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Abstract MicroRNAs (miRNAs) are a class of post-
transcriptional regulators that provide a mechanism of gene
silencing by translational repression or degradation of the
targeted gene. Gene expression regulation by miRNAs is
involved in most if not all physiological and pathophysiolog-
ical processes. Atherosclerosis is a major cardiovascular dis-
ease pathology regulated by miRNAs. Recent miRNA profil-
ing studies have implicated the potential use of miRNAs as
biomarkers in patients with atherosclerosis, as both diagnostic

and prognostic indicators. This review will discuss the clinical
and basic science research information that has been gleaned
regarding miRNA roles in dyslipidemia, diabetes, obesity, and
insulin resistance which are the major stimulators for the
development of atherosclerosis.
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Introduction

Most experts credit Victor Amboros and associates for the
initiation of the microRNA (miRNA) era over 20 years ago,
with the discovery of miRNA in C. elegans [1]. Since that first
observation, others have added the necessary components to
translate the field into the clinical arena with the identification
of biomarkers that reflect pathology, the development of phar-
maceutical agents that target specific miRNAs, and the further
elucidation of miRNA biological effects [2•]. Currently,
websites like (www.microrna.org and www.mirbase.org) are
increasing the knowledge base for translational research by
providing an organized compilation of results. The regulation
of gene expression by miRNAs is complex. For example, one
miRNA may regulate several hundred target genes, and
currently approximately 1,100 miRNAs in the human
genome and about 700 miRNAs in mice have been
identified. Because miRNA has a very important function in
regulating the production of proteins and is a significant
coordinator of biological functions, miRNAs are a
potentially viable source of biomarkers for diagnosing
atherosclerosis disease states, identifying drug targets, or
assessing treatment efficacy.
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In this review, we summarize current knowledge on
miRNA influences on atherosclerosis.

What are miRNAs?

MiRNAs are a class of post-transcriptional regulators found in
the nucleus that have complementary sequences
within mRNA molecules, usually resulting in gene
silencing by translational repression or target degradation.
MiRNAs are originally transcribed from the cell genome by
RNA polymerase, forming large pre-miRNA transcripts. The-
se pre-miRNAs are managed in the nucleus by RNase III
enzyme (Dorsha), and the pre-miRNAs are exposed to the
cytoplasm. In the cytoplasm, pre-miRNAs are broken down to
generate mature miRNA duplexes. These mature miRNAs are
combined into RNA-induced silencing complexes (RISC) to
the target mRNAs.In this way, miRNAs induce transcriptional
repression or target mRNA degradation. How transcriptional
regulators affect miRNA expression to alter gene regu-
lation and modulate biological functions is shown in
Fig. 1.

Atherosclerosis and miRNAs

Atherosclerosis continues to be one of the most important
areas of cardiovascular (CV) research. As an inflammatory
disease, this is manifested by increased oxidative stress lead-
ing to endothelial dysfunction and, over time, increased ath-
erosclerosis. As a consequence, one finds infiltration of leu-
kocytes and a deposition of modified lipoproteins, resulting in
the development of foam cells. The cytotoxic effects of oxi-
dized low-density lipoprotein (LDL) initiate further accumu-
lation of leukocytes, the secretion of cytokines and growth
factors, which accelerate the inflammatory response. Athero-
sclerotic lesions develop, followed by apoptosis, the forma-
tion of a necrotic core, the proliferation of vascular smooth
muscle cells (VSMCs), and enhanced extracellular matrix
formation leads to the narrowing of the artery lumen with
amplified pro-atherothrombotic potential. The fibrous cap
covering the necrotic core of the plaque can erode or rupture,
and initiate the formation of a pro-thrombotic state cumulating
into the occlusion of arteries and cardiovascular ischemia.

Recently, Raitoharju and associates completed miRNA
expression profiles on human tissue from the Tampere Vascu-
lar Study [3•]. Samples from human atherosclerotic plaques
were compared to non-atherosclerotic left internal thoracic
arteries. A total of 12 atherosclerotic plaques were obtained
from aortic, carotid, and femoral atherosclerotic arteries for
comparison. The analyses were performed using Agilent’s
miRNA microarray platform. The study population presented
with 70 % having hypertension, 80 % dyslipidemia, and 80 %

were smokers and had an average body mass index (BMI) of
25.1. Compared to controls, the carotid artery samples had
significant increases in miRNA-21, 34a, and 210. The largest
miRNA signal from carotids came from miRNA 210 (p<
0.004). The femoral artery miRNA samples found the highest
signal from miRNA 21 followed by miRNA-146b, -146a, -
210 and -34a (P<0.002). Comparisons with aorta samples
were similar to the femoral artery vs. control left internal
thoracic artery.

Translational implications of these changes can be illustrat-
ed by significant down-regulation of predicted targets of
miRNA-21, -34a, -146a, -146b-5p. The known atherosclerotic
related function of miRNA-21 is related to vascular smooth
muscle cell (VSMC) function, inhibition of matrix metallo-
proteinases (MMPs), and proliferation of VSMC [4].
MiRNA-34a showed a significant relationship with VSMC
proliferation, and HDL levels in genome-wide association
analysis from the Framingham heart study [5]. MiRNA 146a
interactions with SORT1 regulating liver lipoprotein export
and has been related to the risk of coronary artery disease
(CAD) and LDL release [6]. MMPs contribute to atheroscle-
rotic plaque progression and destabilization, which further
causes plaque rupture. Oxidized LDL, which plays a pivotal
role in atherosclerosis, is reported to increase miRNA-29b
expression, resulting in increase in VSMC migration through
MMP-2 and MMP-9 upregulation. This effect is mediated by
the downregulation of DNAmethyltransferase 3b (DNMT3b)
[7•]. In addition, Yuan et al. found the association between 3’-
UTR polymorphisms in MMP-9 contributes to the risk for
atherosclerotic cerebral infarction [8]. In summary, miRNA
expression profiling shows significant differences in athero-
sclerotic vessels vs. controls.

A second important study was completed by Cipollone
et al, who evaluated tissue samples from patients having
carotid surgery [9•]. Two independent cohorts of atheroscle-
rotic plaques were collected in two different Italian hospitals,
Chieti Hospital and Ancona Hospital. These patients
underwent carotid endarterectomy for extracranial high-
grade (>70 %) internal carotid artery stenosis. Plaques were
divided into two groups: symptomatic (n=22) and asymptom-
atic (n =31), according to the presence or absence of stroke,
respectively. They found significant differences in miRNA
level of expression of five miRNAs (miRNA-100, miRNA-
127, miRNA-145, miRNA-133a, and miRNA-133b) in symp-
tomatic versus asymptomatic plaques (Table 1). In summary,
this supports prior miRNA results and expands the knowledge
base to the potential use of miRNAs as a biomarker in patients
with carotid obstructions.

Fichtlscherer et al evaluated human miRNAs samples that
were released by cultured cells and blood [10]. Using quanti-
tative PCR, they profiled selected miRNAs in the plasma of
36 patients with coronary artery disease (CAD) that received
state-of-the-art pharmacological treatment and 17 healthy
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volunteers. They reported significantly lower levels of
miRNA-126 , miRNA-17 , miRNA-92a , and the
inflammation-associated miR-155 in CAD patients compared
with healthy controls. They concluded that circulating levels
of inflammatory and vascular associated miRNAwere signif-
icantly lower in patients with coronary artery disease. Clini-
cally, it is important to recognize that miRNAs highly
expressed by endothelial cells can be detected in high concen-
trations in the circulation. Two important features from this
paper need to be highlighted. First, miRNAs that had in-
creased expression in the vascular wall (e.g., miR-17, miR-
92a or miR-126) were significantly downregulated in the
circulating blood. This suggests that these miRNAs are de-
graded and reduced in expression, and could be taken up in
diseased vessels. Secondly,, in contrast to the vascular wall
miRNA levels, miRNAs that are highly expressed in cardiac
muscle tend to be higher in the circulation of patients with
CAD. In summary, this paper adds more information
specific to stable CAD and in addition found that pa-
tients with diabetes have more marked reductions in

miRNA-126, -155, and -145 than patients with CAD
(Table 1).

Metabolics and miRNA

Metabolics is one of the most important areas to be addressed
in risk factor modification. Treatment of hyperlipidemia pa-
tients with statins has reduced CVevents and LDL in patients
with hyperlipidemia. Currently, high-density lipoprotein
(HDL) and reverse cholesterol transport is an area of high
interest and new information from miRNA technology has
made major impacts in research. The reverse cholesterol
transport (RCT) system is a key in removal of cholesterol
from cells. Cholesterol efflux is under the control of ATP
transporters (ABCA-1, ABCG-1). The most famous of these
transporters is ABCA-1 which controls HDL biogenesis in the
liver. A deficiency in ABCA-1 transporter produces Tangiers
disease. This results in a reduced ability to transport choles-
terol out of their cells, which leads to an accumulation of
cholesterol in many body tissues. In summary, reverse trans-
port pathway involving ABC transporters hold the potential to
significantly reduce generalized atherosclerosis.

miRNA research from Wang and colleagues revealed that
miRNA -10b directly reduces ABCA1 and ABCG1 in human
derived macrophages [11]. They reported that dietary
cyanidin-3-O-β-glucoside (Cy-3-G) was metabolized into
protocatechuic acid (PCA) by the gut microbiota inducing
ABCA1 and ABCG1 expression in macrophages by decreas-
ing the expression of miRNA-10b, which contributes to the
accelerated macrophage RCT. In summary, miRNA-10b di-
rectly represses ABCA1 and ABCG1 and negatively regulates
cholesterol efflux from human-derived macrophages.

Table 1 Summary of changes in miRNAs in patients with
atherosclerosis

Patient Cohort Source Observations

• symptomatic vs.
asymptomatic stroke
patients

• carotid
plaques

• ↑ in miRNA-100, -127, -
145, -133a, & -133b

• CAD patients vs. healthy
volunteers

• plasma • ↓ miRNA-126, -17, -92a, -
155, & -145

• CAD patients with vs.
without diabetes

• plasma • ↓ miRNA-126, -155, & -
145

CAD - coronary artery disease

Fig. 1 Simplistic overview of
miRNA functions in biological
processes
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A potential new target for atherosclerosis prevention and
treatment is the human gut microbiota. Beyond the gut micro-
biota, Horie and associates found that miRNA-33 deficiency
can reduce progression of atherosclerotic plaque in ApoE-/-
mice [12]. This currently is the only in vivo study to show
increased circulating HDL-cholesterol levels with reduced
atherosclerotic progression. However, as pointed out by Horie
et al, various genes are changed in miRNA-33-deficient mice,
and more detailed research will be needed to establish
miRNA-33 targeting therapy in humans.

In summary, clinical studies have discovered an important
role for the intestinal microbiota in the pathogenesis of car-
diovascular disease. In addition, lifestyle modification with
the Mediterranean diet has shown a significant reduction in
CVevents [13]. Hazen et al reported that increased production
of a proatherosclerotic metabolite, trimethylamine-N-oxide
(TMAO) increased CV risk [14]. Diets rich in eggs, liver,
beef, and pork produce phosphatidylcholine by the formation
of the metabolite trimethylamine and conversion to TMAO
[15]. In addition, anthocyanins (flavonoids) common
byproducts of fruits are well known to have antiatherogenic
effects. Two important breakdown products from anthocya-
nins are Cy-3-G and its metabolite protocatechuic acid. Both
inhibited the development of early atherosclerosis in the apo-
lipoprotein null (ApoE −/−) mice [16, 17].

Diabetes continues to be a major CV target for progressive
atherosclerosis. The core problem of type 2 diabetes is insulin
resistance and, to date, lowering blood sugar number with
diabetes medications has not been shown to reduce CVevents.
Currently, three tissues are primarily involved in diabetes
metabolism and glucose homeostasis: namely, liver, adipose
tissue, and skeletal muscle. These three insulin targets were
evaluated by Herrera and associates using microarrays to
obtain global expression profiles of miRNA [18]. They mea-
sured the expression of 283 miRNAs in tissue from hypergly-
cemic (Goto–Kakizaki), intermediate glycemic (Wistar Kyo-
to) and normoglycemia (Brown Norway) rats (n=5 for each
strain). Their studies found increased expression patterns in
miRNA-222, -27a, -195, -103 and -10b in hyperglycemic
animals (Table 2). Adipocyte expression patterns of miRNA
noted changes in miRNA-222, -27a and -29a. They found 112
miRNAs that affected all three areas and four miRNAs

between adipose tissue and liver with only one between
skeletal muscle and liver. In summary, miRNA-222 and
miRNA-27a are upregulated with hyperglycemic status in
adipose tissue, miRNA-195 and miRNA-103 are unregulated
in liver, and miR-10b is downregulated in skeletal muscle.

Recently, miRNA-143 has been found to have adverse
effects on critical glucose pathways. AKT is a known as a
key step in glucose transport. Cellular research by Jordan et al
using transgenic obese models found that miRNA-143 specif-
ically inhibits insulin signaling at the level of AKT activation
and the upstream receptor signaling remains undamaged
(Table 2) [19•]. These opposing effects from miRNA increase
the risk for diabetes.

Meerson and colleagues used microarray-based expression
profiling to study biopsies from non-diabetes Pima Indians
[20]. 233 miRNAs were profiled from subcutaneous abdom-
inal adipose tissue biopsies (Table 2). The results from adipose
tissue found that miRNA-221 may add to the development of
the insulin resistance that characteristically accompanies obe-
sity by affecting peroxisome proliferator-activated receptor
(PPAR) signaling pathways. The strongest correlation with
BMI was in women for miRNA-221 (p<.0001). On the other
hand, the levels of miR-193a-3p and miR-193b-5p were neg-
atively correlated with BMI.

In summary, miRNA research has the potential to provide
important biomarkers to monitor pancreatic beta cell activity
in patients with diabetes. Future studies will reveal whether it
is possible to monitor miRNA-132 and -212 to tell if the beta
cell is being stimulated by diabetic therapies. Agents that
increase c-AMP in beta cell (e.g., DPP-IV inhibitors, GLP-1
agonists, GIP, and GPR 119) increase levels of miRNA 132
and 212 in a dose dependent fashion (Table 2). Fortunately,
miRNA 132 and 212 are not affected by glucose levels, free
fatty acids, insulin or beta cell function. This important area
for biomarkers in medicine is at its infancy in development.
Durability of medical treatment potentially could be assessed
by this method.

Conclusions

miRNAmetabolism has added significant clinical information
involving progressive atherosclerosis. The correlations with
lipids, obesity, and insulin resistance from miRNA research
are intriguing and will require additional future research. For
example, connecting miRNA levels to inflammation and ex-
tracellular matrix remodeling in the vessel wall may reveal
novel roles for MMPs. In addition, using proteomic ap-
proaches to identify downstream targets of miRs will likely
inform us about additional therapeutic targets.
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