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ABSTRACT

Background: Non-alcoholic fatty liver disease
(NAFLD) is the hepatic manifestation of metabolic
syndrome and coronary artery disease (CAD) is the
cardiac manifestation of metabolic syndrome. NAFLD is
strongly linked to CAD and hepatic steatosis is an
independent risk factor for CAD and cardiac mortality.
The pathogenic mechanism underlying this association
remains poorly understood. In this study, we explored
expression of circulating microRNAs (miRNAs) in
patients with NAFLD and associated CAD.

Results: When compared to patients with NAFLD
without CAD, patients with NAFLD and CAD had lower
circulating levels of miR-132 (0.24+0.16 vs 0.30+0.11,
p=0.03), while the circulating levels of miR-143 were
higher (0.96+0.90 vs 0.64+0.77, p=0.02). The levels in
circulation demonstrated trends opposite to previously
observed intracellular levels in patients with CAD.

In obese patients with NAFLD, lower circulating levels
of miR-145 (1.42+1.00 vs 2.41+1.80), miR-211 (41.26
+20.40 vs 57.56+25.45), miR-146a (2.13+1.40 vs 2.90
+1.36) and miR-30c (6.92+4.99 vs 11.0£6.92) were
detected when compared to lean patients with NAFLD.
For miR-161 (0.59+1.19 vs 0.15+0.14) and miR-241
(0.28+0.29 vs 0.16+0.13), higher circulatory levels
were detected in the obese patients with NAFLD. These
observations suggest altered circulating levels of
miRNAs that may serve to balance intracellular levels of
miRNA in target tissues. Additional studies examining
paired samples of target and producing tissues as well
as respective plasma samples will help delineate the
regulatory circuits governing the secretion and the
uptake of miRNA in multitissue diseases.

BACKGROUND

MicroRNAs (miRNAs) are a large class of
evolutionarily conserved non-coding RNAs.
In mammals, miRNAs function as critical
post-transcriptional regulators of a number
of biological processes such as cell growth,
tissue differentiation, cell proliferation,
embryonic development and apoptosis.' ?
About 1-4% of the protein-encoding loci in
the human genome also encodes one or
more miRNAs. A single miRNA can regulate

What is already known about this subject?

» Non-alcoholic fatty liver disease (NAFLD) is
strongly linked to coronary artery disease (CAD)
and hepatic steatosis is an independent risk
factor for CAD and cardiac mortality.

» The pathogenic mechanism underlying associ-
ation between CAD and NAFLD remains poorly
understood.

» Circulating, cell-free microRNAs (miRNAs) are
attractive due to high stability in plasma, associ-
ation with disease states and ease of sensitive
measurement.

» Little is known about the origin of circulating
miRNAs in either healthy or sick people or what
factors influence levels of circulating miRNA
biomarkers.

What are the new findings?

» This study examines the circulating levels of
miRNA as a possible pathogenic route that
explains the underlying association of NAFLD
and CAD.

» The study shows an opposite trend in levels of
circulating miRNA than previously reported intra-
cellular levels in the tissues affected by patho-
genic conditions.

» These observations suggest altered circulating
levels of miRNAs may serve to balance intracel-
lular levels of miRNA in target tissues.

» The findings suggest circulating miRNA as a link
between multi-tissue crosstalk.

How might it impact on clinical practice in

the foreseeable future?

» Altered miRNA secretion or uptake in pathogenic
conditions may determine the adaptive response
of the body to pathophysiological process.

» miRNA maybe indicators of multi-organ
crosstalk.

» Targeted search for biomarkers in complex dis-
eases like NAFLD need to consider influence of
multiple peripheral tissues such as liver, vascu-
lature and adipose participate in secretion driven
regulatory milieu.

as many as 200 cognate mRNAs. Altered
miRNA expression can thus influence
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development and progression of a variety of patho-
physiological processes.” >

Recently, circulating miRNAs have received increased
attention as potential diagnostic and prognostic biomar-
kers that could be accessed in minimally invasive way.* °
Several studies have examined their levels in a number
of chronic diseases, including chronic liver disease.”™
Serum miR-21, miR-122 and miR-223, for instance, have
been shown to be elevated in patients with hepatitis B
virus-related hepatocellular carcinoma and/or chronic
type B hepatitis. These miRNAs have also been proposed
as diagnostic biomarkers for liver injury and potential
target for treatment.'”

Unexpected stability of miRNAs in circulation hints at
the presence of a signalling pathway in which miRNAs
are selectively secreted by one cell and taken up by a
distant, target cell, possibly to regulate gene expression.
This intriguing idea of circulating miRNAs regulating
distant cell-to-cell communication has been intensively
investigated. Studies have also discovered an abundance
of stable and functional miRNAs in other biological
fluids including urine, tears, saliva and cerebrospinal
fluid (CSF)."" '* However, the origin and the function of
these circulating extracellular miRNAs remain poorly
understood. Studies exploring the selective secretion
and uptake of miRNA from tissues are also lacking.

Non-alcoholic fatty liver disease (NAFLD) is the
hepatic ~manifestation of metabolic  syndrome."”
Pathologically, NAFLD represents a spectrum ranging
from steatosis (fatty liver) to steatohepatitis, fibrosis and
cirrhosis.'* The progression of NAFLD to cirrhosis and
its complications is dependent on its histological sub-
types and a number of other known and unknown
factors.'”” In a similar fashion, coronary artery disease
(CAD) is the cardiac manifestation of metabolic syn-
drome.'® NAFLD is strongly linked to CAD and hepatic
steatosis is an independent risk factor for CAD'"™'Y and
cardiac mortality.?’ The pathogenic mechanism under-
lying this association remains poorly understood. It is
possible that miRNAs can provide some information
about this elusive link.?'23 Therefore, in this study, our
aim was to quantify the circulating levels of 42 prese-
lected miRNAs in patients with NAFLD and associated
CAD. The miRNA examined in this study have been
shown to be dysregulated in metabolic syndrome in pre-
vious studies.

METHODS

Sample collection

This study has been approved by Internal Review Board
of Inova Fairfax Hospital. After informed consent, blood
samples were collected from patients undergoing elective
coronary angiography. In each sample, plasma was sepa-
rated and processed by standard procedure, then imme-
diately flash frozen in liquid nitrogen and added to the
repository of specimens stored at —80°C. The samples
were deidentified in compliance with Health Insurance

Portability and Accountability Act (HIPAA) regulations.
Clinical data were available for all the samples and
included presurgery fasting measurements of the
glucose, serum aminotransferases (alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST)) and
lipid panel. None of the included participants reported
to have consumed alcohol in excess (>10g/day in
women and >20 g/day in men) in the past 5 years.

Diagnosis of NAFLD

For each patient, a hepatic ultrasound was performed
just prior to cardiac angiography for the presence of
NAFLD. The ultrasound was read by a single radiologist
for the presence and severity of hepatic steatosis. Other
causes of chronic liver disease (CLD) were excluded by
history or blood testing. Diagnosis and severity of sten-
osis/CAD was determined by a cardiologist based on the
number of diseased proximal arterial segments.**

RNA extraction and cDNA synthesis

Total RNA was extracted from plasma using miRNeasy kit
(Qiagen) according to manufacturer’s protocol, then
converted to cDNA using Universal cDNA Synthesis kit
(Exiqon, Denmark). For each reaction, 4 pl of total RNA
isolated from 250 pl of plasma was used. Tissue and
pathway-specific miRNAs (42 miRs) dysregulated in meta-
bolic syndrome were shortlisted from literature; custom
plates were designed using LNA-based primers (Exiqon).

Quantitative PCR

Quantitative PCR was performed using SYBR Green
master mix (Exiqon). A total of 10 uL of the reaction
mix (1:1 ratio of 50x diluted cDNA and 2x SYBR Green
PCR Master Mix) was added to each well according to
manufacturer’s  instructions  (Exiqon, = Denmark).
Amplification was performed on the CFX96 thermocy-
cler (Bio-Rad) using cycling parameters recommended
by Exiqon (95°C for 10 min followed by 45 cycles of 95°
C for 10s and 60°C 60 s at a ramp rate of 1.6°C/s). A
melting curve analysis (60-99°C) was performed after
the thermal profile to ensure specificity in the
amplification.

To determine the technical variation between the
plates, the interplate calibrator (IPC) (UniSp3) analysis
was performed. IPC (UniSp3) levels were highly similar
among the samples with threshold cycle (Ct) values of
21.01+4.2. RNA-spike-in control (UniSp6) was used as
the ¢cDNA synthesis control. UniSp6 levels were highly
similar among the samples with Ct values of 22.19+6.74.
After global normalisation, group-wise comparisons
of overall miRNA patterns were carried out. Ct values
>3b were considered to be below the detection level of
the assay.

Data analysis

All analyses were performed using SAS V9.3 (SAS
Institute, Cary, North Carolina, USA). Demographic and
clinical variables of study patients were assessed using
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mean (+SDs) for continuous variables and frequencies
(percentages) for categorical variables. Simple compari-
sons of continuous variables by NAFLD status were per-
formed with non-parametric Wilcoxon tests and
categorical variables with y® tests. The correlation
between continuous variables was assessed using
Pearson’s correlation coefficient. Significance level was
defined as two-sided p<0.05.

Table 1 Demographic and clinical variables in the cohort
examined for expression of circulating miRNAs

Demographic and clinical Mean (SD) (N=44) or

variables N (%)

Age (years) 62.50+9.60
BMI 29.92+4.76
ALT (U/L) 25.50+13.75
AST (U/L) 21.65+8.31
GGT 22.96+17.39
WCC (10%/uL) 9.26+13.79
Platelet (10%/uL) 215.91+48.51
Glucose (mg/dL) 137.12+92.47
Triglycerides (mg/dL) 113.40+53.60
Total cholesterol (mg/dL) 150.73+31.88
LDL (mg/dL) 80.90+28.21
HDL (mg/dL) 43.40+14.72
Gender—male 39 (88.6%)
Race—white 40 (90.9%)

CAD with NAFLD 32 (72.7%)

Values are presented as mean and SD or percentages, where
appropriate.

ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BMI, body mass index; CAD, coronary artery disease; GGT,
v-glutamyl transferase; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; miRNA, microRNA; NAFLD, non-alcoholic
fatty liver disease; WCC, white cell count.

RESULTS
miRNA concentrations were measured in the plasma
samples collected from 44 patients with NAFLD and
with or without CAD. Clinical and demographic
characteristics of these patients are summarised in
table 1.

Our results show that two miRNA species, miR-16
(reported to be enriched in red blood cells) and
miR-223 (reported to be enriched in myeloid blood
cells), were the most abundant in plasma. Interestingly,
circulating levels of miR-122, a liver-specific miRNA, was
also detected in patients with NAFLD (6.33+5.98).

miR-143 and miR-132 as markers of CAD

Comparison of patients with NAFLD and angiography-
confirmed CAD (N=32) to those with NAFLD and
without CAD (N=12) showed significant difference in
circulating levels of miR-143 and miR-132. miR-132 had
a lower expression in patients with NAFLD and CAD
when compared to those without CAD (0.24+0.16 vs 0.30
+0.11, p=0.03) and miR-143 had a higher expression in
patients with NAFLD and CAD when compared to those
without CAD (0.96+0.90 vs 0.64+£0.77, p=0.02).
Confounders such as body mass index (BMI, kg/m?)
and age (years) were not statistically different in these
patients (p>0.05; table 2).

miRNA expression in plasma from patients with varying
degree of obesity

To determine whether BMI independently influences
the levels of circulating miRNAs, patients were grouped
according to their BMI. Among the cohort, 20 patients
were obese with BMI >30, and 24 patients had normal
weight (lean) with BMI <26.46. The percentages of the
lean and the obese patients with angiography-confirmed
diagnosis of CAD and ultrasound-determined NAFLD

Table 2 Comparison of clinical variables and miRs in patients with NAFLD with and without cardiovascular disease

NAFLD with CAD (N=32) NAFLD without CAD (N=12) p Value

Age (years) 64.22+8.23 57.92+11.74 0.14
BMI (kg/m?) 29.92+4.73 29.93+5.06 0.95
WCC (10%/uL) 9.89+16.16 7.58+1.86 0.55
Platelet (10%/uL) 207.31+42.93 238.83+56.73 0.07
Glucose (mg/dL) 138.27+95.05 146.75+88.95 0.25
ALT (U/L) 27.37+15.27 20.83+7.55 0.15
AST (U/L) 22.39+8.33 19.75+8.32 0.23
Triglycerides (mg/dL) 107.39+46.43 128.92+68.74 0.39
LDL (mg/dL) 80.31+29.63 82.45+25.34 0.70
Total cholesterol (mg/dL) 151.50+33.55 148.64+28.18 0.77
HDL (mg/dL) 44.52+15.10 40.50+13.87 0.45
Gender (male) 27 (84.4%) 12 (100.0%) 0.1458
miR-132 0.24+0.16 0.30+0.11 0.039
miR-143 0.96+0.90 0.64+0.77 0.028

p<0.05 is considered significant. Values are presented as mean and SD.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CAD, coronary artery disease; GGT, y-glutamyl
transferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; miR, microRNA; NAFLD, non-alcoholic fatty liver disease;

WCC, white cell count.
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Table 3 Comparison of clinical variables and miRs in patients with BMI >30 and in patients with BMI <30

Obese (N=20) Lean (N=24) p Value
Age (years) 61.05 (8.82) 63.71 (10.23 0.3047
BMI (kg/m?) 34.08+3.48 26.46+2.22 <0.0001
WCC (10%/uL) 12.17+20.27 6.83+1.68 0.0527
Platelet (10%/uL) 221.75+45.73 211.04+51.16 0.4477
Glucose (mg/dL) 176.65+120.32 101.18+27.47 0.0270
ALT (U/L) 24.10+10.07 26.77+16.55 0.9800
AST (U/L) 20.30+7.64 22.83+8.86 0.2522
Triglycerides (mg/dL) 134.26+62.94 96.88+38.74 0.0352
LDL (mg/dL) 74.50+27.61 86.14+28.23 0.1612
Total cholesterol (mg/dL) 149.53+36.89 151.77+27.69 0.5594
HDL (mg/dL) 41.95+17.04 44.54+12.85 0.2929
Gender (male) 18+90.0% 21+87.5% 0.7947
CAD/NAFLD status: N (%)
CAD and NAFLD 14 (70.0%) 18 (75.0%) 0.7108
Only NAFLD 6 (30.0%) 6 (25.0%) 0.7108
miR-145 1.42+1.00 2.41+1.80 0.03
miR-161 0.59+1.19 0.15+0.14 0.03
miR-211 41.26+20.40 57.56+25.45 0.03
miR-241 0.28+0.29 0.16+0.13 0.03
miR-146a 2.13+1.40 2.90+1.36 0.04
miR-30c 6.92+4.99 11.00+6.92 0.02

p<0.05 is considered significant. Values are presented as mean and SD.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CAD, coronary artery disease; GGT, y-glutamyl
transferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; miR, microRNA; NAFLD, non-alcoholic fatty liver disease;

WCC, white cell count.

were similar (p>0.05) (table 3). Among the metabolic
features, triglyceride levels (mg/dL) (134.26+62.94 vs
96.88+38.74, p=0.035) and fasting glucose levels (mg/dL)
(176.65+120.32 vs 101.18+27.47, p=0.027) were signifi-
cantly higher in obese patients, while ALT and AST
levels were similar (table 3).

In obese patients with NAFLD, lower circulating levels
of miR-145 (1.42+1.00 vs 2.41+1.80), miR-211 (41.26
£20.40 vs 57.56+25.45), miR-146a (2.13£1.40 vs 2.90
+1.36) and miR-30c (6.92+4.99 vs 11.0+6.92) were
detected when compared to lean patients with NAFLD.
For miR-161 (0.59+1.19 vs 0.15+0.14) and miR-241 (0.28
£0.29 vs 0.16+0.13), higher circulatory levels were
detected in the obese patients (table 3).

Correlation analysis of miRNAs with the clinical data

The levels of miR-99a and miR-122 positively correlated
with ALT and AST levels (see online supplementary
table 1). Plasma concentrations of miR-211 correlated
with AST levels only, while levels of miR-16, miR-211a,
miR-29¢, miR-320a and miR-133a negatively correlated
with serum triglyceride levels. For several miRs, circulating
levels were negatively correlated with total cholesterol
levels (miR-7, miR-93, miR-98, miR-161, miR-191, miR-195,
miR-203, miR-425, miR422, miR-200a and miR-519d),
while for other five miRs, namely miR-23b, miR-199a-5p,
miR-199a-3p, miR-107 and miR-103, circulating levels were
positively correlated with the same parameter. Some of
these miRs, namely miR-23b, miR-199a-5p, miR-199a-3p
and miR-103, were also positively correlated with serum

low-density lipoprotein (LDL) levels. Among the miRs
negatively correlated with total cholesterol, only miR-7,
miR-93, miR-161, miR-191, miR-195 and miR-203 levels
also negatively correlated with LDL levels. High-density
lipoprotein (HDL) levels positively correlated with plasma
concentration of miR-320b, miR-7 and miR-17 (see online
supplementary table 1).

To verify whether the circulating miRNA originates in
the blood cells, the correlations of miRNAs with blood
cell counts®™ *° were assessed. Notably, miR-17 was the
only miRNA negatively correlated with platelet counts,
while white cell counts negatively correlated with the
levels of several miRs (miR-30c, miR-27b, miR-146a, miR-
224, miR-223, miR-221, miR-211, miR-145, miR-24 and
miR-21).

DISCUSSION

CAD and the NAFLD are closely associated with meta-
bolic syndrome.?” Studies exploring biological pathways
that explain the association between the two common
chronic diseases are scarce (reviewed in refs. 28-30).
The system-wide changes in the levels of regulatory
miRNAs may be the key to understanding metabolic dys-
function associated with NAFLD and CAD.

Interestingly, miRNAs secreted or released in biological
fluids remain stable, making them suitable non-invasive
biomarkers, applicable to early detection of the diseases,
monitoring of disease progression and even response to
treatment. Moreover, circulatory miRNAs remain
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Compensatory mechanism of miRNA level regulation between tissues. (A) In physiological state, circulating miRNA

plays a role in interorgan communications and help maintain balance in intracellular levels of miRNA. (B) Insufficient endogenous
miRNA production in target tissue may result in a compensatory increase in production of same miRNA in other distant tissues
and its subsequent release into circulation. (C) Increased intracellular levels in target cells may result in deliberate secretion of
the miRNA by the cells into interstitial fluid. This would restore normal intracellular miRNA levels, while increasing the circulating

levels. miBRNA, microRNA.

functional. They could be carried across a variety of distant
sites, where they have shown to play a role in maintaining
homeostasis in the body by regulating the secretion of
inflammatory cytokines,” ** by directly modulating HDL/
LDL ratio in plasma and by other relevant mechanisms.””
Therefore, the levels of plasma miRs may reflect the sys-
temic response to pathological processes. In this study, we
assessed the potential association of serum miRNA levels
with CAD in patients with NAFLD.

When compared to NAFLD without CAD, patients with
NAFLD and CAD had lower circulatory levels of miR-
132, while the circulatory levels of miR-143 were higher.
Interestingly, hsa-miR-132 has often been referred to
as ‘neurimmiR’ given its involvement in neuronal
functions.” *° It is reported to be downregulated in lipo-
polysaccharide (LPS)-stimulated primary human macro-
phages and in splenocytes of LPS-treated mice, where it
normally suppresses peripheral inflammation through
regulation of acetylcholinesterase expression.”® Anti-
inflammatory functions of this miR are also executed
through the targeting of STAT4,”” HB-EGE>® p300*° and
SirT1.* Interestingly, for both of these miRs, the levels in
circulation demonstrated trends opposite to that previ-
ously observed in the tissues affected by pathogenic con-
ditions (see below).

In cardiac tissue, intracellular expression of miR-132 is
elevated under conditions of pathological hypertrophy.*
Cardiomyocyte-specific overexpression of the miR-132
leads to heart failure and death in mice. miR-132 func-
tions by suppressing FoxO3 expression, an antihyper-
trophic and proautophagic protein, and increasing the
expression of Atrogin-1 (Fbxo32), an E3-ubiquitin ligase
that initiates the degradation of calcineurin.*® In our
study, plasma levels of miR-132 were decreased in patients
with CAD, contrary to reportedly higher levels of intracel-
lular miR-132 observed in inflammatory and hyper-
trophic conditions. Similar trends were observed for
miR-143 involved in the regulation of cell proliferation,
angiogenesis, apoptosis and inflammation in adipose and
vascular tissues. For this miR, higher levels were detected
in patients with NAFLD with CAD when compared to
those without CAD. In the heart, intracellular miR-143
regulates contractility of vascular smooth muscle cells
(VSMCs)*! *2 by modulating cytoskeletal dynamics and
enabling responsiveness of VSMCs to injury.* Studies in
mice have shown that miR-143 expression decreases in
experimental models of vascular stress, in patients with
aortic aneurysm** and in injured carotid arteries.**

The observations from our study may be explained by
the hypothesis that circulating levels of miRNAs serve to
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balance intracellular levels of miRNA in target tissues
(figure 1A), as suggested by Hunter et al.*” The authors
suggested that circulating miRNA may play a role in
interorgan and intercellular communications. It is plaus-
ible that pathophysiological processes in the target
tissues induce compensatory secretion of miRNA from
distant tissues and/or cells, in order to maintain homeo-
stasis. For instance, insufficient endogenous miRNA pro-
duction in cardiac tissue to regulate vascular stress may
result in a compensatory increase in the production of
same miRNA in other distant tissues and its subsequent
release into circulation (figure 1B). On the other hand,
affected target tissues may deliberately secrete miRNA
into interstitial fluid to balance excess of intracellular
miRNA (figure 1C).*

The signalling pathways that ensure the secretion of
certain miRNAs and their transfer to target tissues are as
yet unknown. However, studies have shown that secretion
and uptake of circulating miRNAs are non-random,
ATP-dependent processes.**™ Hence, these regulatory
pathways may be modulated by the underlying metabolic
states of cells.”’ In the pathogenic conditions of
NAFLD and CAD, multiple peripheral tissues such as
liver, vasculature and adipose participate in secretion-
driven regulatory milieu. Additional studies examining
paired samples of target and producing tissues as well as
respective plasma samples should be performed to delin-
eate the regulatory circuits governing the secretion and
the uptake of miRNA.

In short, our study indicates that circulating miRNAs
may serve as an important regulatory circuit allowing
the communication between the tissues and an adaptive
response of the body to internally developed patho-
physiological process.

CONCLUSION

In summary, our data on the levels of circulating miRNA
demonstrated trends opposite to previously reported
intracellular miRNA levels. Circulating levels of miRNA
may be indicative of an adaptive response that balances
intracellular miRNA levels in target tissues. Further
studies exploring the source tissue of these miRNA will
help elucidate interorgan communications in chronic
diseases.
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