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BACKGROUND: Inflammation in epicardial adipose tissue (EAT) may contribute to coronary atherosclerosis. Myocardial bridge
is a congenital anomaly in which the left anterior descending coronary artery takes a “tunneled” course under a bridge of
myocardium: while atherosclerosis develops in the proximal left anterior descending coronary artery, the bridged portion is
spared, highlighting the possibility that geographic separation from inflamed EAT is protective. We tested the hypothesis that
inflammation in EAT was related to atherosclerosis by comparing EAT from proximal and bridge depots in individuals with
myocardial bridge and varying degrees of atherosclerotic plaque.

METHODS AND RESULTS: Maximal plaque burden was quantified by intravascular ultrasound, and inflammation was quantified
by pericoronary EAT signal attenuation (pericoronary adipose tissue attenuation) from cardiac computed tomography scans.
EAT overlying the proximal left anterior descending coronary artery and myocardial bridge was harvested for measurement
of MRNA and microRNA (miRNA) using custom chips by Nanostring; inflammatory cytokines were measured in tissue culture
supernatants. Pericoronary adipose tissue attenuation was increased, indicating inflammation, in proximal versus bridge EAT,
in proportion to atherosclerotic plaque. Individuals with moderate-high versus low plague burden exhibited greater expres-
sion of inflammation and hypoxia genes, and lower expression of adipogenesis genes. Comparison of gene expression in
proximal versus bridge depots revealed differences only in participants with moderate-high plaque: inflammation was higher
in proximal and adipogenesis lower in bridge EAT. Secreted inflammatory cytokines tended to be higher in proximal EAT.
Hypoxia-inducible factor 1a was highly associated with inflammatory gene expression. Seven miRNAs were differentially ex-
pressed by depot: 3192-5P, 518D-3P, and 532-5P were upregulated in proximal EAT, whereas miR 630, 575, 16-5P, and 320E
were upregulated in bridge EAT. miR 630 correlated directly with plaque burden and inversely with adipogenesis genes. miR
3192-5P, 518D-3P, and 532-5P correlated inversely with hypoxia/oxidative stress, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PCG1a), adipogenesis, and angiogenesis genes.

CONCLUSIONS: Inflammation is specifically elevated in EAT overlying atherosclerotic plaque, suggesting that EAT inflamma-
tion is caused by atherogenic molecular signals, including hypoxia-inducible factor 1a and/or miRNAs in an “inside-to-out”
relationship. Adipogenesis was suppressed in the bridge EAT, but only in the presence of atherosclerotic plaque, supporting
cross talk between the vasculature and EAT. miR 630 in EAT, expressed differentially according to burden of atherosclerotic
plaque, and 3 other miRNAs appear to inhibit key genes related to adipogenesis, angiogenesis, hypoxia/oxidative stress, and
thermogenesis in EAT, highlighting a role for miRNA in mediating cross talk between the coronary vasculature and EAT.
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Inflammation and Atherosclerosis: Myocardial Bridge

CLINICAL PERSPECTIVE

What Is New?

In patients with myocardial bridge, the left ante-
rior descending coronary artery tunnels through
the myocardium and remains free of atheroscle-
rotic plaque, whereas the left anterior descend-
ing coronary artery proximal to the myocardial
bridge develops atherosclerotic plaque: we
noted increased inflammation in the epicardial
adipose tissue (EAT) proximal to the myocardial
bridge but not over the myocardial bridge: in-
flammation was proportional to degree of ath-
erosclerotic plaque, suggesting that geographic
location per se was not the basis for increased
inflammation, and that atherogenic molecular
signals from the intravascular plague may have
contributed to EAT inflammation in an “inside-
to-out” direction, particularly given the absence
of physical barrier between the coronary artery
and the EAT.

We identified 4 novel EAT microRNAs (3192-5P,
518D-3P, 532-5P, and 630) that inhibit adipo-
genesis, based on strong inverse relationships
with mRNA expression for adipose differentia-
tion genes in the same tissue sample: of these 4,
miR630 correlated with maximal plaque burden,
pointing to a novel role for microRNAs in mediat-
ing cross talk between coronary atherosclerosis
and adipose cell function in human EAT.

What Are the Clinical Implications?

In clinical and epidemiological studies, an in-
crease in the volume or thickness of human EAT
is associated with increased coronary atheroma
burden and the occurrence of major adverse
coronary events.

Our data support EAT inflammation as a risk
marker for atherosclerotic coronary artery dis-
ease; if inflammatory molecules produced in
EAT also diffuse inside the coronary to contrib-
ute to atherogenesis, EAT inflammation might be
considered a coronary artery disease risk factor.
Select EAT microRNAs represent potential ther-
apeutic targets to prevent the adverse effects of
atherosclerotic plaque on EAT, and merit inves-
tigation as inhibitors of adipogenesis in other fat
depots.

FFA free fatty acid

HIF hypoxia-inducible factor

IVUS intravascular ultrasound

MB myocardial bridge

MCP-1 monocyte chemoattractant protein 1
MPB maximal plaque burden

PCAT pericoronary adipose tissue attenuation

Nonstandard Abbreviations and Acronyms

CCTA cardiac computed tomography
angiography
EAT epicardial adipose tissue
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the volume or thickness of human epicardial adipose

tissue (EAT) is associated with increased coronary
atheroma burden and the occurrence of major adverse
coronary events.'-3 EAT adjacent to severe atheroscle-
rotic coronary artery disease (CAD) in patients under-
going coronary artery bypass grafting, compared with
EAT abutting nonatherosclerotic coronaries in patients
undergoing aortic or mitral valve replacement, shows
increased MRNA expression of inflammatory cytokine,
vasoconstrictor, prothnrombotic, angiogenic, and pro-
oxidant and antioxidant enzyme genes that are known
to play a role in inflammation-mediated atherogene-
sis,*" as well as increased density of T-lymphocytes
and proinflammatory M1 macrophages, as quantified
by immunohistochemistry.2 More important, hematox-
ylin and eosin histological features of human coronary
arteries embedded in EAT show no fibrous layer next
to the coronary adventitia that would act as a physi-
cal barrier to the passage of molecules between EAT
and the coronary intima and media; furthermore, there
is evidence that microcirculation connects epicar-
dial fat and coronary wall via vasa vasora.® Together,
these physical characteristics make it highly plausible
that there is direct cross talk between the epicardial
fat and coronary arteries. This is the basis for the hy-
pothesis that EAT contributes to underlying CAD for
which a putative mechanism involves bidirectional
molecular and cellular cross talk across the coro-
nary wall, beginning as signaling from intimal plaque
to EAT inside-out followed by outside-in, as originally
suggested by Mazurek et al'® and recently supported
experimentally by Antonopoulos et al!" Despite this
intriguing hypothesis and the well-established correla-
tions between EAT mass and inflammation with CAD,
there is no direct evidence in humans that EAT plays a
causal role in the pathogenesis of CAD, and recently,
some authors report that coronary disease is not as-
sociated with robust alterations in inflammatory gene
expression in human epicardial fat.'”> That said, sur-
gical removal of EAT overlying a segment of the left
anterior descending branch of the left main coronary
artery (left anterior descending coronary artery [LAD])
in an Ossabaw pig model of early-stage CAD inhibits
plague progression.'® Confirmatory experiments have

I n clinical and epidemiological studies, an increase in
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not been reported in other porcine species or other
animal models with CAD.

The myocardial bridge (MB) is a congenital anomaly
in which a segment of the epicardial coronary artery,
almost always the LAD, takes a “tunneled” intramus-
cular course under a bridge of overlying myocardium.'
This causes vessel compression during systole, im-
pacting vessel size in early-mid diastole, resulting in he-
modynamic changes in coronary blood flow that may
be associated with angina pectoris, myocardial isch-
emia, acute coronary syndrome, left ventricular dys-
function, arrhythmias, and sudden cardiac death.!>®
Atherosclerosis typically develops in the epicardial
LAD proximal to the bridge, with maximum plaque bur-
den usually found about 20 mm proximal to bridge en-
trance into the myocardium.” The tunneled coronary
segment is spared.”® Although this interesting phe-
nomenon may result from turbulence and interrupted
laminar flow in the proximal segment of the vessel as
the myocardium compresses the MB segment of the
vessel during systole,'®?° an alternative explanation is
the direct contact between the proximal segment and
EAT, in contrast to the geographic separation of the
tunneled segment from the EAT, thus preventing the
inflammatory cascade that results from free fatty acid
(FFA) stimulation of Toll-like receptors and resultant
proinflammatory cytokine secretion, macrophage acti-
vation, and endothelial dysfunction.?’ Alternatively, en-
dothelial dysfunction and/or atheroma in the proximal
LAD could potentiate adipocyte dysfunction, because
exposure to inflammatory cytokines has been linked
to impaired adipocyte differentiation/fat storage, de-
creased adiponectin secretion, and proinflammatory
phenotype,??~25 which, in turn, would further potentiate
development of atherosclerotic plaque.

The MB could thus be a useful experiment of nature
by which to investigate whether atheroma in the coro-
nary arteries is related to inflammation or other biologi-
cal changes in the adjacent EAT. We hypothesized that
EAT overlying an atheromatous vessel proximal to the
MB would be inflamed compared with EAT overlying the
MB, wherein a nonatheromatous portion of the same
vessel tunnels through the myocardium. We further in-
vestigated whether inflammation in the EAT overlying
the proximal vessel differed according to the degree
of atheroma present in the underlying vessel, and ex-
amined differential expression of microRNAs (miRNASs),
which have been shown to regulate differentiation and
function of both adipocytes and macrophages.?6-3°

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.
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Participants

Participants were recruited from the Stanford
Myocardial Bridge clinic during a preoperative clinic
visit. Eligible participants included individuals aged
>18 years who were scheduled for elective unroofing
surgery of an LAD MB via a sternotomy.®' The study
protocol was approved by the Stanford Internal Review
Board, and written informed consent was obtained by
the study coordinator.

Imaging Studies

Presurgical evaluation for all participants included an
invasive coronary angiogram with intravascular ultra-
sound (IVUS) and a coronary computed tomography
angiogram.

Intravascular Ultrasound

IVUS measurements were performed, as previously
described,®* with a 40-MHz mechanical IVUS cath-
eter (Atlantis SR Pro2; Boston Scientific, Marlborough,
MA), placed as far distally in the LAD as safely pos-
sible. Recordings were obtained during an automated
pullback and at a stationary wire position. Two experi-
enced invasive cardiologists from an independent core
laboratory (Cardiovascular Core Analysis Laboratory
at Stanford University) reviewed all IVUS recordings.
MB was defined as an echo-lucent half-moon (“halo”)
and/or systolic luminal area compression >10%. The
systolic compression of the bridged segment obtained
from the stationary wire position was calculated by the
following equation: 100x (vessel area in diastole—ves-
sel area in systole)/vessel area in diastole. The length
and location of the MB were assessed by the pres-
ence of a halo. The MB halo thickness was measured
in mm. The maximal plaque burden (MPB) was calcu-
lated as follows: (vessel area—lumen area)/vessel area
(%) at the location of the largest plaque.

Cardiac Computed Tomography
Angiography

All cardiac computed tomography angiography (CCTA)
scans were performed as retrospectively ECG-gated
scans of the heart, with slice thickness between 0.6
and 1 mm, and range from the tracheal bifurcation
to the diaphragm. The reconstructed field of view
was individually adjusted to encompass the heart.
The CCTA images were originally acquired on the
Siemens Somatom Definition, Siemens Somatom
Definition Flash (Siemens, Forchheim, Germany), the
GE Lightspeed VCT, and the GE Discovery HD750
(General Electric, Milwaukee, WI). All CCTA image data
were reevaluated for research purposes as part of this
analysis on an external workstation (SyngoVia, VAS0A;
Siemens Medical Solutions, Forchheim, Germany).
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The image quality of all computed tomography scans
was adequate in all cases. Multiplanar and curved ref-
ormations were used for the assessment of MBs in
long- and short-axis planes. The thickness of the epi-
cardial fat was measured above the MB segment as
well as above and below the coronary artery proximal
and distal to MB.

Pericoronary Adipose Tissue Attenuation
as a Measure of Inflammation

Pericoronary adipose tissue (PCAT) attenuation (in
Hounsfield units) was measured systematically from
CCTA, incoronary arteries with distal diameter >2.0 mm,
as outlined in Goeller et al,*3* by blinded expert read-
ers, using semiautomated software (Autoplaque 2.5;
Cedars-Sinai Medical Center, Los Angeles, CA). PCAT
measurements were automatic following delineation
of the coronary vessel wall. In this study, for the LAD,
plaque features and PCAT attenuation were specifically
measured proximal to the MB, over the bridge length,
and distal to the bridge. PCAT attenuation over 3 mm
radius around the vessel wall was used for analysis,
as in previous studies.333% PCAT was expressed as
mean Hounsfield units, in which pure fat values are
—1000 Hounsfield units, and attenuated, or less nega-
tive values, indicate the presence of other soft tissue
components, including collagen and immune cells. The
PCAT has been validated as a measure of inflammation
in humans with and without coronary artery disease.®®

Classification of Atherosclerotic Burden

The MPB in the proximal LAD located 0.8 to 5.6 cm
from the entry of the LAD into the myocardium was de-
termined by IVUS in all participants. The MPB ranged
from a minimum 15.8% to a maximum of 61.8%, with
a mean of 32.0%. MPB tended to cluster into 2 clear
groups above and below 30%. Patients with MPB
>30.0% were thus classified as having moderate-to-
high atherosclerotic plaque burden, and those with
MPB <30.0% were classified as having low atheroscle-
rotic plaque. Subgroups were referred to as “moderate-
high” and “low” atherosclerotic plaque subgroups.

Tissue Harvesting

For consented participants, EAT was harvested intra-
operatively via sharp dissection during the MB unroof-
ing procedure. Three EAT samples (50-200 mg) were
harvested: (1) proximal to where the coronary artery
dipped into the myocardium (proximal EAT); (2) above
the area where the coronary artery traversed the myo-
cardium (bridge EAT); and (3) distal to the MB (distal
EAT). Adipose tissue samples were cleaned of blood in
the operating suite and then flash frozen and stored at
—80°C for later RNA preparation.

J Am Heart Assoc. 2021;10:e021003. DOI: 10.1161/JAHA.121.021003
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RNA Isolation and Purification

Total RNA was isolated using RNeasy Mini Kit (QIAgen),
according to the manufacturer’s instructions. Briefly,
30 mg of fat tissue from each depot was minced and
homogenized. RNA was extracted and column purifi-
cation was performed according to the manufacturer’s
protocol. RNA was eluted, and concentrations and
purities (measured by 280/260 and 260/230 ratios)
were recorded by nanodrop. Purity requirement was a
280/260 absorbance ratio >1.9.

Gene Expression Measured by
NanoString nCounter Array

We preselected 25 genes, including 2 housekeeping
genes, GADPH and cyclophilin' A, which have been
validated as control genes for epicardial fat,®” related
to adipocyte differentiation, thermogenesis, inflamma-
tion, hypoxia, and oxidative stress, to measure using a
custom-Codeset by Nanostring, Inc (Seattle, WA) spe-
cifically for this study. A total of 150 mg of total RNA
from each qualifying sample was applied to the car-
tridge to assay the gene expression. Normalization of
nCounter results was performed using nSolver Analysis
Software Version 2.5 (NanoString Technologies), ac-
cording to the manufacturer’s guidelines. RNA counts
were normalized using the expression of the 2 house-
keeping genes, as previously described.®®

miRNA Expression

miRNA was prepared on total RNA (without ampli-
fication or reverse transcription) using the nCounter
miRNA Sample Preparation Kit, according to the man-
ufacturer’s instructions. Data analysis was performed
by Canopy Biosciences with the nSolver software
from NanoString. Advanced analysis was done with
the Rosalind platform from OnRamp Bioinformatics
(https://www.onramp.bio/). Log2-fold changes of miR-
NAs were calculated against the common reference
sample. Comparisons between EAT depots were ex-
pressed as fold-change depots.

Cytokine Secretion

Supernatants from proximal and bridge epicardial fat
samples were assayed by Luminex using the Human
Adipocyte Panel (catalog No. HADCYMAG-61K; EMD
Millipore Corp, Burlington, MA) and performed by
the Human Immune Monitoring Center at Stanford
University. After 48-hour incubation, assays were
performed according to the manufacturer’s recom-
mendations. Custom Assay Chex control beads were
purchased from Radix Biosolutions (Georgetown, TX),
and added to all wells. Cytokines were expressed as
mean fluorescence intensity and adjusted for total pro-
tein concentration.
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Statistical Analysis

Comparison of participant demographic variables,
adipose tissue variables, and PCAT, according to pres-
ence/absence of significant atherosclerotic plaque,
used unpaired Student ¢ tests, adjusted for age, which
was the only variable that differed between groups.
Comparison of adipose tissue variables in different EAT
depots (proximal versus bridge) used paired Student ¢
tests. Correlational analyses used general linear regres-
sion with formal tests for interaction between variables
of interest and maximum plague burden (moderate-high
versus low plague group). Variables that were not nor-
mally distributed (fibroblast growth factor 21, interleukin
6, and MCP-1 [monocyte chemoattractant protein 1))
were log transformed for both t tests and correlational
analyses. Results are presented as mean+SD. P<0.05
was considered statistically significant.

RESULTS

Twenty-five  participants completed the  study.
Demographic and clinical characteristics are shown
in Table 1. Mean age was 46 years, sex was balanced
equally, and mean body mass index was 28.9 kg/m?. One
participant had type 1 diabetes, and all others were non-
diabetic. Twenty-two of the participants had good quality
RNA from the 2 epicardial depots of interest; proximal to
the MB (proximal EAT) and over the MB (bridge EAT). Fat
harvested from the depot distal to the bridge was small
and RNA of inconsistent quality, and therefore was ex-
cluded from gene expression analyses. All participants
underwent IVUS to quantify atherosclerotic plaque. MPB
ranged from 15% to 62%, with 11 participants qualifying
as having moderate-high atherosclerotic plaque burden
based on prespecified criteria (see Methods). PCAT at-
tenuation was calculated from CCTA on 18 participants: 6
scans were not available for analysis, and 1 was excluded
because of angiographic dye artifact. By design, the aver-
age MPB was significantly greater in the moderate-high
atherosclerotic plaque group versus the low plaque group
(n=14) (48.2+8.0 versus 20.4+3.5; P<0.001). Participants
classified as having moderate-high plaque burden were
older than those with low plaque burden (58+8 versus
42+12; P=0.017); body mass index and sex did not differ
significantly between groups (28.9+5.6 versus 28.9+6.2
kg/m?, and 36% versus 57% female, respectively), nor did
race. A total of 10 and 12 from each group, respectively,
had good quality RNA for comparisons.

PCAT Attenuation by Depot and Plaque
Subgroup

PCAT attenuation was higher (less negative), consist-
ent with inflammation, in the proximal versus the bridge
depots (Figure 1A). Furthermore, PCAT in the proximal
EAT depot was significantly higher in the subgroup
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Table 1. Demographic and Clinical Characteristics of
25 Patients With MB and Quantification of Atherosclerotic
Plaque in LAD, as Measured by IVUS

Characteristic Mean=SD Range
Age, y 4611 22-63
Sex, women/men 12/13

Race/ethnicity, n (%)

White 20 (80)

Hispanic 4(16)

Black 1)
Weight, kg 86.4+20.7 42.7-130.4
Height, cm 172.4+10.1 146-188
BMI, kg/m? 28.9+5.8 19.3-38.6
Fasting blood glucose, mg/dL 97+14 74-142
HbA1lc, % 5.4+0.7 4.8-8.0
Total cholesterol, mg/dL 159.0+36.7 92-234
LDL cholesterol, mg/dL 81.7£27.3 39-146
HDL cholesterol, mg/dL 64.8+£20.6 37-109
Triglyceride, mg/dL 91.0+122.3 23-603
hsCRP, mg/L 1.2+1.0 0.2-3.2
Statin therapy, n 15
ACEI/ARB, n 2
Aspirin, n 15
Current smoker, n 1
Previous smoker >1y, n 11
MPB, % 32.3+15.3 15-62
Location of MPB from myocardial bridge | 25.1+12.3 8.0-56.0
entrance, mm
Location of myocardial bridge entrance 40.2+10.8 24-71
from LAD/circumflex bifurcation, mm*

MB length, mm* 26.5+156.5 3.3-65.0
MB thickness, mm* 0.62+0.27 0.3-1.28

ACEl indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin
Il receptor blocker; BMI, body mass index; HbA1c, hemoglobin Alc; HDL,
high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; IVUS,
intravascular ultrasound; LAD, left anterior descending coronary artery; LDL,
low-density lipoprotein; MB, myocardial bridge; and MPB, maximal plaque
burden.

*Includes measures of multiple MBs from 4 participants with 2 anatomical
MBs and 1 participant with 3 anatomical MBs.

with moderate-high plague than the subgroup with low
plaque (-71.3+6.7 versus —79.6+8.4 HU; P=0.037), and
correlated significantly with MPB (Figure 1B; r=0.60,
P=0.009). There was also a trend toward correlation be-
tween PCAT over the bridge and MPB (=0.42, £=0.089),
as well as a significant correlation between PCAT in the
proximal and bridge EAT depots (=0.65, P=0.004).

Gene Expression According to Plaque
Burden and Relationship to Hypoxia-
Inducible Factor 1a

For each fat depot, gene expression was com-
pared between those with moderate-high and low
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A PCAT Attenuation (mean + SD) in Proximal vs
Bridge Epicardial Adipose Tissue (EAT)
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Figure 1. (A) Pericoronary adipose tissue (PCAT) attenuation is reduced in proximal epicardial adipose tissue versus bridge
adipose tissue in patients with myocardial bridge; (B) PCAT attenuation is reduced in proportion to maximal plaque burden.

HU indicates Hounsfield unit.

atherosclerotic plaque burden, as quantified by IVUS.
As shown in Table 2, age-adjusted expression of in-
terleukin 6 and MCP-1 in proximal EAT was 3- to 5-
fold higher (P<0.005) in the group with moderate-high
plague compared with the group with low plaque, with
significant correlations to MPB (interleukin 6: r=0.53,
P=0.012; and MCP-1: r=0.77, P<0.001). Other inflam-
matory genes showed a similar trend but did not
reach statistical significance. Hypoxia-inducible fac-
tor (HIF) 1a, a marker of hypoxia, was significantly up-
regulated in proximal EAT of the moderate-high plaque
compared with the low-plaque group (P=0.017), and
correlated significantly with MPB (=0.53, P=0.025).
Angiogenic gene expression did not differ in the proxi-
mal EAT between groups, nor did adipogenic, thermo-
genic, or oxidative stress genes. In the proximal EAT
for the total cohort, HIF1a expression correlated highly
with MCP-1 (age-adjusted r=0.88, P<0.001) and inter-
leukin 6 expression (age-adjusted r=0.68, P<0.001), as
well as hypoxia-regulated angiogenic genes, such as
vascular endothelial growth factor (~=0.68, P<0.001)
and platelet-derived growth factor (=0.87, P<0.001)
(Figure 2). Furthermore, expression of interleukin 6
and MCP-1 in proximal EAT was inversely correlated
with adipogenic gene expression in bridge EAT (age-
adjusted r=—0.44 to -0.55 with P<0.05 for adiponec-
tin, adipose tissue triglyceride lipase, perilipin 1 (PLIN1),
perilipin 5 (PLINS), and lipoprotein lipase).

In bridge EAT, individuals with moderate-high plaque
exhibited significant or near-significant downregulation
of virtually all adipogenic genes compared with those
with low plaque (Table 2). Inflammmatory gene expression
in bridge EAT was higher in the moderate-high plaque
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versus the low plague group, and although between-
group comparisons did not reach statistical significance,
the age-adjusted correlation between MPB and
interleukin 6 was statistically significant (=0.51, P=0.17).
Other gene groups did not differ according to plaque
group (and were therefore omitted from Table 2). As in
proximal EAT, HIF1ain bridge EAT was highly correlated
with inflammatory and angiogenic genes, as shown
in Figure 2. Interleukin 6 but not MCP-1 expression
in bridge EAT was modestly inversely correlated with
bridge peroxisome proliferator-activated receptor vy
(=—0.44, P=0.045); P values were borderline for the
remainder of adipogenic genes (0.05-0.09).

Comparison of Gene Expression by Depot
Comparing different depots in the same individuals
allows for investigation of the regional impact of ge-
ographical location (depot comparison) and atheroscle-
rotic plaque (depot comparison in subgroups with high
versus moderate-low plaque burden), independent of
confounders that limit results from comparing 2 sepa-
rate patient groups (eg, those with CAD versus those
without). In the group as a whole, gene expression in
proximal compared with bridge EAT did not differ signifi-
cantly. Among those with moderate-high plaque burden,
however, gene expression in multiple functional groups
differed significantly between depots. Results are shown
in Table 3. Among the participants with moderate-high
atherosclerotic plaque burden, inflammatory genes
MCP-1 and interleukin 6 were upregulated in the proxi-
mal versus the bridge depot. Adipogenesis genes were
also significantly downregulated in the bridge compared
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Table 2. Gene Expression (relative to housekeeping
genes) in Epicardial Fat in Participants With Moderate-High
Versus Low Atherosclerotic Plaque Burden

Participants
with moderate- Participants
high plaque with low
Gene (n=10) plaque (n=12) | P value*
Inflammation proximal fat
Interleukin 61 1420+£1054 402+428 0.001
CCL2-MCP-1t 1703+1188 347+331 0.004
CD68 237+152 196+167 0.26
CD44 366+194 258+138 0.11
Hypoxia proximal fat
HIF1a 812+471 506+£296 0.017
P22PHOX 459+226 372+226 0.20
SOD2 2352+194 1772+952 0.09
Adipogenesis bridge fat
PPARG 138+58.6 216+129 0.107
Adiponectin 19184851 4095+2313 0.009
GLUT4 83+35.9 181+146 0.065
CD36-AP2 3028+1490 5123+2750 0.053
ATGL 6241247 1086+637 0.036
FABP4 13 845+7360 26 418+15 929 0.041
Perilipin 1 1560+1006 342242341 0.038
Perilipin 5 58+24 133+101 0.046
LPL 1246+686 2532+1680 0.044
Inflammation bridge fat
Interleukin 61 121241329 52911077 0.06
CCL2-MCP-1f 682+643 253+158 015
CD68 209+182 167+99.2 0.51
CD44 348+338 2454264 0.58

Data are given as mean+SD. Depot-specific functional gene categories
with no significant differences between plaque subgroups are omitted
from the table. AP2 indicates adipocyte Protein 2; ATGL, adipose tissue
triglyceride lipase; CCL2-MCP-1: monocyte chemoattractant protein-1; CD,
cluster of differentiation; FABP4, fatty acid binding protein 4; GLUT4, glucose
transporter 4; HIF, hypoxia-inducible factor; LPL, lipoprotein lipase; MCP-
1, monocyte chemoattractant protein 1; P22PHOX, NADH oxidase subunit,
phox22; PPARG, peroxisome proliferator-activated receptor y; and SOD,
superoxide dismutase.

*ANCOVA with adjustment for age.

Test for significance done on log value.

with the proximal depot, whereas fibroblast growth fac-
tor 21, a marker of thermogenesis/beige adipose cells,
was significantly downregulated in the proximal versus
the bridge depot. Unlike the participants with moderate-
high atherosclerotic plaque, the 12 participants with
low atherosclerotic plaque demonstrated no significant
depot-related differences in adipogenic/lipogenic or in-
flammatory genes. There were no significant between-
depot differences in expression of other thermogenic
genes (UCP1 [uncoupling protein 1] or peroxisome
proliferator-activated receptor y coactivator 1-a), or
genes related to oxidative stress or angiogenesis.
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Cytokine Secretion

Inflammatory cytokine concentrations, adjusted for
total protein, were 2- to 3-fold higher in the supernatant
from the proximal compared with the bridge depot.
Only 7 participants had paired supernatants available,
limiting ability to attain statistical significance or cor-
relate with atherosclerotic plaque burden, but several
cytokines reached near-significant levels (interleukin 8:
P=0.05; MCP-1: P=0.06), supporting the mRNA find-
ings (Table S1).

miRNA Expression by Depot

A total of 798 miRNAs were evaluated in proximal
and bridge depots. With a filter of 1.25-fold-change
difference and P<0.05 applied, 7 miRNAs showed
significant upregulation or downregulation in proxi-
mal compared with bridge EAT in the cohort as a
whole, as shown in Figure 3. miR 3192-5P, 518D-3P,
and 532-5P were upregulated in proximal compared
with bridge EAT, whereas miR 630, 575, 16-5P, and
320E were downregulated in proximal compared
with bridge EAT. Of these miRNAs, only 630 in bridge
EAT were directly correlated with MPB (age-adjusted
r=0.55, P=0.014). As shown in Figure 4, miR 630 in
bridge EAT was highly significantly inversely corre-
lated with expression of all proximal EAT adipogen-
esis genes (age-adjusted r values, —-0.63 to —-0.68;
P<0.004). miR 630 in proximal EAT was also inversely
correlated with all proximal EAT adipogenesis genes
(age-adjusted r values, —-0.51 to —0.57; P<0.02). The
other 3 miRNAs that were upregulated in bridge EAT
did not correlate with any functional mRNA groups
in bridge or proximal EAT. Similar to miR 630, the
3 miRNAs that were overexpressed in proximal EAT,
miR 3192-5P, 518D-3P, and 532-5P, demonstrated
significant age-adjusted inverse correlations with all
9 adipogenic genes in proximal EAT, with r values
of —=0.50 to -0.67, and P<0.01, as well as with an-
giogenesis genes (vascular endothelial growth factor:
r=-0.51 to -0.76, P<0.001 to 0.01; platelet-derived
growth factor: r=-0.48 to -0.71, P<0.001 to 0.027),
hypoxia/oxidative stress genes (HIF1a: r=—0.49 to
—-0.53, P=0.01 to 0.026; superoxide dismutase 2:
r=-0.45, P=0.04; NADH oxidase subunit, phox22:
r=-0.44 to -0.58, P=0.001 to 0.045), and a single
thermogenesis gene, PCGla (=-0.59 to -0.67,
P=0.001 to 0.009) (Figure 5). miR 3192-5P and 532P
were also inversely correlated with HIF1a (=-0.49
to —-0.53, P=0.01 to 0.026). In bridge EAT, these 3
miRNAs were not significantly correlated with any
functional gene groups. All 4 miRNAs that correlated
inversely with adipogenic gene expression in proxi-
mal EAT (miR 630, 3192-5P, 518D-3P, and 532-5P)
were highly intercorrelated, with r values from 0.70 to
0.89, and P<0.001.
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Figure 2. Age-adjusted correlations between hypoxia-inducible factor (HIF) 1a and inflammatory and angiogenic gene

expression in bridge and proximal epicardial adipose tissue.

IL6 indicates interleukin-6; MCP1, monocyte chemoattractant protein 1; PDGF, platelet-derived growth factor; and VEGF, vascular

endothelial growth factor.

DISCUSSION

To our knowledge, this is the first study to compare
physical and molecular differences in the epicardial fat
from different depots in the same patients with MB, in
which the proximal LAD is prone to developing ath-
erosclerotic plaque, whereas the bridged segment of
the LAD, which tunnels through the myocardium and
is therefore not in direct contact with the epicardial fat,
remains plaque free. We hypothesized that the EAT
overlying the proximal coronary artery would exhibit
signs of inflammation, oxidative stress, and impaired
adipocyte function, in contrast to the EAT overlying the
bridge, in which there was no direct contact between
coronary artery and epicardial fat.

The results of the current study clearly demonstrate
that in individuals with MB, inflammation is increased
in proximal EAT compared with bridge EAT but only
among those with high atherosclerotic plaque burden.
Inflammation was demonstrated by both physical char-
acteristics (computed tomography attenuation of the
pericoronary fat) and molecular characteristics (NRNA
expression and secreted cytokines). More important,
computed tomography attenuation of the pericoronary
fat, indicating inflammation, bore a strong relationship
to the degree of plaque burden, consistent with the
hypothesis that inflammation in epicardial fat is related
to the atherosclerotic process in the adjacent vessel.
mRNA analysis of epicardial fat also demonstrated
significant upregulation of key inflammatory genes
in relationship to degree of plaque burden. Secreted
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inflammatory cytokines were also higher in the su-
pernatants from proximal compared with bridge fat,
although the number with available supernatant was
too small to correlate with degree of plaque burden.
The fact that inflammation was increased in proximal
versus bridge fat only in the setting of atherosclerotic
plague indicates that rather than geographical loca-
tion per se,® inflammation is related to signals derived
from the process affecting the atherosclerotic vessel:
endothelium-derived secreted factors, effects of ac-
tivated immune cells, or hypoxia related to impaired
blood flow. Furthermore, obtaining tissues from the
same individuals as their own control eliminates po-
tential confounding from interindividual factors, such
as metabolic syndrome or systemic inflammation, that
might account for observed differences in the epicar-
dial fat between patients with or without atheroscle-
rotic cardiovascular disease, and makes a strong case
for regional variation in EAT inflammation as a function
of proximity to atherosclerotic plaque. Thus, the cur-
rent results extend prior studies demonstrating inflam-
mation in epicardial fat compared with subcutaneous
fat of individuals undergoing coronary artery bypass
grafting*51° and higher inflammation in epicardial fat
obtained from individuals with versus without CAD.8-36
Whether inflammation in the epicardial fat overlying a
vessel with plaque is cause or consequence cannot be
determined from this study. However, if inflammation in
EAT was a primary driver of atherosclerosis, it would
not likely be restricted to the subset of individuals
who demonstrated higher plaque burden. Thus, our
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Table 3. Expression (relative to housekeeping genes) of Genes by Depot in Epicardial Fat in Individuals With Moderate-

High Plaque Versus Low Atherosclerotic Plaque Burden

Participants with moderate-high plaque (n=11) Participants with low plaque (n=14)
Gene group Proximal EAT Bridge EAT P value’ Proximal EAT Bridge EAT P value’
Inflammation
Interleukin 61 1420+1054 121241329 0.03 402+428 529+1077 0.17
CCL2-MCP-1t 1703+1189 682+643 <0.03 347+331 253+158 0.27
CD68 237+1562 209+182 0.66 195+167 167+99.2 0.55
CD44 366+194 348+338 0.99 258+138 2451264 0.88
Adipogenesis
PPARG 258+137 138+58.6 0.029 2544175 216+129 0.49
Adiponectin 4372+2402 1918+851 0.014 5227+4518 4095+2313 0.38
GLUT4 161+£97.3 83+35.9 0.005 206+185 1811146 0.70
CD36-AP2 4850+£2837 3028+1490 0.04 5679+4215 5123+2750 0.63
ATGL 1322+626 624247 0.003 1631+1291 1086+637 017
FABP4 25 578+15 851 13 845+7360 0.049 32 917+29 223 26 418+15 929 0.35
Perilipin 1 3908+2275 1560+1006 0.011 4737+3761 34222341 0.28
Perilipin 5 162+80.9 58+24 0.006 2224235 133+101 017
LPL 2756+1808 1246+686 0.039 2590+1944 2532+1680 0.93
Thermogenesis
UCP1 30.5+14.3 28.3+11.9 0.65 28.6+9.9 35.0+28.3 0.44
FGF21t 15.8+1.6 24.9+1041 0.03 19+9.8 22.7:11.4 0.10
PGC1a 37+16.2 39.5+14.5 0.73 41.9+19.6 56.9+62.5 0.48
Hypoxia/oxidative stress
HIF1a 812471 805+868 0.92 506+296 628+718 0.57
P22PHOX 459+226 360+246 0.50 372+226 329+182 0.55
P47PHOX 155+114 124+66.4 0.68 98.8+63.6 90.7+35.0 0.42
SOD2 2352+1326 2711£3883 0.77 1773+952 2402+3378 0.51
Angiogenesis
PDGF 46.1+£19.6 42.7+281 0.58 39.2+21.6 35.1+13.9 0.56
VEGF 346+175 297+296 0.61 347+226 341+275 0.96

Data are given as mean+SD. AP2 indicates adipocyte Protein 2; ATGL, adipose tissue triglyceride lipase; CCL2-MCP-1, monocyte chemoattractant protein-1;
CD, cluster of differentiation; EAT, epicardial adipose tissue; FABP4, fatty acid binding protein 4; FGF21, fibroblast growth factor 21; GLUT4, glucose transporter
4; HIF, hypoxia-inducible factor; LPL, lipoprotein lipase; MCP-1, monocyte chemoattractant protein 1; P22PHOX, NADH oxidase subunit, phox22; P47PHOX,
neutrophil cytosol factor 1; PDGF, platelet-derived growth factor; PGC1a, peroxisome proliferator-activated receptor y coactivator 1-a; PPARG, peroxisome
proliferator-activated receptor y; SOD, superoxide dismutase; UCP1, uncoupling protein 1; and VEGF, vascular endothelial growth factor.

*Paired Student t test.
Test for significance done on log-transformed value.

findings are consistent with the inside-to-out hypothe-
sis in which changes in the atherosclerotic artery lead
to inflammation in adjacent EAT, which, in turn, may
further contribute the pathogenesis of plaque and/or
plaque destabilization.

The significantly higher expression of HIF1a, the
driver of hypoxia-mediated cellular responses, in the
proximal EAT of those with higher plaque burden, and
the robust association between HIF1a and inflamma-
tory cytokine expression, points to regional hypoxia
as a potential mechanism linking atherosclerosis to in-
flammation within the epicardial fat. Hypoxia has been
clearly related to regional inflammation in adipose tis-
sue in animals,*® and has been demonstrated, along
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with decreased capillary density and increased clus-
ter of differentiation 68 expression, in the subcutane-
ous adipose tissue of obese versus lean individuals,*!
leading some to hypothesize that in obesity, adipose
mass exceeds available capillary blood supply, leading
to hypoxia and inflammation. In the current study, the
observation that HIF1a was selectively upregulated in
relation to plaque burden points to regional ischemia,
endothelial dysfunction, inflammation, and/or other
paracrine or mechanical factors related to the athero-
sclerotic process, rather than obesity and adipocyte
hypertrophy per se. Furthermore, HIF1a was robustly
associated not only with inflammatory but also with
angiogenic gene expression, pointing to stimulation of
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Figure 3. Volcano plot demonstrating 7 differentially expressed microRNAs (miRNAs) in proximal

vs bridge epicardial adipose tissue.

Table on right shows fold change in proximal relative to bridge depot.

neoangiogenesis that extends to the vasa vasorum of
the coronary arteries, facilitating cross talk between
the EAT and vasculature via transport of adipose tis-
sue macrophages and secreted factors that promote
plaque progression.>#3 Indeed, plague neoangio-
genesis is associated with plague progression and
intraplaque hemorrhage, which is thought to arise
from the vasa vasorum.*® Thus, although the cur-
rent data point to an inside-out relationship between

atherosclerotic plaque and EAT inflammation, it is plau-
sible that the relationship is bidirectional.

Contrary to our hypothesis that adipocyte function
would be impaired in the proximal fat depot as a result
of higher inflammation, we found a striking downreg-
ulation of all adipogenic genes in the fat overlying the
bridge compared with the proximal EAT depot: this
downregulation, however, was restricted to the sub-
group with moderate-high atherosclerotic plaque. The
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Figure 4. Age-adjusted correlations between miR 630 in bridge and proximal epicardial adipose tissue and adipogenic

gene expression in proximal epicardial adipose tissue.

ATGL indicates adipose tissue triglyceride lipase; FABP4, fatty acid binding protein 4; GLUT4, glucose transporter 4; and PPARG,

peroxisome proliferator-activated receptor y.
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miRNAs upregulated in proximal vs bridge epicardial fat (epicardial adipose tissue [EAT]) include 3192-5P,
518D-3P, and 532-5P, which correlated inversely with mRNA expression for adipogenesis, angiogenesis,
hypoxia/oxidative stress, and thermogenesis in proximal EAT. miRNAs upregulated in bridge EAT included
630, which correlated directly with plaque burden and inversely with adipogenic gene expression in both
proximal and bridge EAT. AP2 indicates adipocyte Protein 2; ATGL, adipose tissue triglyceride lipase;
CD836, cluster of differentiation 36; FABP4, fatty acid binding protein 4; GLUT4, glucose transporter 4;
LAD, left anterior descending coronary artery; LPL, lipoprotein lipase; P22PHOX, NADH oxidase subunit,
phox22; PDGF, platelet-derived growth factor; PGC1-a, peroxisome proliferator-activated receptor y
coactivator 1-a; PPARG, peroxisome proliferator-activated receptor y; SOD, superoxide dismutase; and

VEGF, vascular endothelial growth factor.

other 3 subgroups (proximal EAT with/without plaque
and bridge EAT without plague) demonstrated similar
gene expression, pointing to specific downregula-
tion in bridge EAT related to the high plaque burden.
Expression of adipogenic genes in bridge EAT was in-
versely correlated with inflammatory gene expression
in proximal, and to a lesser extent, bridge EAT, pointing
to a paracrine or downstream effect of secreted fac-
tors from inflamed proximal EAT. These findings extend
abundant prior literature demonstrating that inflamma-
tion can induce adipocyte dysfunction®®-42 and are in
keeping with recent studies on human epicardial fat by
Antonopoulos et al.*® Decreased expression of genes
related to adipocyte differentiation and FFA uptake/
storage also indicates that release of FFA is higher,
which may lead to cardiac (myocardial) steatosis, or
alternatively, may increase FFA supply in response to
increased energy demands in the setting of ischemia.
The notion that adipose tissue remodeling, including in-
flammation, angiogenesis, and altered adipocyte func-
tion, is an adaptive response to adipose tissue stress

J Am Heart Assoc. 2021;10:e021003. DOI: 10.1161/JAHA.121.021003

has gained traction in recent years.**=*" Adipogenesis
is tightly coupled to angiogenesis,*' and while in vitro,
inflammatory cytokines impair adipose differentiation
and fat storage, in vivo, inflammation has also been
shown to be essential and adaptive for adipose tissue
remodeling and metabolic health.® Signals determin-
ing these coordinated responses to adipose tissue
stressors, such as hypoxia and/or lipotoxicity, have
not been fully elucidated but likely include transcription
regulators, such as HIF1a and peroxisome proliferator-
activated receptor y. Thus, it is important to consider
that the current findings pointing to inflammation, an-
giogenesis, and impaired adipogenic gene expression
in the setting of atherosclerotic plague may point not
only to a pathologic process in EAT, but also may re-
flect an adaptive process.

In addition to transcription factors, such as HIF1a
and peroxisome proliferator-activated receptor v, that
may coordinate multicellular responses to regional
adipose tissue stressors, recent interest has focused
on miRNAs, small noncoding RNAs that regulate
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translation of mMRNA to >60% of all proteins. These
molecules may serve as a signal between atheroma
and adipose tissue.*® Abundant literature supports a
role for miRNA in regulating adipogenesis®®4° as well
as cross talk between immune and adipose cells.®°
miRNA analysis in this study uniquely compared ex-
pression in the 2 epicardial fat depots that differed
not only in geographic location, but also with respect
to proximity to atherosclerotic plaque. We identified
7 miBRNAs that were differentially expressed between
depots. One mMIRNA was significantly associated
with plaque burden: miR 630. This miRNA, which
was highly associated with 3 other miRNAs that all
inhibited adipogenesis, is known to be upregulated
by hypoxia,®" and has been noted in the literature to
inhibit endothelial-to-mesenchymal transition in which
sheer stress or hypoxia in a vessel leads perivascu-
lar endothelial cells to dedifferentiate to mesenchymal
cells, which in turn can differentiate into fibroblasts,
myofibroblasts, mural cells, osteoblasts, chondro-
cytes, and adipocytes,5?%8 likely contributing to tis-
sue remodeling and adaptation. The novel finding
presented in the current study, that atherosclerotic
plaque is positively associated with miR 630, which,
in turn, appears to broadly inhibit adipogenesis in EAT,
points to miR 630 as a novel molecule to explore as a
determinant of adipose tissue remodeling in the pres-
ence of hypoxia and inflammation. Three other miR-
NAs, 3192-5P, 518D, and 532-5p, which were highly
intercorrelated with each other and with miR 630,
were upregulated in proximal relative to bridge EAT,
and like miR 630, were significantly inversely associ-
ated with virtually all adipogenic genes in the proximal
depot, as well as with PCG1a, a cofactor for peroxi-
some proliferator-activated receptor y stimulation and
a key player in lipid metabolism, HIF1a, and genes re-
lated to oxidative stress and angiogenesis. In light of
prior reports that consistently reveal miRNA to play a
role in regulating adipogenesis,?®484° the finding that
adipogenic genes were downregulated as a group in
relationship to miRNA expression in adipose tissue is
not unexpected. The miRNAs shown to downregulate
adipogenesis in the current study, however, have not
previously been linked to adipocyte differentiation or
function, and prior studies have been done under ex-
perimental conditions with preadipocytes in culture.
Thus, the human data presented herein reveal a novel
and potentially important role for miR 3192-5P, 518D,
532-5p, and 630 in regulating adipocyte differentia-
tion in vivo, and point to their potential as key media-
tors between atherosclerosis, hypoxia, inflammation,
and adipocyte dysfunction, as illustrated in Figure 5.
It is necessary to point out that inhibition of genes
related to adipocyte differentiation and FFA uptake
and storage may not necessarily be maladaptive, as
in the setting of hypoxia, release of FFA from adipose
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tissue may provide needed fuel to minimize ischemic
damage to the myocardium. Further research is war-
ranted to delineate the role of these miRNAs in human
cells and their potential as novel therapeutic targets
for metabolic and cardiovascular disease.

The current study has several strengths and lim-
itations. A major strength is the examination of mMRNA
and miRNA from 2 depots of EAT from the same indi-
vidual that uniquely includes one depot that is adjacent
to the coronary artery and another depot that is not.
Furthermore, this is the first study with the ability to dis-
criminate between geographic location per se and the
presence of atherosclerotic plaque in relationship to the
inflammation and gene expression in EAT, compared
with studies comparing EAT in 2 groups of patients
according to presence/absence of atherosclerotic car-
diovascular disease. Having target mRNA quantified in
the same samples from which miRNA was prepared
allows for real measurement of target gene regulation
by miRNAs compared with estimates from databases.
The results presented cannot necessarily be extrap-
olated to atherosclerotic heart disease in general, as
all of our participants had MB. Future studies should
examine these relationships in other patient groups,
such as those with obesity, diabetes, and traditional
atherosclerotic cardiovascular disease. We identified
several miRNAs as potential regulators of adipogen-
esis, as well as thermogenesis and hypoxia/oxidative
stress, that differed by either geographical location or
plague burden. The results presented are correlational,
however, and cannot prove causality, so additional ex-
perimental studies (eg, RNA silencing) should be done
to confirm miRNA regulation of target genes related to
adipocyte function.

In summary, the forgoing data suggest that plaque
burden rather than geographical location per se is a
determinant of the adjacent EAT structural and molec-
ular characteristics, including hypoxia, inflammation,
and impaired adipogenesis. These results are consis-
tent with the well-established response to lipoprotein
retention hypothesis that atheroma starts in the intima
and then media, not in the fat around the adventitia.5*
Atheroma-related hypoxia in the adjacent epicardial fat
attributable to changes in the coronary microcircula-
tion supplying the epicardial fat may incite inflamma-
tion, which, in turn, impairs adipocyte function, and
promote angiogenesis, both of which may contribute
to plaque progression in a bidirectional manner via in-
creased circulation of inflammatory immune cells and
cytokines from EAT back to the large vessels. miRNA
signals, most notably miR 630, are another likely me-
diator between atheromatous plaque, regional hy-
poxia, and adipocyte function. Although the current
results cannot confirm causality, they reveal new find-
ings about the physiological processes that occur in
the epicardial fat in association with atherosclerotic
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plague, and highlight several molecules that may me-
diate these relationships.
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SUPPLEMENTAL MATERIAL



Table S1. Inflammatory cytokine concentrations in supernatant of proximal versus bridge

epicardial adipose tissue (n=7)

Cytokine in Proximal EAT Bridge EAT p-value*
Supernatant

NGF 11.24 + 10.85 43+438 0.18

IL6 2491 + 2767 1198 + 541 0.23

IL8 9651 + 7628 3148 + 2764 0.05
MCP-1 8706 + 7508 2155 + 1654 0.06
TNF 7.98 +5.23 4.40 + 3.59 0.16
IL1B 4.23 + 4.68 153+1.14 0.18

*paired t-test performed on log-transformed values
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