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Abstract Inflammation is a critical component in the devel-
opment of coronary heart disease (CHD), specifically in the
process of atherogenesis. Human translational and preclinical
studies have demonstrated that inflammation contributes to
the development, sustainment, and progression of atheroscle-
rosis, and epidemiological studies demonstrate that human
diseases associated with increased systemic inflammation in-
crease the risk of CHD-related events. Therefore, over the last
decade, multiple clinical studies were designed to target the
inflammatory cascade in order to reduce the risk of CHD and
to identify which populations may benefit from these preven-
tative treatment strategies. This review briefly summarizes
inflammation as a risk factor in atherosclerosis, human disease
states associated with accelerated atherosclerosis, and current
treatment strategies for CHD targeting the inflammatory
cascade.
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Introduction

In the 1880s, there was an emerging need to recognize
and understand cardiovascular disease pathogenesis [1].
It was not until 1934, the International Society of
Geographical Pathology held a conference describing data
on the frequency of atherosclerotic lesions across coun-
tries ranked by occupation and social class [1]. From this,
the first coronary heart disease (CHD) prospective study
was initiated among a cohort of male professionals in
Minnesota for a 15-year period, leading to the develop-
ment of key investigations such as the Seven Countries
Study and the Framingham Heart Study [2—4]. Although
significant advances in the knowledge and understanding
of CHD have emerged following these original studies,
including identification of major CHD risk factors such
as hypertension, hyperlipidemia, obesity, diabetes
mellitus, and cigarette smoking, CHD remains the leading
cause of death worldwide [5]. Additionally, up to half of
all events associated with CHD are reported to occur in
patients lacking traditional risk factors, resulting in the
necessity to identify reliable biomarkers correlated with
CHD risk and outcome, and shifting the perspective on
the progression of atherogenesis [6, 7]. Atherosclerosis
was initially described as a passive accumulation of lipids
in the arterial wall, but is now acknowledged as a dynam-
ic, immune-driven process culminating in the accumula-
tion of oxidized lipids [8, 9]. The immunological process-
es found by immunohistochemistry and pathology sup-
ported that pro-inflammatory mechanisms are associated
with the repair and healing process. In vitro cell culture,
preclinical rodent models, and human translational and
epidemiological studies have all contributed to the hy-
pothesis that inflammation predisposes and drives CHD
disease development in humans.
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Inflammation, Cardiometabolic Diseases,
and Atherosclerosis

Atherosclerosis begins with some damage to the endothelial
cell layer, which can be due to hypertension, diabetes, tobacco
use, shear stress, or other emerging risk factors including
chronic low-grade inflammation. The first response of endo-
thelial cell activation is the expression of vascular cell adhe-
sion molecules such as ICAM, VCAM, and E-selectin. The
subsequent immune response begins with acute inflammatory
cell infiltrates such as neutrophils, which heal the damaged
endothelium and bind to the adhesion molecules. Following
the cascade of neutrophil degranulation, chemotaxis of mono-
cytes occurs to aid in this process. After a period of 3 to 7 days,
chronic inflammatory cells including monocytes, macro-
phages, and T cells will arrive to the area to heal the injured
wall. If the monocyte is retained in the intimal wall of the
artery, it will become a resident tissue macrophage, which will
scavenge lipids and glucose and promote further inflammato-
ry cell infiltration. Soon, this macrophage with increasing lip-
id content will become a foam cell, which secretes pro-
inflammatory cytokines including TNF-«, IFN-y, and IL-6.
A similar process occurs with T cells, which differentiate into
Thl, IFN-y-producing cells. Over the ensuing period of time,
smooth muscle cells will proliferate and encroach on the lu-
men when the arterial wall cannot accommodate more inflam-
matory cells. This will soon change from a fatty streak to a
luminal irregularity, which can be detected by imaging [9].

The term cardiometabolic disease encompasses most of the
traditional risk factors of CHD (dyslipidemia, dysglycemia,
hypertension), with each risk factor accompanied by an in-
flammatory component. For example, in an obese state, ex-
pressions of inflammatory cytokines such as TNFe, IL-6, IL-
1$3, and CCL2 are not limited to adipose tissue, but are also
observed in the liver, pancreas, brain, and possibly muscle,
leading to the development of metabolic syndrome [10-15].
Both epidemiological and human clinical studies suggest a
causal link between chronic inflammation, insulin resistance,
and type 2 diabetes [16, 17]. Compelling data using a low-
dose human endotoxemia study demonstrated that the acute
effects of innate immune-driven inflammation led to an insu-
lin resistant, diabetic-like state shortly after injection of LPS in
healthy humans [18]. Healthy men and women, receiving a
low-dose of lipopolysaccharide, exhibited systemic insulin
resistance 6 h post-injection, concomitant with an escalation
of TNFo and IL-6 [19]. The observed systemic insulin resis-
tance was independent of pancreatic 3 cell dysfunction [18]
and suggested a temporal relationship with dose-response ef-
fects between inflammation and subsequent cardiometabolic
diseases [18].

In September 1992, the recruitment for the Women’s
Health Study, a primary prevention trial, began to determine
if aspirin combined with vitamin E would reduce the
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incidence of myocardial infarction in a placebo-controlled
study of 39,876 women over a period of 10 years [6]. The
primary outcome included nonfatal myocardial infarction,
nonfatal stroke, or death from cardiovascular causes [6].
Although it was determined, there was no significant decrease
in the risk of major cardiovascular events in the aspirin group
compared to the placebo group, and there was a 17 % reduc-
tion in the risk of stroke in the aspirin group. In addition,
compared to placebo, aspirin had no effect on the risk of fatal
or nonfatal infarction [6]. However, subgroup analysis re-
vealed that in women over the age of 65, there was a decrease
in the risk of major cardiovascular events, ischemic stroke,
and myocardial infarction. Another significant outcome from
the Women’s Health Study (WHS) was the observation that
high-sensitivity (hs) C-reactive protein (CRP) level, a nonspe-
cific protein marker of inflammation produced by the liver in
response to innate immune activation, was a more accurate
predictor of cardiovascular risk than LDL cholesterol, further
supporting the hypothesis that CHD is an immune-driven in-
flammatory disease [20]. An association of hsCRP with risk
for CVD has been described in many studies, the largest being
the MRFIT (Multiple Risk Factor Intervention Trial). This
showed a strong relationship between levels of CRP and mor-
tality from CHD in high-risk middle-aged men [21]. In the
context of other markers of inflammation and risk for CVD
events, the Emerging Risk Factor Collaboration (ERFC)
reviewed the association among hsCRP levels, CV risk fac-
tors, and vascular risks in 160,309 individuals from 54 pro-
spective studies and found that CRP concentration was asso-
ciated with increased risk of CHD, ischemic stroke, and death
from vascular causes [22].

Human Inflammatory Diseases Associated
with Atherosclerosis

Chronic inflammatory diseases exhibit elevated risk of early
onset CHD beyond traditional risk factors. For example, rheu-
matoid arthritis is a chronic inflammatory disease of the joints
that has an accelerated rate of atherogenesis compared to
healthy patients [23, 24]. Multiple studies suggest that the
degree and duration of inflammatory distress dictate early on-
set atherogenesis in rheumatoid arthritis. In one case-
controlled study, rheumatoid arthritis patients had a 44 % in-
crease in carotid atherosclerosis compared to non-rheumatoid
arthritis patients, correlating specifically with disease duration
and anti-TNF therapy [25]. In a meta-analysis pooled study,
results from various parts of the world demonstrated a 48 %
increase risk for cardiovascular disease in rheumatoid arthritis
patients relative to the general population [26]. In addition,
Giles et al. demonstrated that rheumatoid arthritis patients
have an increased proportion of visceral fat, resulting in in-
creased susceptibility to metabolic syndrome and elevated
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cardiovascular risk [27]. A nonspecific T cell inhibitor, meth-
otrexate, reduces cardiovascular risk in rheumatoid arthritis
patients, suggesting that chronic inflammation is primary
key component in CHD [28, 29].

Patients suffering from systemic lupus erythematosus
(SLE) display increased cardiovascular events with early on-
set, not explained by traditional risk factors such as aging,
altered lipid levels, and smoking. In fact, there is a tenfold
increase in the risk of SLE patients having a myocardial in-
farction compared to the general population [30].
Hydroxychloroquine, an SLE treatment, reduces plaque bur-
den on carotid ultrasound images and seems to be
thromboprotective with a 68 % reduction in the risk of
thrombovascular events [31, 32]. Hydroxychloroquine dis-
rupts the production of IFN«, an inflammatory cytokine in-
volved in endothelial cell dysfunction, by interfering with
TLR7 and TLRY signaling [8, 33]. The ability of
hydroxychloroquine to reduce vascular inflammation, hyper-
glycemia, and dyslipidemia provides atheroprotective effects.
Rituximab, a biologic therapy that results in the depletion of B
cells, exerts positive effects on the risk factors of atherogenesis
in SLE. B cell depletion decreases inflammation, improves the
lipid profile, and decreases disease activity, further suggesting
a link between chronic inflammation in SLE and atherogene-
sis [34]. Taken together, targeting components of the inflam-
matory cascade may reduce CHD risk in SLE patients.

Psoriasis is a chronic inflammatory disorder of the skin
affecting 24 % of the population and is associated with an
increased risk of cardiovascular events, specifically athero-
genesis [35-37]. The 58 % increased risk of major adverse
cardiovascular events, myocardial infarction, stroke, and ath-
erosclerosis, associated with psoriasis and psoriatic arthritis
are a critical concern [37, 38]. Additionally, the psoriasis skin
severity may be associated with systemic inflammation and
the extent of cardiovascular disease [37, 38]. Mehta et al. and
others recently demonstrated enhanced vascular inflammation
in severe psoriasis patients compared to age-matched healthy
controls, which was associated with increased neutrophil fre-
quency and activation [39-41, 42¢]. Observational studies
demonstrate that the use of methotrexate and anti-TNF drugs
reduces myocardial infarction [43—45]. Furthermore, anti-
TNF drugs reduce vascular inflammation in psoriasis suggest-
ing that a reduction of inflammation may impact vascular
diseases and subsequent events [41].

HIV, a virus-induced chronic inflammatory disease state,
exhibits increased cardiovascular risk also attributable to in-
creased inflammation and immune activation [46, 47]. In HIV
patients, endotoxemia is elevated and thought to be a potential
mechanism of increased cardiovascular risk. The endotoxin
lipopolysaccharide is a potent stimulator of monocytes and
macrophages resulting in the activation and initiation of ath-
erogenesis. Lipopolysaccharide is hypothesized to mediate
chronic inflammation in HIV patients and serum CD14s level,

a biomarker of monocyte activation through lipopolysaccha-
ride interaction that correlates with atherosclerosis progression
in HIV patients [48-50].

Treatment of Inflammation and Amelioration
of CVD

The Justification for the Use of Statin in Prevention: An
Intervention Trial Evaluating Rosuvastatin trial was designed
to determine if lowering hsCRP would reduce the risk of car-
diovascular events [51ee, 52]. The JUPITER study, a primary
prevention trial, was designed to assess whether high-dose
statin therapy operating through anti-inflammatory pathways
would reduce first cardiovascular event. The trial was a formal
hypothesis testing trial based on previous observations that
inflammation pays a critical role in atherogenesis, and
hsCRP independently predicts vascular events independent
of low-density lipoprotein cholesterol (LDL-c) levels, and that
in acute coronary syndrome, the magnitude of the benefit of
statins is associated with the levels of hsCRP [51¢¢]. In order
to test the hypothesis, 17,802 men and women with high
levels of hsCRP (>2.0 mg/L) and low levels of LDL-c
(<130 mg/dL) and triglycerides below 500 mg/dL were en-
rolled and given 20 mg per day of rosuvastatin. With a prima-
ry endpoint of myocardial infarction, stroke, arterial revascu-
larization, hospitalization for unstable angina, or death from
cardiovascular cause, JUPITER demonstrated that
rosuvastatin reduced LDL-c by 50 % concomitant with a
37 % reduction in hsCRP. Overall, the trial was ended early
due to a 44 % reduction in the primary end point of all vascular
events, a 54 % reduction in myocardial infarction, a 48 %
reduction in stroke, a 46 % reduction in need for arterial re-
vascularization, and a 20 % reduction in all cause mortality,
demonstrating a reduction of hsCRP, an inflammatory marker,
positively correlates with CHD risk [S1e¢]. Many have sug-
gested that the intense lowering of events in the treatment arm
was in part due to an intense lowering of LDL-c rather than a
decrease in inflammation, which led to the development of
two large ongoing studies to test the inflammatory hypothesis
[53].

The Canakinumab Anti-Inflammatory Thrombosis
Outcomes Study (CANTOS) and Cardiovascular
Inflammation Reduction Trial (CIRT) trials are designed to
directly test the hypothesis that inflammation drives athero-
genesis. In these studies, inflammatory components are direct-
ly targeted to determine if inhibition of inflammation will
reduce cardiovascular event rates [54¢]. CIRT utilizes a low-
dose of methotrexate, a nonspecific T cell inhibitor, in a group
of post-myocardial infarction patients with either diabetes or
metabolic syndrome. This idea is based on the fact that psori-
atic arthritis and rheumatoid arthritis patients on methotrexate
have reduced cardiac events and decreased TNF o, IL-6, and
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CRP levels. The second trial, CANTOS, evaluates whether
IL-1f3 inhibition with a human monoclonal antibody, com-
pared to placebo, can reduce the rates of recurrent myocardial
infarction, stroke, and cardiovascular death among stable cor-
onary artery disease patients at high vascular risk due to
hsCRP elevation. IL-1f3 is involved in inflammasome activa-
tion, and therefore, its blockade hypothetically would reduce
the amount of inflammasome activation and subsequent im-
mune responses observed in atherogenesis. The CANTOS and
CIRT trials are designed to reduce inflammation independent
of other concomitant pathways for vascular disease [54¢].

Conclusions

In conclusion, the link between inflammation and the devel-
opment of CHD is proving stronger with each study. Current
and future treatment strategies targeting inflammatory compo-
nents yield promising outcomes in the primary and secondary
prevention of CHD; however, only rigorous, prospective on-
going trials will inform whether the relationship between in-
flammation and CHD is associative or causal.
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