RBP4 con-
centrations are positively associated with ath-
erosclerotic risk factors including increased
cholesterol and triglyceride concentrations,
decreased HDL concentrations, increased BMI,
the metabolic syndrome, and hypertension and
is an independent predictor for the incidence of
adverse atherosclerotic cardiovascular events
after adjustment for traditional risk factors
[72-74].

Retinol binding protein stimulates adipose tis-
sue lipolysis and fatty acid release, which sub-
sequently triggers hepatic steatosis. In addition
RBP4 can activate toll-like receptors 2/4
(TLR2/4) and stimulate NFkB, JNK, and inter-
leukin 1B proinflammatory cytokine secretion
from macrophages [75]. Increased circulating
RBP4 limits or inhibits glucose transport in
skeletal muscle cells and adipocytes and
results in insulin resistance among individuals
with obesity, type 2 diabetes and among non-
obese, nondiabetic individuals with strong fam-
ily histories of type 2 diabetes [74-77]. Also
RBP4 stimulates vascular endothelial cells to
produce pro-inflammatory VCAM1, MCP-1, and
IL-6, which results in monocyte/macrophage
adherence to vascular endothelium and en-
hances oxidized low density lipoprotein (LDL)
uptake by macrophages and resultant foam
cell formation. Conversely, knock down of RBP4
expression can significantly decrease vascular
atherosclerotic plague burden [74]. Conse-
quently, increased RBP4 concentrations in
blood correlate with the severity of atheroscle-
rosis and the risk of cardiovascular events and
RBP4 is a potential therapeutic clinical target
for the treatment of patients with ather-
osclerosis.

Angiopoietin-like protein: The angiopoietin-like
(ANGPTL) family of proteins participate in the
pathology of atherosclerosis via inflammation,
dyslipidemia, and atherosclerotic foam cell for-
mation. Angiopoietin-like protein 2 (Angptl2) is
an adipocyte-derived inflammatory mediator
that is overexpressed in obese patients which
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inhibits lipoprotein lipase, and therefore triglyc-
eride breakdown, and links obesity to inflam-
mation and systemic insulin resistance [78].
Inflammatory cytokines such as TNF-a induce
the expression of Angptl2 in adipocytes which,
in turn, induces vascular endothelial inflamma-
tion, increased vessel permeability through leu-
kocyte attachment to vessel walls, inflamma-
tory vascular remodeling and atherosclerosis
[78, 79]. Angptl2 concentrations in the blood
are positively correlated with the BMI, waist cir-
cumference, visceral fat content, CRP concen-
tration, the homeostasis model assessment of
insulin resistance (HOMA-R) index, and coro-
nary artery stenosis [80, 81]. In contrast,
Angptl2 concentrations are negatively correlat-
ed with circulating HDL cholesterol [80, 81].
ANGPTLS increases the uptake and decreases
the efflux of cholesterol in macrophages and
promotes the transition of macrophages to
cholesterol accumulating foam cells [82].
Individuals with  ANGPTL3 loss-of-function
mutations have decreased cholesterol and tri-
glyceride concentrations and decreased risk of
atherosclerotic coronary artery disease [81].
Consequently, ANGPTL3 is a potential clinical
therapeutic target for the treatment of athero-
sclerosis. An antisense oligonucleotide inhibi-
tor of ANGPTL3 and a monoclonal antibody
against ANGPTL3 are in clinical trials for the
treatment of patients with hyperlipidemia and
atherosclerosis [83].

Interleukin-6: (IL-6) Interleukin-6 (IL-6) is impor-
tant in the regulation of inflammation, hemato-
poiesis, the immune response and host
defense mechanisms and has diverse roles on
inflammation and insulin sensitivity in diverse
tissues which are dependent on different sig-
naling pathways and active or sedentary life-
styles. For example, IL-6 produced in skeletal
muscle during physical activity can act as an
energy sensor by activating AMP-activated
kinase and enhancing glucose disposal, lipoly-
sis and fat oxidation. Conversely, in sedentary
individuals with body fat content that is increas-
ing, IL-6 is released from adipose tissue,
increases IL-6 plasma concentrations, and con-
tributes to a proinflammatory state and ulti-
mately insulin resistance. In this regard, I.-6
and the IL-6 receptors increase in proportion
with increases in visceral, and to a lesser extent
subcutaneous fat, and positively correlate with
BMI and the percent of body fat. IL-6 expres-

Am J Cardiovasc Dis 2021;11(4):504-529



Obesity-induced inflammatation and atherosclerosis

sion also correlates with the increased expres-
sion of TNF-a, MCP-1, Interferon gamma-
induced protein 10 (IP-10) and macrophage
infiltration into adipose tissue [84-86]. In obese
individuals, IL-6 reduces the expression of the
glucose transporter-4 (GLUT-4) and insulin
receptor substrate-1 (IRS-1) and in this manner
increases insulin resistance [87, 88]. In addi-
tion, IL-6 decreases lipoprotein lipase activity,
which results in increased macrophage uptake
of lipids and atherosclerotic foam cell and
plaque formation [89]. IL-6 also has pro-throm-
botic effects on platelets. In addition, IL-6 inhib-
its TGF-B-induced regulatory T cell (Treg) differ-
entiation, a subset of CD4* T cells that normally
protect against tissue injury [90]. Of interest is
the fact that IL-6 and also TNF are increased in
women with normal body weight and body
mass index but whose fat mass is >30% of their
total body weight and whose risk of developing
atherosclerosis is increased [91]. Moreover, in
overweight individuals an IL-6 concentration >1
pg/mL is predictive of significant CAD [92]. In
contrast, reduction of the IL-6 pathway with
decreases of IL 6 to less than 1.65 ng/mL with
the interleukin blocker canakinumab produces
a 32% reduction in major adverse CV events
and decreases the requirement for urgent coro-
nary revascularization [93]. Consequently, ph-
armacologic reduction of inflammatory IL-6 and
also IL-1 in obese patients with normal choles-
terol concentrations is an important and prom-
ising new area of research in the treatment of
atherosclerosis and obesity.

Monocyte chemoattractant protein-1: Mono-
cyte chemoattractant protein-1 (MCP-1) is pro-
duced primarily by adipocytes, macrophages,
and endothelial cells and the concentration of
MCP-1 in adipose tissue increases during obe-
sity [94]. MCP-1 is a potent chemotactic factor
for monocytes/macrophages that infiltrate adi-
pose tissue and actively secrete TNFq, IL-6 and
MCP-1, which contributes to adipose tissue
inflammation, insulin resistance, and athero-
sclerosis [94-98]. Increased concentrations of
MCP-1 in atherosclerotic plaques are associat-
ed with large lipid cores, decreased collagen
content, decreased smooth muscle cell bur-
den, intraplaque hemorrhage, matrix turnover,
and increased major adverse cardiovascular
events [99]. In a meta-analysis of seven studies
including 21,401 individuals, increased MCP-1
concentrations in the circulation were associ-
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ated with increased risk of coronary heart dis-
ease, nonfatal myocardial infarction and car-
diovascular death [100]. Conversely, pharma-
cological inhibition of MCP-1 pathways in pre-
clinical studies significantly limits atheroscle-
rotic lesion burden and produces atheroscle-
rotic plaque stability [101]. Consequently,
MCP-1 and MCP-1 signaling antagonism in
patients with atherosclerosis could potentially
significantly lower the risk of vascular plaque
formation, plaque rupture and cardiovascular
mortality in patients with atherosclerotic car-
diovascular disease.

Anti-inflammatory adipokines that decrease
atherosclerosis: adiponectin and omentum-1

Adiponectin: Adiponectin is secreted by adipo-
cytes and blood adiponectin concentrations
correlate inversely with visceral fat accumula-
tion [102, 103]. The anti-atheromatous effects
of adiponectin are mediated, in part, by anti-
inflammatory effects on the vascular endothe-
lium through AMP activated protein kinase
(AMPK)-mediated modulation of NFKB and Akt
[104, 105]. Adiponectin inhibits TNF-a« produc-
tion in adipose tissue macrophages through
inhibition of NFKB activation and stimulation of
anti-inflammatory 1L-10 cytokine production
[106]. In addition, adiponectin suppresses free
oxygen radical generation and attenuates the
adhesion of monocytes to vascular endothelial
cells and foam cell formation by inhibiting
TNF-a and IL-8-induced synthesis of ICAM1,
VCAM1, and E-selectin [107-109]. Adiponectin
promotes the differentiation of monocytes to
anti-inflammatory M2 macrophages and stimu-
lates the phagocytosis by macrophages of
apoptotic cells [110]. In addition, adiponectin
increases ceramidase production and reduces
harmful hepatic ceramide lipid-induced insulin
resistance [111, 112]. In addition, adiponectin
lowers blood glucose concentrations by in-
creasing the expression of hepatic insulin
receptor substrate 2 (IRS-2), activating AMPK
and increasing glucose utilization in skeletal
muscle and fatty-acid oxidation in the liver and
skeletal muscle [113]. Conversely, in obese
patients with non-insulin dependent diabetes,
adiponectin concentrations are decreased.
Adiponectin can also directly stimulate NO pro-
duction in vascular endothelial cells and cause
vasodilation via activation of 5-AMPK and
enhancement of eNOS activity [114].
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Table 2. Source and function of adipokines

Function

Adipokine Source Binding site
Leptin Adipocytes Leptin Receptor
Resistin Adipocytes, Monocytes
RBP4 Adipocytes, Macrophages, Liver Retinol, Transthyretin
AngpL-2 Adipocytes
chemotaxis

IL-6 Adipocytes, Macrophages IL-6 Receptor
MCP-1 Adipocytes, Stromal Vascular CCR2

Cells, Macrophages
Adiponectin Adipocytes Adiponectin Receptors 1 & 2

Omentum-1 Adipocytes, Stromal Vascular Cells  Triggers AKT activation

Adenylyl Cyclase-Associated Protein 1 (CAP1)

Appetite Control, Inflammation

Inflammation, Insulin resistance,
atherosclerosis

Insulin resistance

Activates signaling adhesion molecules, monocyte  Inflammation, Insulin resistance

Pro-inflammatory but variable effects

Recruits monocytes/macrophages.
Causes Inflammation
Anti-inflammatory, insulin sensitization,
anti-atherogenic

Anti-inflammatory, insulin sensitization,
anti-atherogenic

Adiponectin suppresses the expression of hep-
arin binding epidermal growth factor, platelet
derived growth factor, and basic fibroblastic
growth factor in the endothelial cells of injured
vascular walls and in this manner inhibits the
proliferation and migration of vascular smooth
muscle cells and vascular stenosis. Adiponectin
also increases the production of tissue inhibitor
of metalloproteinase in macrophages through
the induction of IL-10 synthesis, and selectively
suppresses vascular endothelial cell apoptosis
[109]. In this manner, adiponectin can prevent
injury-induced vascular intimal thickening
and vascular stenosis [115]. Consequently, adi-
ponectin exerts significant anti-inflammatory,
anti-atherogenic and vascular protective eff-
ects and adiponectin concentrations in blood
correlate inversely with development of athero-
sclerotic cardiovascular disease events [116].
In contrast, hypoadiponectinemia significantly
and independently correlates with the pres-
ence of atherosclerotic coronary artery disease
in males even after adjustment for cigarette
smoking, hypertension, dyslipidemia and dia-
betes mellitus [117-119]. Males with adiponec-
tin concentrations <4.0 pyg/mL have a twofold
increase in the prevalence of coronary artery
disease [119]. However, adiponectin concen-
trations in blood can significantly increase with
weight reduction. For example, a 21% reduction
in BMlI is associated with a 46% increase in the
mean adiponectin blood concentration [105,
120]. Patients with the highest concentrations
of adiponectin have a greater than 40% de-
creased 6-year risk of myocardial infarction
compared with individuals with the lowest adi-
ponectin concentrations [120, 121]. Since adi-
ponectin exerts significant anti-inflammatory,
anti-atherogenic and vascular protective eff-
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ects, measurement of adiponectin concentra-
tions in blood are helpful in the evaluation of a
patient’s risk for atherosclerotic coronary artery
disease [120, 121].

Omentin-1: Omentin-1 is an anti-inflammatory
adipokine produced preferentially by stromal
vascular cells in visceral adipose tissue.
Omentin-1 concentrations in blood correlate
inversely with the BMI, body fat mass, and fast-
ing insulin concentrations, and correlate posi-
tively with insulin sensitivity, adiponectin con-
centrations, HDL concentrations, and vascular
endothelial cell function [122]. Omentin-1
activates AMPK, phosphatidylinositol 3 kinase
(PI3K) and inhibits Nicotinamide Adenine
Dinucleotide Phosphate Hydrogen (NADPH) oxi-
dase [123]. These actions ultimately result in
insulin sensitization, reduction in TNFa-induced
inflammation, and vascular protection. Treat-
ment of human endothelial cells with omentin-1
prevents TNF-a induced cyclooxygenase-2
expression by inhibiting c-Jun N-terminal kinase
signaling, suggesting an anti-inflammatory
function of omentin-1 on endothelial cells [124,
125]. Omentin-1 can also cause vasodilatation
and inhibit arterial atheroma and calcification
by suppressing vascular inflammatory respons-
es, apoptosis, vascular smooth muscle cell pro-
liferation and neointimal formation, and reduc-
ing collagen content [126-133]. In contrast,
decreased omentin-1 concentrations are asso-
ciated with increased arterial stiffness and ath-
erosclerosis, especially in patients with type I
diabetes [132].

Table 2 summarizes the source and function of
the inflammatory and anti-inflammatory adipo-
kines. Table 2 is adapted, in part, from [30, 34,
42].
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Obesity-induced increases in saturated fatty
acids contribute to atherosclerosis

Oxidative stress due to increases in circulating
saturated fatty acids is an important factor in
the pathogenesis of vascular endothelial cell
dysfunction and atherosclerosis [134]. Accu-
mulation of toxic fatty acids, including diacylg-
lycerides and ceramides, contributes to endo-
plasmic reticulum (ER) stress, mitochondrial
dysfunction and the generation of reactive oxy-
gen species (ROS), which together result in
inflammation, insulin resistance, endothelial
cell apoptosis and atherosclerosis [134]. In-
creased concentrations of fatty acids and an
impaired expression in adipose tissues of anti-
oxidative enzymes, such as superoxide dis-
mutase, glutathione peroxidase, and catalase
in obese individuals, cause increased activa-
tion of NADPH oxidase and induce the produc-
tion of H,0,, free oxygen radicals, and hydroxyl
radicals [135]. Moreover, free fatty acid activa-
tion of the NF-kB pathway increases inflamma-
tory TNF-«, IL-1B, IL-6, and MCP-1, inhibits
eNOS and decreases nitric oxide production
and, in this manner, cause vascular endothelial
cell inflammation, vasoconstriction and throm-
bosis [136, 137]. In addition, excess free fatty
acids have direct effects on vascular endothe-
lial cells with the expression of cell-surface
adhesion molecules, myeloperoxidases and
plasminogen activator inhibitor-1 (PAI-1) which
promote macrophage infiltration, vascular
endothelial cell inflammation, thrombosis, and
atherosclerosis [138]. Moreover, excess free
fatty acids can impair cellular mitochondria and
lysosome integrity and cause endoplasmic
reticulum (ER) stress and, in this manner, inac-
tivate the serine-threonine kinase AMPK and
decrease intracellular energy [136, 139].
Furthermore, excess free fatty acids activate
innate immune system cells in adipose tissue
and trigger NLRP3 inflammasome activation,
which stimulates caspase-1, IL-1, IL-18 and an
inflammatory cascade that contributes to
chronic inflammation in arteries and tissues
[140, 141].

In the Framingham Health Study, obese indi-
viduals, especially individuals with visceral obe-
sity and increased free fatty acids, had a 50 to
60 percent increase in the risk for atheroscle-
rotic cardiovascular disease in comparison with
non-obese individuals [142-144]. In contrast,
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individuals who habitually consume monoun-
saturated fatty acids in a Mediterranean diet or
individuals who chronically consume statin
drugs, have increased adiponectin concentra-
tions, decreased free fatty acids and inflamma-
tory markers TNF-a, MCP-1, IFN-y, CRP, IL-18,
and IL-6, and decreases in atherosclerotic vas-
cular disease [145, 146].

Adipose immune cells in chronic inflammation
and atherosclerosis

Innate and adaptive immune cells are present
in adipose tissue. Innate immune cells include
macrophages, neutrophils, eosinophils, and
mast cells, whereas adaptive immune cells
include T cells and B cells [147]. Adipocytes
express Major Histocompatibility Complex
(MHC) class Il molecules and T cell co-stimula-
tors and can act as antigen-presenting cells
and induce the activation of CD4* T cells in vis-
ceral adipose tissue [148]. Adipocytes also
secrete inflammatory adipokines that modulate
B cell generation.

In lean body weight individuals with healthy adi-
pose tissue, anti-inflammatory M2 macro-
phages, CD4Th2 cells, regulatory T cells (Tregs),
and eosinophils play important roles in the
removal of apoptotic cells and help maintain
a homeostatic and tolerogenic environment.
These immune cells secrete anti-inflammatory
IL-4, IL-10, 1L-13, and IL-1Ra [147, 148]. In obe-
sity, the number and activity of macrophages,
mast cells, neutrophils, and T- and B lympho-
cytes in visceral adipose tissue are increased
due to chemoattraction by adipokines while the
numbers of eosinophils, T helper 2 (Th2), Treg,
and Invariant natural killer T (iNKT) cells are
decreased [149]. M1 macrophages, Thl cells,
CD8 T cells, and mast cells augment the pro-
duction of adipose tissue-derived proinflamma-
tory cytokines and produce insulin resistance,
and endothelial cell dysfunction [147]. CD8 T
cells induce macrophage M1 differentiation
from monocytes and their cytokine secretion
[150]. CD4Th1 cell secretion of interferon
(IFN)-y also drives monocyte polarization
toward M1 type macrophages and promotes
the secretion of inflammatory TNF-«, IL-1(, IL-6,
IL-12, and MCP-1 [151]. In addition, neutrophils
infiltrate visceral adipose tissue where they
stimulate M1 type macrophage infiltration, pro-

Am J Cardiovasc Dis 2021;11(4):504-529



Obesity-induced inflammatation and atherosclerosis

Table 3. Proinflammatory and anti-inflammatory immune cells in adipose tissue of obese individuals

Immune cell Obese adipose tissue changes Adipose tissue response Insulin sensitivity
Neutrophils Increased Pro-inflammatory Decreased
CD8 T cells Increased Pro-inflammatory Decreased
CD4 TH1 cells Increased Pro-inflammatory Decreased
CD4 Treg Decreased Anti-inflammatory Increased
M1 macrophages Increased Pro-inflammatory Decreased
M2 macrophages Variable Anti-inflammatory Increased
MAST cells Increased Pro-inflammatory Decreased

T ADHESION MOLECULES, fANGIOTENSIN |1,

MONOCYTE/MACROPHAGE ENDOTHELIN
MIGRATION oxLDL
& NITRIC OXIDE

FPFSE- 7
LEPTIN, RESISTIN, AngpL-2, IL-6,

MCP-1, TNF-a, ANGIOTENSIN/ALDOSTERONE
r ! . r

* FOAM CELL, SMOOTH

TENDOTHELIAL

MUSCLE PROLIFERATION, CELL,SMOOTH MUSCLE

APOPTOSIS, PLAQUE
ATHEROMA FORMATION RUPTURE,

THROMBOSIS

Figure 2. Obesity is characterized by decreases in anti-inflammatory/atheroprotective adipokines (adiponectin and
omentum-1) and increases in proinflammatory/atherogenic adipokines [leptin, resistin, rbp4, angpl, IL-6, mac-
rophage chemoattractant protein (MCP)-1] as well as increases in free fatty acids, and inflammatory cells. These
factors participate in vascular inflammation and endothelial cell dysfunction which contribute to the inception and

progression of atherosclerosis.

inflammatory cytokine secretion and chronic
inflammation. Mast cells, upon receiving stimu-
latory signals from T cells, rapidly release hista-
mine, serotonin, heparin, serine protease, and
eicosanoids which significantly contribute to
the inflammatory responses in obesity [152].
Consequently, M1 macrophages, CD4Th1, CD8
and mast cells play critical roles in chronic
inflammation, insulin resistance, and ultimately
atherosclerosis in obese patients. Table 3 lists
the changes in immune cells in the visceral adi-
pose tissue of obese individuals. Table 3 is
adapted, in part from [147-152].

The abnormalities in oxidative stress, abnormal
lipid metabolism with excess free fatty acids,
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and endothelial dysfunction that contributes
significantly to obesity-induced atherosclerosis
are summarized in Figure 2: obesity induced
atherosclerosis.

Obesity: increased sympathetic nerve activa-
tion and hypertension promote atherosclerosis

Obesity is associated with an increase in sym-
pathetic nerve activation which is triggered by
increases in pro-inflammatory adipokines and
fatty acids, resistance to insulin, and impair-
ment in arterial baroreceptor function. Vascular
tone is also increased in obese individuals due
to increased endothelin-1 (ET-1) in the blood,
which augments the vasoconstrictive actions
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of angiotensin-ll, norepinephrine, and sero-
tonin. Angiotensin Il promotes vascular endo-
thelial cell dysfunction through activation of
NADPH oxidase, formation of free oxygen radi-
cals, and production of H,O, [153, 154].
Angiotensin Il also impairs phosphorylation of
the insulin receptor substrate 1 (IRS-1), with
resultant impairment in insulin signaling and
insulin resistance. Moreover, angiotensin |l par-
ticipates actively in leukocyte and platelet acti-
vation and vascular thrombosis in obese indi-
viduals [154].

Activation of the sympathetic nervous system
and the renin-angiotensin-aldosterone system
is also promoted by increased circulating lep-
tin and leptin receptor signaling in obesity.
Increased aldosterone in the blood of obese
individuals promotes plasma volume expan-
sion [155]. Leptin also augments the release of
neprilysin from adipocytes and the kidneys,
which causes a deficiency of endogenous natri-
uretic peptides in obese individuals with resul-
tant additional sodium retention and plasma
volume expansion [155]. Each of these actions
of aldosterone, neprilysin and leptin work in
concert with increased sympathetic nerve
activity to promote sodium retention, plasma
volume expansion, hypertension, vascular en-
dothelial dysfunction and ultimately ather-
osclerosis.

Obesity treatment to reduce inflammation and
slow or prevent the progression of atheroscle-
rosis

Medications or bariatric surgery should be con-
sidered in patients with BMIs>35-40 kg/m? if
diet and lifestyle interventions fail to achieve
weight loss. In addition, lipid reduction, glucose
lowering therapy and antihypertensive medica-
tions should be considered in obese patients
with a 10-year cardiovascular disease risk
>7.5%, prediabetes or diabetes, and hyperten-
sion. The following sections present specific
recommendations by the Author for the treat-
ment of obese patients with appropriate sup-
porting bibliographic medical references.

Weight loss, exercise, medications, lipid and
glucose lowering medications, antihyperten-
sive medications in the treatment of obesity

Weight loss and exercise: Sugars and saturated
fatty acids can induce the synthesis and activa-
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tion of inflammasomes and activate pro-inflam-
matory IL-1 and IL-18 cytokines that can cause
endothelial cell dysfunction, increase the per-
meability of the endothelial junctions in ves-
sels, and cause vascular smooth muscle prolif-
eration, migration, and ultimately vascular ste-
nosis. In contrast, consumption of a Me-
diterranean diet with increased concentrations
of omega three fatty acids is correlated with
increased secretion of adiponectin, decreases
secretion of TNF-a, MCP-1, IFN-y, CRP, IL-18,
and IL-6, and decreases in atherosclerosis
[156]. Diets that restrict sugars and saturated
fats and induce mild to moderate weight loss of
body fat and not lean body mass are beneficial
and improve the quality of life in obese patients.
As little as five percent weight loss by dietary
intervention is associated with a reduction in
triglycerides and free fatty acids, an increase in
HDL cholesterol, and a decrease in the require-
ments for lipid lowering medications in obese
patients [157].

Individualized nutrition therapy is recommend-
ed for each obese patient. In general, energy
goals of <800 to 1200 kcal/d should be consid-
ered for patients weighing <114 kg and approx-
imately 1200 to 1800 kcal/d for those patients
weighing 2114 kg. Diets of 200-800 kcal/day
are not recommended unless there is a clinical
need for rapid weight loss. Additional goals
include restricting fat in the diet to <30% of
total calories with <10% from saturated fats.
Recommendations should include one to two
glasses of water with each meal, carbohydrate
monitoring, consumption of fruits, legumes,
vegetables, whole grains and the substitution
of polyunsaturated fatty acids for saturated
and trans fats [158]. Long term weight loss is
dependent on caloric restriction and diet adher-
ence. However, dietary effects on weight loss
can decrease and plateau with time due to
compensatory body adaptation.

Each patient should undergo a physical exami-
nation and receive an exercise prescription,
which should include moderate intensity walk-
ing, cycling or swimming, five times per week
[158]. In order to promote clinically significant
weight loss, 225 to 420 minutes of physical
exercise/week are required. In addition, 200 to
300 minutes of physical exercise/week are
required to prevent weight gain after weight
loss. A “warm-up” and “cool-down” component
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to the exercise program minimizes any possible
muscular injury. The goal should be to achieve
and maintain a 7 to 10% loss of initial body
weight. In addition, a rehabilitation program
with aerobic and resistance training is helpful
in improving patient cardiorespiratory fitness.
Weight loss achieved through dietary interven-
tion and exercise results in decreased visceral
adipose tissue and adipose tissue macro-
phages and reduces circulating IL-6, CRP, PAI-1,
TNF-&, soluble TNF receptor, P-selectin, inter-
cellular adhesion molecule-1 (ICAM-1), VCAM-1,
and IL-18 in obese men and women [159, 160].
Physical activity improves glucose tolerance
and sensitivity by improving non-insulin-depen-
dent glucose uptake. In addition, physical activ-
ity decreases the plasma triglycerides, im-
proves the ratio between HDL and LDL choles-
terol, increases fibrinolysis, decreases platelet
aggregation, improves oxygen uptake in the
heart and in the peripheral tissues, lowers the
resting heart rate by increasing vagal tone, and
decreases the blood pressure [109]. Each con-
sistent 1 hour metabolic equivalent increase in
physical activity is associated with an 8%
decrease in cardiovascular disease risk [109].

Weight loss medications: If lifestyle interven-
tions fail to achieve the desired weight loss
goals, medications for weight loss should be
considered in addition to a diet and an exercise
program. Pharmacological therapy should be
considered for individuals with a BMI of 25 to
30 kg/m? with comorbidities or a BMI>30 kg/
m? with or without comorbidities [158, 161].
See Table 4. The effect of weight loss medica-
tions on cardiovascular morbidity and mortality
has not been definitively determined and is
under investigation. Table 4 is Adapted from
[161].

Surgery for weight loss: In patients who are
motivated to lose weight but who fail to lose
weight despite diet, exercise, and weight loss
medications, the AHA/ACC/Obesity Society
guidelines recommend that adults with
BMI>35-40 kg/m? or >32.4-35 kg in Asians
and significant obesity-related comorbidities,
such as atherosclerotic vascular disease and/
or diabetes mellitus, be considered for bariatric
surgery in a high volume bariatric surgery cen-
ter [158, 162]. Both gastric bypass and gastric
sleeve surgery can significantly reduce visceral
fat by approximately 40% to 50% with a more
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modest reduction in abdominal subcutaneous
fat [163]. In addition, bariatric surgery results in
an improvement in insulin sensitization and glu-
cose utilization in skeletal muscle and adipose
tissue. In the Swedish Obese Subjects (SOS)
Bariatric Surgery study, weight-loss surgery led
to a 30% reduction in the incidence of cardio-
vascular events and a 50% reduction in cardio-
vascular deaths in individuals with severe obe-
sity compared with those who received usual
care after 15 years of follow-up [164]. In this
study the remission rate for patients with obe-
sity and type 2 diabetes mellitus was 72% at 2
years and 36% at 10 years compared with 21%
and 13%, respectively, for the nonsurgical con-
trol obese patients [164]. Bariatric surgery was
also markedly more effective than medical
treatment alone in the prevention of type 2 dia-
betes mellitus, with a relative risk reduction of
78% [165]. Consequently, bariatric surgery is
emerging as an important cost effective man-
agement option for obese patients with athero-
sclerotic cardiovascular disease and other obe-
sity related co-morbidities [166]. Micronutrient
and nutritional status must be carefully moni-
tored in all patients after bariatric surgery.

Laparoscopic adjustable gastric banding, in
which an inflatable silicone band is placed
around the upper part of the stomach to narrow
its lumen, restrict food passage, and form a
small proximal pouch of stomach, can limit the
quantity of food that can be ingested [166].
This procedure can promote as much as 55%
weight loss at two years after surgery and pro-
motes the remission of hypertension in as
many as 54% of patients, dyslipidemia in 40%,
and diabetes in as many as 72% [164, 166].

Although bariatric surgery is capable of revers-
ing many of the deleterious effects of obesity,
removal of large amounts of abdominal subcu-
taneous fat by liposuction does not appear to
improve an obese patient’s insulin sensitivity or
glucose utilization in muscle, liver or adipose
tissues and does not significantly decrease the
plasma concentrations of C-reactive protein,
IL-6, and TNF-a [167]. This observation may be
explained by the fact that liposuction reduces
subcutaneous adipose mass without decreas-
ing visceral fat or major organ fat.

Lipid lowering therapy: Obese patients with
pre-diabetes or diabetes mellitus who are less
than age 40 are advised to take a high-intensity
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Table 4. Weight loss medications

Average

Generic drug Drug dosage . Side effects Dea schedule
weight loss
Pancreatic lipase inhibitor
Orlistat 120 mg tid before meal 3.4 KG Steatorrhea, flatulence, fecal discharge Not scheduled
Orlistat 60 mg tid before meal 2.5 KG Steatorrhea, flatulence, fecal discharge Not scheduled
Seotonin receptor agonist
Lorcaserin 10 mg bid for 12 months 3.2 KG Headache, nausea, blurred vision, hypoglycemia Schedule IV
Phentermine-topiramate
Phentermine-topiramate 3.75/23 mg, 7.5/46 mg, 15/92 mg for 6.7-8.9 KG Insomnia, confusion, dry mouth, nausea, paresthesias Schedule IV
12 months
Adrenergic drugs
Diethlypropion 25 mg tid or 75 mg in am for <12 weeks 3 KG Insomnia, headache, nausea Schedule IV
Phentermine 15-30 mg/day for <12 weeks 3.6 KG Headache, dry mouth, itching Schedule IV
Benzphetamine 25-50 mg tid for <12 weeks 3-4 KG Insomina, dizziness, hyperactivity Schedule llI
Phendimetrazine 17.5-70 mg tid for <12 weeks 3.8 KG Dizziness, flushing, sweating Schedule Il
Glucagon like peptide analogs
Liraglutide 0.6-3.0 mg sq <12 months 5.85 KG Pancreatitis, hypoglycemia, nausea, vomiting, fatigue, contrain- Not scheduled
dicated in medullary thyroid cancer
Semaglutide 1 to 2.4 mg sq weekly for 220 weeks Nausea, diarrhea, vomiting, constipation, abdominal pain, Not scheduled
headache, fatigue, dyspepsia, dizziness, abdominal distension,
eructation, flatulence, gastroenteritis and gastroesophageal
reflux disease
Opioid receptor antagonist-adrenergic reuptake inhibitor
Naltrexone-bupropion 8/90-16/180 mg bid<12 months 2.0-4 KG Mood changes, blurred vision, dry mouth, constipation, seizures Not scheduled

This table contains weight loss medications currently available. Full drug information should be carefully reviewed with and individualized for each patient prior to prescription and administration. Weight loss medication should not be ad-
ministered to pregnant females or females who breast feed their infants. Liraglutide or Semaglutide should not be prescribed in individuals with medullary thyroid cancer or family history of medullary thyroid cancer. The effect of weight loss
medications on cardiovascular morbidity and mortality has not been definitively established. MEN2 = Multiple Endocrine Neoplasia syndrome type 2.
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statin if they have a LDL-c greater than 100
mg/dl or clinical evidence of atherosclerotic
cardiovascular disease. In addition, obese
patients greater than age 40 with an estimated
10-year ASCVD risk greater than 7.5% should
be treated with a high-intensity statin [168].
Due to anti-inflammatory and lipid lowering
effects, statins can ameliorate the CAD progno-
sis in obese pre-diabetic or diabetic patients
[169]. Fibrates, such as gemfibrozil or fenofi-
brate, also decrease circulating systemic
inflammatory mediators such as endothelin-1,
IL-6, CRP, TNF-a, and IFN-y and are effective in
lowering serum triglyceride and total cholester-
ol concentrations in obese pre-diabetic and
diabetic patients [170].

Glucose lowering therapy in obese patients
with pre-diabetes: Patients with obesity have
an increased prevalence of impaired glucose
tolerance that contribute to their high risk for
diabetes and cardiovascular disease. The dura-
tion of glycemic burden in obese patients is a
strong predictor of adverse outcomes such as
atherosclerotic cardiovascular disease. For
obese patients with prediabetes, especially for
those with BMI>35 kg/m?, those aged <60
years, and women with a prior history of gesta-
tional diabetes mellitus, metformin therapy
should be considered [171]. Metformin has the
strongest evidence base, has demonstrated
long-term safety as pharmacologic therapy for
diabetes prevention and is recommended by
the World Health Organization [168, 171]. In a
substudy of the United Kingdom Prospective
Diabetes Study, metformin, compared with life-
style modifications alone, resulted in a 32%
reduction in microvascular and macrovascular
diabetes-related outcomes, a 39% reduction in
myocardial infarction, and a 36% reduction in
all-cause mortality rate [158]. Metformin, how-
ever, is contraindicated in individuals with renal
disease with a glomerular filtration rate <30
ml/min/1.73 m?2.

The 2021 US treatment guidelines for diabetes
mellitus incorporate sodium-glucose co-trans-
porter-2 (SGLT2) inhibitors as second-line glu-
cose-lowering agents after metformin especial-
ly in patients with high cardiovascular risk and
in patients with established atherosclerotic
cardiovascular disease [172]. Postulated me-
chanisms of the beneficial effects of SGLT2
inhibitors include a reduction in adipokine and
cytokine production, as well as reductions in
cardiac cells necrosis and cardiac fibrosis,
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improved cardiac cell metabolism, improved
ventricular loading conditions secondary to a
reduction in preload due to diuretic and natri-
uretic effects, and inhibition of the Na*/H*
exchange in myocardial and renal tubular cells
[173]. Two recent meta-analyses of SGLT2
inhibitors have reported that SGLT2 inhibitors
can significantly reduce major adverse cardio-
vascular events (myocardial infarction, stroke,
heart failure hospitalization) and the progres-
sion of kidney disease [173, 174]. SGLT2 inhibi-
tors are contraindicated when the glomerular
filtration rate is <30 ml/in/1.73 m?2. Head-to-
head randomized control trials that compare
SGLT2 inhibitors with metformin are needed to
clarify whether SGLT2 inhibitors can safely and
cost-effectively replace metformin as a first-
line agent in the management of obese patients
with prediabetes or non-insulin dependent dia-
betes mellitus.

Antihypertensive therapy: The Framingham
Heart Study and the Nurses’ Health Study have
identified a direct, continuous and almost lin-
ear relationship between patient obesity and
the magnitude of blood pressure elevation
[175, 176]. In addition, the percentage of
patients with blood pressure control in a thera-
peutic range decreases with increasing obesi-
ty. The ACC/AHA guidelines recommend treat-
ing patients with obesity with cardiovascular
risk factors to a goal blood pressure of less
than 130/80 mmHg, whereas the American
Diabetes Association (ADA) guidelines recom-
mend a blood pressure target of less than
140/90 mmHg [172]. The ADA suggests reserv-
ing a blood pressure target of less than 130/80
mmHg for patients at high risk of cardiovascu-
lar disease if the blood pressure can be safely
reduced [159, 177]. Two randomized clinical
trials demonstrate in individuals with obesity
and confirmed hypertension that a reduction of
atherosclerotic cardiovascular disease events
occurs with a decrease in blood pressures to
<140 mmHg systolic and <90 mmHg diastolic
[178, 179]. In adult obese patients at high risk
for atherosclerotic cardiovascular disease,
especially stroke, a systolic and diastolic blood
pressure <130/80 mmHg, is appropriate only
when such a lower blood pressure can be
achieved without hypotension, syncope, or kid-
ney injury [177, 180].

Diet, weight reduction, sodium restriction and
an angiotensin converting enzyme (ACE) inhibi-
tor or angiotensin receptor blocker (ARB) are

Am J Cardiovasc Dis 2021;11(4):504-529



Obesity-induced inflammatation and atherosclerosis

Table 5. Antihypertensive drugs and their effects in treatment of obesity induced hypertension

Drug class Anatomic/physiologic target

Metabolic effects

Side effects

ACE inhibitors 1 RAAS system, ¥ aldosterone, JTPR, 1

natriuersis

ARB Lrer

Dihyropyridine CCB L 1PR, 1 natriuresis

Beta-blockers 1 Heart rate, l cardiac output, l TPR

Thiazide diuretics Diuresis, natriuresis, ¥ cardiac output
Aldosterone antagonists 1 Aldosterone

Alpha-blockers 1 Sympathetic nervous sustem, 1 TPR

l Leptin, 1 insulin sensitivity

l Leptin, insulin sensitivity
1 Leptin, # sympathetic activity
l Insulin sensitivity, t triglycerides

l Insulin sensitivity, t triglycerides, Id|
cholesterol

t Sodium and water loss

l Insulin resistance, 1 leptin

Cough

Cough in 10%; expensive
Peripheral edema
Weight gain

Decrease lipid metabolism

Hyperkalemia, gynecomastia

Orthostatic hypotension

ACE: Angiotensr-converting enzyme; ARB: Angiotensin receptor blocker; CCB: Calcium Channel Blocker; RAAS: Renin-angiotensin-aldosterone system, TPR: Total periph-

eral resistance.

the recommended first line treatments for
obese patients with hypertension [181, 182]. A
diet rich in fresh fruits, vegetables, and low-fat
dairy products (the Dietary Approaches to Stop
Hypertension or DASH diet) lowers systolic and
diastolic blood pressure as much as 11.6 and
5.3 mmHg, respectively, independent of wei-
ght reduction [183]. Angiotensin converting
enzyme inhibitors and angiotensin receptor
blockers cause decreases in CRP, IL-6, MMP-9,
and platelet aggregation by the blockade of
angiotensin effects on the direct activation of
inflammatory cells, vascular permeability,
adhesion molecules and chemokines [184,
185]. In the Treatment in Obese Patients with
Hypertension study, which compared the effi-
cacy and safety of Lisinopril with hydrochloro-
thiazide in in 232 obese hypertensive patients,
the number of blood pressure responders was
greater with Lisinopril (40% versus 33%) and
plasma glucose decreased by -0.21+0.71
mmol/L with Lisinopril but increased +0.31+
0.99 mmol/L with hydrochlorothiazide treat-
ment [186]. In the Candesartan Role on Obesity
and on Sympathetic System study, blood pres-
sure reduction was similar in patients treated
with either candesartan or hydrochlorothiazide,
but insulin sensitivity increased and sympa-
thetic nerve activity decreased in candesartan-
treated patients [187].

An angiotensin converting enzyme (ACE) inhibi-
tor or angiotensin receptor blocker (ARB) signifi-
cantly reduces the risk of obese patients with
albuminuria progressing to advanced renal dis-
ease [188]. Serum creatinine, estimated glo-
merular filtration rate and serum potassium
concentrations should be monitored in these
patients. The use of ACE inhibitors and ARBs in
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combination is not recommended given the
lack of added atherosclerotic cardiovascular
benefits and the increased rate of hyperkale-
mia, syncope, and acute kidney injury. Among
patients without albuminuria for whom cardio-
vascular disease prevention is the primary goal
of blood pressure control and in obese black
patients with hypertension, a dihydropyridine
calcium channel blocker (CCB), a thiazide-type
diuretic, or both can be considered in place of
or in addition to an ACE inhibitor or an ARB for
blood pressure control [172, 180]. Since obese
patients with hypertension often require two or
more antihypertensive drugs, ACE+CCB or
ACE+CCB+ thiazide diuretic can play an impor-
tant role in blood pressure control. Spiro-
nolactone, or eplerenone, can be added to the
treatment regimen if the blood pressure is not
controlled. Beta-adrenergic receptor blocking
drugs are utilized for blood pressure control in
patients with atherosclerotic vascular disease,
heart failure, atrial fibrillation or in young hyper-
tensive obese women who are planning preg-
nancy or are pregnant. Table 5 lists antihyper-
tensive medications used in the treatment of
obesity induced hypertension, their anatomic/
physiologic target(s) and their metabolic
effects. Table 5 is adapted, in part, from
[189-191].

Summary and future perspective

Visceral adiposity is a serious chronic inflam-
matory condition that contributes to vascular
atherosclerosis. In obese patients, the adipo-
kines leptin, resistin, IL-6, and monocyte che-
moattractant protein 1, chemoattract mono-
cytes and macrophages into visceral adipose
tissue and promote local and systemic inflam-
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mation, oxidative stress, abnormal lipid metab-
olism, vascular endothelial hyperpermeability
and dysfunction, hypercoaguability, insulin
resistance, and atherosclerotic cardiovascular
disease. Obesity also increases the number of
mineralocorticoid receptors and circulating
aldosterone, which increase the plasma vol-
ume and cause platelet aggregation, endothe-
lial dysfunction, and vascular and myocardial
interstitial fibrosis. Weight loss medications
and bariatric surgery should be considered if
lifestyle interventions fail to achieve weight
reduction. Substantial weight loss from diet
and exercise, medications, and bariatric sur-
gery is capable of reversing many of the
increases in the inflammatory adipokines, the
oxidative stress and the abnormal lipid metab-
olism due to obesity. All physicians must employ
a multidisciplinary approach with obese
patients that involves lifestyle modification and
pharmacological and/or surgical interventions
in order to combat the pandemic of obesity and
increase patient longevity. Continued intensive
research into the inflammatory and anti-inflam-
matory adipokines will facilitate our under-
standing of the important contribution of obe-
sity adipokines to atherosclerosis and will ulti-
mately lead to treatments that contribute to
healthier patients that are not limited by ath-
erosclerotic cardiovascular disease.
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