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Abstract

Coronary artery disease and atherosclerosis are complex pathologies that develop over time due to 

genetic and environmental factors. Differential expression of miRNAs has been identified in 

patients with coronary artery disease and atherosclerosis, however, their association with 

cardiovascular disease risk factors, including hyperlipidemia, hypertension, obesity, diabetes, lack 

of physical activity and smoking, remains unclear. This review examines the role of miRNAs as 

either biomarkers or potential contributors to the pathophysiology of these aforementioned risk 

factors. It is intended to provide an overview of the published literature which describes alterations 

in miRNA levels in both human and animal studies of cardiovascular risk factors and when known, 

the possible mechanism by which these miRNAs may exert either beneficial or deleterious effects. 

The intent of this review is engage clinical, translational, and basic scientists to design future 

collaborative studies to further elucidate the potential role of miRNAs in cardiovascular diseases.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death for men and women in the 

western world. Coronary artery disease (CAD) is the most common form of cardiovascular 

disease and its incidence rate continues to rise across all populations independent of socio-

economic status 1,2. CVD is a key cause of myocardial infarction3 and cerebrovascular 

accidents such as strokes and is associated with modifiable risk factors such as diabetes, 

obesity, hypertension, hyperlipidemia, sedentary lifestyle, and smoking.

In addition to known clinical risk factors, emerging research has established the presence of 

genetic predispositions to CAD. Single nucleotide polymorphisms (SNPs) are the most 

common form of genetic variation within the human genome, with more than 10 million 

SNPs having been identified 4. To date, more than 80 SNPs have been associated with acute 

coronary syndromes and related diseases5 suggesting that genetic susceptibility to CAD may 

play an important role in the development and severity of this disease. However, with the 

development of transcriptomics 6, a number of studies have revealed differential gene 

expression in cardiovascular diseases in the absence of identified SNPs7. These findings 

suggest that additional epigenetic factors including transcriptional and post-transcriptional 

regulation of gene expression may also play critical roles in the development of CAD and 

warrant further exploration.

A novel class of small RNAs known as microRNAs (miRNAs) were identified as important 

modulators of gene expression. miRNAs are evolutionarily conserved single-stranded non-

coding RNAs (ncRNAs) approximately 20–22 nucleotides in length8,9. They function by 

binding to complementary sequences on messenger RNA (mRNA) and blocking translation 

of the message to protein. To date, over 1,880 unique human miRNAs have been identified 

and most are predicted to target and inhibit hundreds of genes10. Thus, miRNAs have the 

potential to modulate the expression of a large proportion of the human genome through 

post-transcriptional regulation. Further, recent work has demonstrated that miRNAs can be 

exported extracellularly either in exosomes or chaperoned by proteins and that extracellular 

miRNAs can be taken up by recipient cells and influence their cell functions11. Taken 

together, these observations suggest that miRNAs represent a crucial mechanism of 

epigenetic modification that can impact cellular function both locally and distantly. In this 

review, we provide background on miRNAs and discuss the potential associations between 

them and CVD with a specific focus on how known clinical risk factors may impact miRNA 

expression and contribute to the development of CVD.

miRNA synthesis, processing, and function

The initial discovery of the Lin-4 microRNA in Caenorhabditis elegans (C. elegans) was 

documented in 1993 by Ambros’ and Ruvkun’s research groups12,13. A loss of function 

mutation in lin-4 in these animals resulted in abnormal structure, sterility and dysregulation 

of developmental signaling pathways in late larval stages due to ongoing expression of the 

lin-14 gene targeted by lin-4. Then in 2000, Ruvkun’s laboratory reported that let-7, another 

non-coding RNA, targeted and inhibited the lin-41 gene14. Subsequent interest in the role of 

miRNAs in the gene regulation of other species prompted independent teams of investigators 
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to identify a number of miRNAs in both the mouse and human genomes8,15. Since then, 

ongoing investigations have identified thousands of distinct miRNAs in a wide variety of 

species and have provided a better understanding of their biosynthesis, function, 

localization, and role in human health and disease.

miRNA genes are initially transcribed into RNA transcripts consisting of several hundred 

nucleotides (nt) and multiple stem-loop structures. These primary miRNA, or “pri-miRNA”, 

are ultimately processed into discrete individual stem-loop structures approximately 70 nt in 

length known as preliminary miRNA, or “pre-miRNA”, by the nuclear RNase Drosha and its 

binding partner DiGeorge Syndrome Critical Region 8 (DGCR8)12. Exportin 5 then couples 

with RanGTP to transport pre-miRNAs out of the nucleus and into the cytoplasm16–18. Once 

in the cytoplasm, pre-miRNAs dissociate from the exportin 5-RanGTP shuttle and are 

severed into shorter double-stranded RNA fragments by Dicer19. Following this final 

processing step, the Dicer-TRBP (the human immunodeficiency virus transactivating 

response RNA-binding protein) recruits argonaute 2 (Ago2) and additional proteins to bind 

the resultant ds-miRNA leading to formation of the RNA-induced silencing complex 

(RISC)20. The RISC separates the dsRNA into a guide strand and a passenger strand and 

facilitates binding of the guide strand to the 3’ untranslated region (UTR) region of mRNA 

targets. Binding of miRNA to mRNA is dependent upon sequence complementarity. Near 

perfect complimentary sequences between miRNA and mRNA leads to degradation by 

Ago2, while partial sequence matching prevents the binding of ribosomes to the mRNA21. 

Ultimately, loss of protein expression occurs through both mechanisms.

A growing body of evidence suggests that each miRNA has multiple targets and many 

mRNA are likely modulated by multiple miRNAs22. Further, miRNA expression patterns 

differ between healthy subjects and those with CVD and other cardiovascular diseases. It has 

become increasingly clearer that extracellular miRNAs reflect alterations in endogenous 

cells or tissues23.

Circulating miRNAs and their implications in cardiovascular disease

Cellular release of miRNAs

As early as 2008, scientists detected extracellular miRNAs in body fluids24. This 

observation led to the discovery that miRNA circulate in the bloodstream and, unlike most 

RNA, are remarkably resilient to degradation. Accumulating evidence suggests that 

endogenous circulating miRNA are protected from RNAse and other forms of degradation 

due to packaging in extracellular vesicles or association with RNA-binding protein 

complexessuch as Ago2 or lipoproteins including HDL and LDL 25,26. The mechanisms that 

govern the release of miRNA into the extracellular space are incompletely understood; 

however, the discovery that the contents of daughter exosomes differ from those of parent 

cells, suggests the existence of an active and selective transport process.

miRNA facilitates cell-to-cell communication

In vitro and in vivo studies have shed light on the potential role of extracellular miRNAs as 

mediators of communication between cells. Valadi et al. observed that extracellular miRNA 
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encapsulated in exosomes can be taken up by cells and trigger changes in gene expression 

and function in these recipient cells11. Further, vesicular structures released from coronary 

artery endothelial cells were shown to restore endothelial homeostasis in mice with vascular 

injury through the delivery of miR-12627. As a growing body of evidence suggests that 

cellular stress responses lead to a robust release of extracellular microvesicles28, circulating 

miRNA may be abundant in the setting of a variety of diseases and may result in key 

alterations in any cells that internalize them. Accordingly, miRNA expression patterns differ 

between healthy subjects and those with CVD and other cardiovascular diseases. Whether 

these miRNAs play a role in the pathogenesis of the disease or only serve as biomarkers is a 

topic of considerable debate.

Circulating miRNAs as biomarkers

Biomarkers are used to assess both the presence and progression of disease as well as 

responses to treatment. miRNAs in the circulation are stable and easy to detect. However, 

their use as biomarkers have been challenging leading to difficulties in making scientific 

inferences. Effective isolation of miRNAs from plasma and tissue is contingent upon proper 

sample processing and handling techniques that minimize miRNA degradation and 

artefactual elevations. Due to variability in pre-analytic processing, which includes the 

method for the collection of the blood, circulating miRNA levels in diseased populations 

tend to vary across studies. The interpretation of the results is also confounded by the 

observation that the cells of interest often have multiple miRNAs so focusing on a single 

miNA could lead to a misinterpretation. Thus, well designed clinical trials validating the use 

of specific circulating miRNAs as biomarkers in cardiovascular diseases are needed. An 

overview of both clinical and basic science studies examining changes in microRNA profiles 

in response to CVD risk factors is discussed below and summarized in Table 1.

Cardiovascular risk factors

Risk factors for cardiovascular disease are deemed as such due to their inherent correlation 

with cardiovascular events. The most prominent modifiable risk factors associated with 

cardiovascular disease include tobacco exposure, hypertension, hyperlipidemia, obesity, 

diabetes, and physical inactivity. Mechanisms whereby cardiovascular disease risk factors 

increase cardiovascular disease incidence and CVD mortality have been reviewed 

elsewhere29. Interestingly, studies examining differential regulation of microRNAs in the 

pathogenesis of cardiovascular disease are underway30. In this review, we discuss the known 

associations between miRNA expression levels and clinical risk factors of coronary artery 

disease. Our goal is to call attention to the possibility that miRNAs may be key determinants 

in gene expression and cell function in the setting of these risk factors and, therefore, may 

play important roles in the development of CAD. Moreover, by curating the miRNAs with 

known associations to CAD risk factors, we hope to facilitate future basic, translational and 

clinical research investigating the mechanistic role that these miRNAs may play in this 

highly prevalent and costly disease.
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Tobacco exposure

Evidence suggests that tobacco exposure, including smoking or chewing, is a major risk 

factor for coronary heart disease and poses a threat to both the heart and blood vessels31,32. 

Cigarette smoke is comprised of over 4800 chemicals33 that contribute to the pathogenesis 

of disease. The relatively limited number of studies examining the impact of tobacco 

exposure on changes in miRNA expression suggest that smoking may mediate development 

of cardiovascular disease through promoting changes in microRNAs. Although cigarette 

smoke has pleiotropic effects, two smoke-induced hallmarks of CVD pathophysiology 

include loss of vascular tone and oxidative stress34,35. Vascular tone is maintained through 

proper endothelial barrier function which prevents deposition of plaque in the subendothelial 

space. miRNAs prevent obstruction of the endothelial barrier integrity through modulating 

proliferation, intercellular junction protein expression, nitric oxide production and 

preventing vascular permeability36. One of the most relevant microRNAs in regards to 

endothelial barrier function is miRNA-126.

MicroRNA-126 (miR-126) is encoded in the intron Egfl7 and is abundantly expressed in 

micro- and macrovascular endothelial cells37. Genetic deletion of the miR-126 gene negates 

vascular formation and angiogenesis during development37,38 and both its 3p and 5p strands 

have been identified as important determinants of endothelial homeostasis. 

MicroRNA-126-3p is a flow sensitive miR that enhances endothelial barrier integrity and 

prevents vascular permeability by modulating ERK and Akt signaling pathways37 through 

suppression of VCAM-1 39, SPRED-137, and PIK3R240. Whereas, microRNA-126-5p 

targets Dlk1 and subsequently maintains a proliferative phenotype in endothelial cells which 

prevents atherosclerotic plaque formation41.

Clinical investigations showed significantly elevated levels of circulating plasma miR-126 

and miR-126-5p in smokers42 and patients with CAD43. XY Yu et al. found that higher 

circulating plasma miR-126 levels in dual antiplatelet-treated patients served as an 

independent risk factor for major adverse cardiovascular events44. Here, miR-126 levels 

significantly associated with increased time-to- a major cardiovascular event; however, the 

implications of miR-126 is the physiology of disease here were not studied. Overall, these 

studies suggest that enhanced miR-126 expression in smokers may serve as a compensatory 

mechanism for preventing endothelial barrier dysfunction associated with cardiovascular 

complications.

In vivo, Kalscheuer et al. previously demonstrated that rats exposed to 4- 

(methylnitrosamino)-1-(3-pyridyl)-1 butanone (NNK), a chemical found in tobacco smoke, 

for approximately 20 weeks, showed declines in miRNA-126-5p, miRNA-101, miRNA-199, 

and miRNA-34 in the lung tissue 45. The investigators additionally confirmed that NNK 

caused direct suppression of miRNA-126-5p levels suggesting this as a possible mechanism 

by which cigarette smoke impairs angiogenesis and increases the risk of atherosclerosis.

The miR-223 gene is located within the q12 locus of the X chromosome and is enriched in 

vascular smooth muscle cells important for maintaining the caliber of vascular tone 

throughout the body. Although the exact association between tobacco smoke and miR-223 

expression is still under investigation, the role of miR-223 in vascular smooth muscle cell 
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proliferation, migration, and vascular remodeling is well established46. miR-223 was 

previously shown to target RhoB, MLC2, and PARP-1 in order to modulate proliferation and 

apoptosis of vascular smooth muscle cells46. VSMC proliferation is a hallmark of 

atherogenesis47, a process that may be driven in smokers by increases in circulating 

miR-223. Whether miR-223 serves as only a biomarker of smoking and VSMC changes or 

participates in the disease process has not been established. Conflicting reports regarding 

changes in miR-223 expression in tobacco smoke exposed patients and animals exist. One 

group reported that circulating miR-223 is significantly increased in the plasma of smokers 

compared to healthy controls42. In addition, circulating miR-223-5p levels derived from 

maternal blood were shown to positively correlate with urine cotinine, a metabolite of 

nicotine48. Paradoxically, circulating miR-223 expression was decreased in platelet derived 

plasma microvesicles (pPMVs) in young healthy smokers49 which has previously been 

shown to promote platelet activation and lead to stroke development50. Similarly, Izzotti et 

al. reported that cigarette smoke significantly suppressed miR-223 expression in rat lung 

tissue51. These inconsistent reports indicate our poor understanding of how changes in 

circulating microRNAs coincide with changes at the tissue level. Moreover, the exact role of 

miR-223-3p and -5p in cigarette smoke induced changes should be resolved prior to 

considering these miRNAs as therapeutic agents or as biomarkers of disease.

Studies examining changes in the microRNA landscape in humans and animals exposed to 

cigarette smoke are fairly new thus, in vivo studies are limited. However, it is clear that 

cigarette smoke may induce a microRNA signature indicative of the pathophysiology of 

disease. Studies utilizing cigarette smoke-exposed mice with miR-223 genetically ablated 

may provide further insight on how miR-223 might contribute to cardiovascular 

abnormalities in the smoking microenvironment. The repeated discovery of a link between 

miR-223 and CVD suggests that tobacco modulation of miR-223 may be a mechanism by 

which tobacco smoke increases the risk of CVD. Further, bioinformatics analyses with 

experimental validation have identified FOXO1/3, MEF2C/2D, and insulin growth factor-1 

receptor (IGF1R) as miR-223 targets with potential associations to cardiovascular disease52. 

IGF1R may have particular relevance as stretch-induced reduction in vascular smooth 

muscle cell (VSMC) miR-223 expression has been shown to lead to IFG1R-mediated 

VSMC proliferation and luminal narrowing.

Hypertension

Hypertension is a well-established risk factor for CVD. Mechanistically, it is believed that 

chronic hypertension leads to stress and injury of the vascular wall and subsequent vessel 

wall hypertrophy coupled with the deposition of atherosclerotic plaque53. Despite efforts to 

aggressively treat hypertension and mitigate the risk of CVD, only 52% of clinical 

hypertension cases are under control54 either due to non-compliance, lack of awareness, or 

treatment-resistant hypertension. Excessive sodium consumption is known to be associated 

with hypertension and has led to the recommendation of limited salt intake in patients with 

or at risk for hypertension. Additionally, this association has facilitated the development of 

animal models of salt-induced hypertension which have allowed for deeper investigations 

into the molecular underpinnings of hypertension including potential roles of microRNAs.
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miR-320 has recently been implicated in CVD with studies showing its augmentation in the 

peripheral blood of patients with coronary artery disease and heart failure43,55. 

Environmental stressors ,such as high salt-intake, can perturb miR-320 expression leading to 

pathophysiologic consequences. miR-320 is an intergenic miRNA abundantly expressed in 

cardiomyocyte, endothelial cells and vascular smooth muscle cells56. MicroRNA analysis of 

Dahl Salt Sensitive (DSS) rat aortas revealed enhanced miR-320 expression and declines in 

miR-26b and miR-21. These changes coincided with decreased insulin growth factor-1 

receptor (IGF-1R) and increased phosphatase and tensin homolog (PTEN) expression 

compared to controls57. Further investigation revealed that miR-320 targeted IGF-1R which 

led to impairments in vascular Akt/eNOS signaling. While suppression of miR-320 reduced 

expression of collagen in vascular smooth muscle cells, leading to prevention of 

hypertrophic responses to high salt57. Subsequent studies in ApoE−/− mice injected with 

mir-320a plasmids and fed a high-cholesterol diet demonstrated dyslipidemia and 

endothelial dysfunction, both of which facilitate atherosclerosis43. Similarly, knockdown of 

miR-320a in doxorubicin treated mice improved endothelial cell proliferation, reduced 

endothelial cell apoptosis, and reduced cardiac abnormalities58 suggesting that miR-320 

antagonism may improve endothelial cell function that may beneficially alter the course of 

disease. Nonetheless, this body of work suggests that high levels of sodium chloride may 

lead to miR-320 upregulation, which promotes hypertension possibly through losses in 

insulin signaling and abnormal lipid profiles commonly observed in patients with and at risk 

for CVD. Thus, high salt intake leading to hypertension may also promote development of 

other common CVD risk. Studies examining circulating miR-320 levels in hypertensive 

patients are needed to determinine if miR-320 holds prognostic or diagnostic value as a 

biomarker of disease.

In hypertensive and coronary artery disease patients, myocardial hypertrophy serves as an 

independent risk factor for cardiovascular-related deaths59. The myocardium specific 

miR-208a/b, encoded by an intron found in the alpha myosin heavy chain (αMyHC) gene, 

modulates β-MyHC as well as the expression of sarcomeric contractile proteins60 and to-

date has been implicated in coronary artery disease61. Genetic deletion of miR-208 proved 

sufficient to drive cardiac remodeling and heart failure, while subcutaneous delivery of 

LNA-modified anti-miR-208a circumvented cardiac remodeling, preserved cardiac function, 

and reduced mortality in a diastolic heart disease rat model62. Similarly, miR-208−/− mice 

displayed reduced cardiac hypertrophy in response to pressure overload63, while global 

overexpression of miR-208 induced hypertrophy in cardiac tissues60,62. Intriguingly, the role 

of miR-208a in salt-induced hypertension and subsequent vascular complications was 

substantiated using a Dahl salt-sensitive rat model in which a high salt diet increased plasma 

miR-208a levels in addition to cardiac remodeling and heart failure64. These data suggest 

that hypertension may drive cardiac abnormalities through the induction of miR-208a. These 

hypertrophic effects of miR-208a are mediated by their destabilizing effect on transcripts 

encoding hypertrophy repressors including myostatin and thyroid hormone-associated 

protein 1 (Thrap1/Med13)60.

In addition to myocardial specific effects, miR-208 has recently been indirectly linked to the 

endothelial function. Studies in Dahl salt-sensitive rats show that subcutaneous 

administration of LNA-modified anti-miR-208a resulted in the differential expression of 
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additional miRNAs including elevations in plasma miR-19b65. miR-19b is predominately 

expressed in the endothelium and prevents TNFα-induced apoptosis by targeting Apaf1 and 

Casp7 genes. In addition, plasma miR-19b levels are suppressed in coronary artery disease 

patients and inversely correlate with TNF-α, Apaf1 and Casp7 proteins66. Thus, evidence 

suggest that miR-208a indirectly impacts endothelial function and may mediate 

hypertension-induced heart disease. Additional studies utilizing antagomiRs targeting 

miR-208 in salt-induced hypertensive models are needed to understand the therapeutic 

potential of miR-208 in preventing cardiovascular disease associated with hypertension and 

pressure overload.

Hyperlipidemia

A nutrient-poor diet, sedentary lifestyle, and in some cases, genetic predisposition often 

contributes to the development of CAD by altering the lipid profile in the blood with 

resultant hyperlipidemia. Clinically, patients with LDL levels higher than 160mg/dL and 

HDL levels under 40mg/dL meet the criteria for hyperlipidemia67, an established risk factor 

for cardiovascular disease risk. The liver modulates lipid levels through various epigenetic 

mechanisms including miRNAs. Studies have shown that decreased levels of hepatic cell 

dicer, the endoribonuclease involved in dsRNA cleavage, resulted in elevated cholesterol 

ester and triglyceride levels68. In addition, dicer deficient hepatocytes displayed mild 

elevations in free cholesterol and fatty acid levels68. Thus, proper regulation of miRNAs is 

critical for lipid homeostasis and prevention of coronary artery disease induced by lipid 

overload . Although the role of microRNAs in lipid metabolism have been reviewed 

extensively elsewhere30,69,70, here we outline the importance of microRNAs in lipid 

metabolism related to cardiovascular disease.

LDL metabolism—Current therapeutic approaches for lowering cholesterol are contigent 

upon the use of statins. Statins effectively lower cholesterol in 20–40% of individuals71. 

Thus, novel therapeutic targets important in the development of hypercholesterolemia are 

needed to improve patient outcomes. miRNA-122 accounts for 70% of microRNAs in the 

liver72, serves as a primary regulator of lipid biosynthesis, and aberrant levels have been 

implicated in plasma of hyperlipidemic patients with CAD73. Studies have demonstrated 

that miR-122-antagomir treated mice display reduced plasma cholesterol and a reduction 

HMG-CoA reductase (HMGCR) expression and activity74. Subsequently, two studies using 

miR-122 −/− mice and pharmaceutical antagonism of miR-122 in African Green monkeys 

demonstrated a reduction in plasma total cholesterol levels75,76. These in vivo effects of 

miR-122 antagonism resulted in suppression of essential fatty acid synthesis genes Srebp1, 

Fasn, acetyl-coA-carboxylase (Acc) 1 and 2, and staroyl-CoA desturase (Scd)76 which are 

possibly indirect targets of miR-122. These observations have led to speculation that 

miR-122 antagonism may serve as a therapeutic tool to prevent dyslipidemia and subsequent 

CAD. However, recent studies demonstrated that chronic miR-122 antagonism may promote 

triglyceride accumulation due to increases in the lipid biosynthesis enzyme 1-

acylglycerol-3-phosphate O-Acyltransferase 1(AGPAT1) and cell death-inducing DFFA-like 

Effector C (CIDEC) which promotes lipid droplet formation and triglyceride storage77–79. 

Moreover, emerging research suggests that miR-122 may possess anti-tumor properties80,81. 

Thus, application of such therapies to treat hyperlipidemia must be considered with caution.
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Microsomal triglyceride transfer protein facilitates lipoprotein synthesis by adding lipids to 

apolipoprotein B (apoB) to form precursors of LDL82. Hepatic microRNA-30c targets the 

3’UTR region of MTP, modulating LDL synthesis. Mice transduced with miR-30c 

lentiviruses and fed a Western diet displayed reduced MTP expression, hepatic lipoprotein 

levels and plasma cholesterol83. Subsequent investigation revealed that miR-30c degraded 

MTP following transcription, ultimately lowering its activity levels84. miR-30c levels were 

increased in the liver of blunt snout bream fed a high-fat diet 85 which lead authors to 

hypothesize that enhanced miR-30c may act as a compensatory mechanism to prevent hyper-

production of LDL. Coinciding with this hypothesis was the finding that miR-30c transgenic 

mice fed a western diet displayed lower plasma cholesterol and triglyceride-rich 

lipoproteins. The authors further showed that miR-30c might dually impact MTP and 

lysophosphatidlyglycerol acyltransferase 1 (LPGAT1) to suppress plasma lipid levels 86. 

Modulation of MTP by miR-30c suggests that miR-30c mimetics may serve as therapeutic 

agents for preventing diet-induced CAD. Further studies in mice and human subjects are 

needed to fully understand the impact of a high fat western diet on miR-30c expression and 

the role of miR-30c in CVD.

HDL metabolism—Although earlier reports implicated a role for high density lipoprotein 

(HDL) in the removal of cholesterol from the arteries and lowering the risk of cardiovascular 

disease 87, recent reports have refuted these claims suggesting that clear-cut evidence 

supporting the “HDL hypothesis” is missing88. Nonetheless, HDL aids in the mobility of 

miRNAs and reciprocally, miRNAs modulate HDL synthesis.

miR-33 (miR-33a or miR-33a-5p), embedded in the sterol regulatory element binding 

protein 1/2 (SREBP1/2) genes, is a known regulator of cholesterol homeostasis89. miR-33 

suppresses cholesterol efflux through suppression of the ABC transporter A1 (ABCA1) and 

rodent Abcg1 sterol transporter genes90, while preventing the expression of a host of pro-

fatty acid β-oxidation genes including CRPT, CPT1a, HADHB, and AMPKa91. Multiple 

studies have demonstrated that genetic ablation of miR-33 enhances plasma HDL levels92,93 

and promotes accumulation of atheroprotective M2 macrophages and FOXP3+ T regs in 

plaques leading to reduction in plaque size in an AMPK dependent manner, independent of 

cholesterol efflux94.

Additional studies revealed that in non-human primates, pharmaceutical antagonism of 

miR-33 reduced VLDL triglycerides by 50% while plasma HDL levels increased by 40% at 

12 weeks. The differential effects of miR-33 on HDL and VLDL are due to active depletion 

of the hepatocyte cholesterol pool by ABCA1-dependent lipid efflux to apolipoprotein A-1 

yielding high levels of HDL. Consequently, cholesterol depletion resulted in attenuated 

VLDL secretion95. Genetic ablation of miR-33a in Apoe−/− mice displayed reduction in 

atherosclerosis progression96 while anti-miR-33a administration promoted atherosclerotic 

plaque regression in Ldlr −/− mice 93.

Controversy persists regarding the therapeutic potential of miR-33 antagonism as existing 

animal studies focused on short-term end points. Further, one study found that prolonged 

miR-33 antagonism increased circulating triglyceride levels and fat accumulation in the liver 

of mice fed a high-fat diet97. Moreover, others have shown that anti-miR-33 therapy does not 
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circumvent atherosclerotic plaque development in Ldlr−/− mice98. Paradoxically, recent 

human studies demonstrated that miR-33a/b were not elevated in the plasma of patients with 

CAD73. Collectively, these studies suggest that pharmaceutical antagonism of miR-33a/b 

may not offer long-term efficacy as a therapeutic modality for dyslipidemia despite potential 

beneficial effects with short term use 99. Future studies examining mechanisms involved in 

the short- vs long-term suppression of miR-33 and its relationship with lipid metabolism are 

warranted.

Cholesterol homeostasis—Several microRNAs modulate cholesterol homeostasis for 

the prevention of dyslipidemia including miR-223. miR-223 is abundantly expressed in 

myeloid, endothelial100, and hepatic cells101. Recently, Vickers et al. demonstrated that 

miR-223 in Huh7 cells positively correlated with intracellular cholesterol levels. Further, 

miR-223−/− mice exhibited elevated plasma and liver cholesterol levels. Additional studies 

revealed that miR-223 directly targets SR-B1, HMGCS1, and methylsterol monooxygenase 

1(SC4MOL) for modulation of HDL-C uptake and cholesterol biosynthesis102. The finding 

that miR-223 is elevated in CAD patient’s serum103 adds a layer of complexity to the role of 

miR-223 in the pathogenesis of CAD. One explanation is that miR-223 has pleiotropic 

physiologic roles thus, its upregulation in serum may serve as a biomarker of disease or 

compensatory mechanism rather than a direct modulator of the pathophysiology of disease. 

Accordingly, further studies are needed to fully elucidate the role of miR-223 in CAD.

Obesity and diabetes

According to the World Health Organization, obesity has more than doubled throughout the 

world since 1980104. To-date, more than 35% of Americans are considered obese and studies 

suggest that 42% of the population will develop obesity by 2050104. Obesity is defined as a 

body mass index (BMI) of 30 or higher and results primarily from excessive feeding 

behaviors and a sedentary lifestyle. Obese men and women have a significantly increased 

propensity for developing cardiovascular disease, hyperlipidemia, hypercholesterolemia, 

hypertension, and type II diabetes. The crosstalk between obesity and type II diabetes 

pathologies is modulated on the molecular level by post-transcriptional modulators including 

histone deacetylases (HDACs), histone acetyltransferase (HATs), and miRNAs.

miRNA processing is required for proper neuronal function and hormone signaling that 

modulates feeding behaviors. Conditional neuron-specific Dicer deletion promoted the 

development of obesity accompanied by hyperphagia, increased food efficiency, and 

decreased activity. However, this study did not examine adipogenesis or changes in the 

hormones leptin, insulin, and TNF-alpha105. Nonetheless, a number of studies have shown 

the impact of miRNAs on fatty acid oxidation and lipogenesis83,106.

Recent studies have shown that lean individuals have higher levels of miR-26a in the liver 

compared to overweight subjects107. In the same study, the authors observed that two 

independent obese mouse models displayed attenuated miR-26a expression compared to 

controls. Members of the miRNA-26 family are located in the gene encoding the carboxy-

terminal domain RNA polymerase II polypeptide A small phosphatase (CTDSP) family108. 

CTDSP negatively regulates RNA polymerase II (RNAPII) through dephosphorylation. 
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miR-26a is known to modulate endothelial cell-associated angiogenesis109, cardiac 

hypertrophy110, and VSMC differentiation111, making it a major player in the preservation 

of cardiovascular health. miR-26a targets genes involved in the insulin signaling pathway 

(Glycogen synthase kinase 3 beta and Protein Kinase C-delta ), fatty acid metabolism (Acyl-

CoA Snythetase Long-Chain Family Member 3 and 4), and gluconeogenesis 

(Phosphoenolpyruvate carboxykinase 1 and transcription factor 7-like 2)107. Studies in 

diabetic mellitus patients revealed lower circulating levels of miR-26a and miR-126 in 

circulating microparticles (MPs) and this phenotype conferred an independently higher risk 

for the development of CAD112. Additional studies in mice demonstrated that 

overexpression of miR-26a in mice fed a high fat diet improved insulin sensitivity113. 

Together, these data suggest that dysregulation of miR-26a in the setting of obesity could 

exacerbate the development of insulin resistance, type II diabetes, and subsequent vascular 

abnormalities leading to cardiovascular disease.

MicroRNAs 103/107 are located on chromosome 10 and are members of the miR-107 

family involved in energy metabolism. miR-103 resides in the pantothenate kinase (PANK) 

intron while miR-107 resides intergenically114. PANK regulates pantothenate 

phosphorylation important for generation of Coenzyme A (CoA) involved in metabolic 

pathways. Liver analysis in obese ob/ob mice revealed enhanced miR-103/107 

expression 115 associated with diet-induced obesity. Pharmacological attenuation of 

miR-103/107 further demonstrated improvements in glucose regulation and insulin 

sensitivity, suggesting that miR-103/107 are negative regulators of metabolic homeostasis. 

Investigation by Trajkovski et al. showed that the miR-103/107 may modulate insulin 

resistance through targeting caveolin-1 found in the cell membrane115. Although prior 

studies have highlighted a role for miR-103 in promoting adipogenesis116,117 the 

aforementioned studies did not address the cross talk between adipogenesis and insulin 

sensitivity pathways. These studies did, however, set the framework for development of 

microRNA therapeutics that could potentially improve insulin sensitivity while 

simultaneously reducing lipid accumulation in vivo.

MicroRNA 143/145 are differentially regulated in patients with coronary artery disease118, 

unstable angina, and acute myocardial infarction119. miRNA143/145 lie in close proximity 

on the human chromosome 5 and murine chromosome 18120–122. These genes are co-

transcribed as a bicistronic transcript122 and appear to be modulated by the serum response 

factor SRF and Nkx2-5121. Targets of miR-143/145 include epidermal growth factor 

receptor, RAS, MAP kinase kinase , and extracellular signal-regulated protein kinases 1 and 

2, all of which are related to cell proliferation. In fact, miRNA-143/145 are the primary 

regulators of vascular smooth muscle cell contractility, preventing VSMC proliferation and 

subsequent accelerated lesion formation123. Mice deficient in miR-143/145 develop 

atherosclerotic lesions spontaneously, even in the absence of elevated lipids120. Interestingly, 

in dietary mouse models of obesity, it was shown that miR-143 and miR-145 were 

upregulated in the adult adipose tissue and liver 124. Further, mice overexpressing miR-143 

suppressed oxysterol-binding protein related protein (Orp) 8125 associated with enhanced 

adipocyte differentiation markers including PPAR gamma, aP2, and plasma leptin125. ORP8 

and leptin suppress insulin sensitivity by preventing the insulin-mediated activation of AKT 

and PI3K, respectively125. Whether obesity triggers miR-143/145 as an adaptive mechanism 
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for increased adipogenesis and subsequent depletion of excessive circulating lipids is 

debatable; however, the net effect of miR-143/145 signaling is suppression of atherogenesis 

and vascular remodeling.

MicroRNA-802 is increased in the liver of two obese mouse models and obese human 

subjects126. Overexpression of miR-802 suppresses insulin signaling and promotes hepatic 

gluconeogenesis by suppressing hepatocyte nuclear factor 1 homeobox B (Hnf1b). Hnf1b is 

a liver specific factor that modulates insulin secretion while simultaneously inhibiting 

reactive oxygen species (ROS) generation via PI3K/Akt and MEK/ERK signaling 

pathways127. Further, investigation by Kornfeld et al. revealed that overexpression of Hnf1b 

in Leprdb/db mice lead to improved insulin sensitivity and glucose tolerance126. Further 

analysis of the role of miR-802 in insulin signaling through Hnf1b is needed. Moreover, 

identification of potential atherogenic targets modulated by miR-802 are missing.

Physical activity—Lack of physical activity is commonly noted as a risk factor for the 

development of CAD. Physical activity is defined as an activity that requires physical 

exertion and typically leads to increased heart rate for a transient amount of time. The 

current American Heart Association recommendation for physical activity is 150 minutes 

per week of moderate exercise or 75 minutes per week of vigorous exercise. Following these 

recommendations is hypothesized to aid in the prevention of coronary heart disease and 

stroke by lowering blood pressure and cholesterol128.

It is well established that physical activity impacts cellular and molecular pathways involved 

in health and disease. Skeletal muscle and circulating miRNAs are differentially impacted by 

aerobic exercise and may provide insight on how the pathogenesis of disease is prevented 

through physical activity.

The general importance of miRNAs in exercise-mediated improvements in cardiovascular 

physiology was demonstrated by miR-29 induction and correlative declines in miR-1, 

miR-133a, and miR-133b in the left ventricle (LV) of exercised trained rats. The fact that 

miR-29 modulated collagen proteins was well illustrated by the correlative declines in 

COLIAI, COLIIIAI, and total collagen proteins upon exercise training induced miR-29 

expression. Further, this study showed that collagen suppression was a key element in 

differentiating physiological from pathophysiological hypertrophy129 presumably because 

miR-1 and miR-133a have been previously characterized as pro-hypertrophic.

miRNA-1-1/133a-2 and miR-1-2/133a-1 are bicistronic expressed in skeletal muscle in 

addition to cardiomyocytes. The myomiRNAs miR-1, 133a, 133b, and 206 levels were 

reduced in the vastus lateralis of healthy men following 12 weeks of exercise130. 

Furthermore, Ringholm et al. observed reduced miR-133a following aerobic training. 

Aerobic training induced changes in miR-133 expression could be explained by the muscle 

adaptation processes that encompass a hypertrophic response131. Thus, short-term 

suppression of miR-133 may invite physiological adaptation to short term environmental 

stressors.
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Aberrant levels of miRNA-222 have been identified in patients with CAD. miR-222 is a 

miRNA known to induce endothelial dysfunction, which precedes atherogenesis, by 

suppressing PGC-1α132 and STAT5A133. In CAD patients, miR-221/222 levels were 

drastically higher in EPCs compared to non-CAD patients134. Treatment with atorvastatin, a 

lipid lowering drug, lead to reductions in miR-221/222 expression in EPCs and increased the 

number of circulating EPCs in this patient population134. Bye et al. detected increased serum 

miR-222 in healthy individuals with low VO2max (a surrogate measure of aerobic fitness) vs 

patients with a high VO2max 135. Conversely, in a study examining the impacts of cycling 

and rowing on circulating miRNAs, investigators found that miR-222 and miR-146a were 

increased by acute exercise before and after training 136. Although these studies provide 

insight into alterations in microRNA in response to aerobic exercise and physical activity, 

the implications of these changes remains unclear. Routine physical exertion has consistently 

proven to improve cardiovascular health. Changes in miRNA levels may provide insight on 

the therapeutic potential of exercise and how it prevents development of cardiovascular 

disease on a molecular level. Clinical trials examining changes in circulating and tissue 

miRNA levels in response to physical activity are needed to further understand the 

prognostic and therapeutic value of these exercise-associated miRNAs.

Current challenges and future perspectives

Use of microRNAs as Biomarkers of disease

The discovery that microRNAs were present in nucleated blood cells, plasma, platelets, and 

erythrocytes opened up the opportunities to study their roles in pathological processes. 

Following investigation of microRNA stability, investigators observed that plasma 

microRNAs were extremely stable even under fluctuating conditions (ie changes in 

temperature, pH); whereas exogenous microRNAs added to samples were quickly degraded 

by plasma RNAses. This phenomenon is possibly due to the finding that plasma miRNAs 

are chaperoned by proteins such as AGO2 and the lipoprotein HDL. This observation 

provided substantial evidence for use of microRNAs as diagnostic tools. Multiple studies 

examined the diagnostic potential of microRNAs in various diseases as evidenced in Table 1; 

however, investigators quickly recognized obstacles that would interfere with the acquisition 

of reliable and reproducible cell-free plasma microRNA analysis.

One factor influencing the quality of microRNAs included high interference from proteins 

and other plasma components. Plasma contains proteins and other factors that contribute to 

coagulation. Thus, blood must be treated with citrate or some other anticoagulant to prevent 

loss of microRNAs137. Low quantities of microRNA in plasma and serum may go 

undetected in standard analyses. Other challenges include variability in RNA isolation and 

PCR methodologies across studies, and inconsistencies in internal control or reference gene 

selection for fold change calculations in plasma and serum samples. Data normalization is a 

major complication that arises during RNA analysis due to changes in commonly selected 

housekeeping genes such as U6, likely to change under pathological conditions. Indeed, U6 

should probably not be used as an internal standard. Some investigators have shown that 

using a spike-in normalization technique may serve as a reasonable alternative24. 

Accordingly, others have found that using plasma volume is the best way to account for 
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variability in results138. Clearly, the method of collection and preparation can artifactually 

influence the results and must be taken into consideration when evaluating miRNAs as 

circulating biomarkers of pathologic processes.

microRNA therapies and targets

Since 2001, microRNAs have emerged as biomarkers and possible therapeutic targets for the 

diagnosis and treatment of diseases. Manipulation of RNA using miRNA mimics and 

antagomirs holds significant therapeutic potential for treating a variety of diseases. With 

recent technological advances, identification and validation of potential therapeutic miRNA 

targets are readily available. However, delivery of anti-miRs and microRNAs in vivo may 

prove to be challenging. Various delivery and targeting methods exist for miRNA 

therapeutics and will be discussed below.

Although endogenous miRNAs are incredibly stable in plasma due to their association with 

RNA “protective” proteins, exogenous miRNA are rapidly degraded due to ribonucleases 

present in the blood. Thus, chemical modifications of phosphodiester oligodeoxynucleotides 

(ODNs) such as locked nucleic acid (LNA)139, 2’-O-methyl-(2’O-Me) or 2’-O-

methoxyethyl—oligonucleotides (2’-O-MOE)140 have been used as one method to prolong 

the half-life of these nucleic acids to improve therapeutic efficacy. The first in-human phase 

I clinical trial using LNA was published in 2013141. The authors observed minimal changes 

in castration-resistant prostate cancer patients administered EZN-4176, designed to inhibit 

the hinge region of (exon 4) of the androgen receptor141. On the contrary, a 2013 study 

published by Janssen et al. in the New England Journal of Medicine showed reductions in 

hepatitis C virus RNA levels with administration of Miravirsen, an LNA-modified DNA 

phosphorothiate antisense nucleotide that inhibits miR-122142. Phase I and II trials 

examining the efficacy of Miravirsen in Hepatitis C patients who are non-responsive to IFN-

α treatment are currently ongoing143. In addition, a recent phase I clinical trial, conducted 

by Regulus Therapeutics, demonstrated that RG-101, a N-acetyl galactosamine (GalNAc)-

conjugated-anti-miR-122 therapy, was safe and effective for treating HCV infection 

(www.regulusrx.com). Experimental design for a phase II clinical trial is currently in 

progress. Lipid-based delivery systems for RNAi and microRNA are one of the most 

commonly used systems in preclinical studies. MRX34, a liposomal-encapsulated miR-34 

mimic replacement therapy, was proven to be safe and effective in ongoing phase I clinical 

trials144. Thus far, delivery of microRNAs and anti-miRs has proven challenging145. 

However, collaborative efforts amongst biochemist, geneticists, and bioengineers are 

advancing the development of microRNA-based therapies for cancer, autoimmune diseases, 

and atherosclerosis.

Conclusions

Patients with CAD have differentially expressed miRNAs due to a variety of signaling 

pathways activated during disease processes. Although there are a number of studies that 

outline the influence of risk factors on the pathogenesis of cardiovascular disease, epigenetic 

modifications initiated by these factors are becoming increasingly clearer.
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CAD risk factors are associated with differentially expressed microRNAs. However, 

extrapolation of these findings to understand clinically relevant pathologies is currently 

limited. Still, the clinical applicability of scientific discoveries in the miRNA field is 

promising as ongoing clinical trials using miRNAs as biomarkers of treatment efficacy are 

underway146. Development of disease diagnostic tools and “precise” therapies may greatly 

impact the epidemiological burden of CVD and CAD. Future studies are needed to 

determine the actual clinical value of measuring miRNAs in extracellular compartments 

such as plasma, serum, sputum, and urine. Further, although a number of targets of 

microRNAs have been identified as outlined in Figure 1, bioinformatics and basic science 

investigations are still needed to determine potential targets of microRNAs and their links to 

cardiovascular disease.

In conclusion, the impact of cardiovascular disease risk factors on miRNA expression and 

vice versa is novel and should be further investigated. Underpinnings of CAD modulated by 

risk factor mediated changes in miRNA may provide insight on CAD and CVD prevention 

in the future. Moreover, differential regulation of miRNAs may unveil pathways involved in 

the development of CAD independent of conventional risk factors.
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Key points

• MicroRNAs play a potential major role in the development of 

cardiovascular diseases.

• Cardiovascular disease risk factors differentially modulate microRNA 

expression in human and mouse models of disease.

• Inferences made from observations of differentially expressed 

microRNAs in plasma and tissues must be made with caution.

• MicroRNAs may serve as a potential therapeutic target for alleviation 

of cardiovascular diseases.
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Fig. 1. The differential expression of selected microRNAs in the presence of cardiovascular risk 
factors and their respective targets
(A) MicroRNAs differentially regulated in the presence of cigarette smoke or cigarette 

smoke by-products and their targets. (B) Increased expression of microRNAs found in 

hypertensive patients and mouse models and their cardiovascular disease related targets. (C) 

Hyperlipidemic and cholesterol metabolism associated microRNAs and their specified 

targets. (D) In patients with obesity and/or diabetes, miR-26a and miR-103/107 are reduced 

in expression, whereas miR-143/145 and miR-802 are increased in expression. These 

microRNAs play a role in insulin signaling and atherosclerotic plaque formation. (E) 

Physical inactivity and exercise impact the development of cardiovascular disease. 

MicroRNAs shown to response to changes in exercise include miR-29, miR-1, miR-133a, 

133b, miR-222, and miR-146a. MicroRNAs in grey are down-regulated, those in red are 

upregulated, and microRNAs highlighted in yellow are not changed under specified 

conditions.
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