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Abstract

The regulation of cholesterol metabolism is one of the most studied biological processes since its
first isolation from gallstones in 1784. High levels of plasma low-density lipoprotein (LDL)
cholesterol and reduced levels of plasma high-density lipoprotein (HDL) cholesterol are widely
recognized as major risk factors of cardiovascular disease. An imbalance in the production of
reactive oxygen species (ROS) can oxidize LDL particles increasing the levels of the highly pro-
atherogenic oxidized LDLs (ox-LDLs). Furthermore, under pathological scenarios, numerous
molecules can function as pro-oxidants, such as iron or high-glucose levels. In addition to the
classical mechanisms regulating lipid homeostasis, recent studies have demonstrated the important
role of microRNAs (miRNAS) as regulators of lipoprotein metabolism, its oxidative derivatives
and redox balance. Here, we summarize the recent findings in the field, highlighting the
contribution of some miRNAs in lipid and oxidative-associated pathologies. We also discuss how
therapeutic intervention of miRNAs may be a promising strategy to decrease LDL, increase HDL
and ameliorate lipid and oxidative related disorders, including atherosclerosis, non-alcoholic fatty
liver disease (NAFLD) and metabolic syndrome.

INTRODUCTION

MiRNAs have emerged as crucial and widely distributed post-transcriptional regulators of
gene expression in the majority of biological processes, ranging from housekeeping
functions to environmental stress responses [1-4]. In contrast with the high conservation of
protein-coding genes between species, miRNAs appear to be an important factor in
increasing the complexity of organisms, as mammalian genomes transcribe over an order of
magnitude more non-coding RNAs than worms or flies [5]. MiRNAs are transcribed in the
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nucleus mainly by RNA polymerase 11 as long primary miRNAs (pri-miRNA) of 500-3000
bp that show a stem-loop hairpin structure. The pri-miRNA undergoes maturation by the
sequential action of the Drosha/Pasha complex in the nucleus [6] and Dicer in the cytoplasm
[7, 8]. After the pri-miRNA is processed, the mature miRNA (25-21 nt) is incorporated into
the RNA-induced silencing complex (RISC) and binds preferentially to the 3" untranslated
region (3"UTR) of the mRNA target genes. Of note, a single miRNA modulates multiple
genes often within the same biochemical pathway or interconnected nodes in regulatory
networks and can help confer the robustness of biological processes by reinforcing
transcriptional programs and attenuating dysregulated transcripts.

Regulation of miRNA function is involved in the pathogenesis of human diseases including
cancer, metabolic disorders, cardiovascular diseases and neurological dysfunctions [9]. Here
we review the role of miRNAs in regulating lipid metabolism, oxidative stress and
cardiovascular diseases, including atherosclerosis. We will also discuss how modulating
miRNA expression might be a promising therapy to combat atherosclerotic vascular disease
and related dyslipidemias.

1. MiRNA regulation of Cholesterol metabolism

Cholesterol is an essential component of cell membranes and is required for vital processes
[10, 11]. An excess of plasma cholesterol leads to its accumulation in the artery wall
promoting atherosclerosis, the main cause of death in the Western and developing countries
[12]. Cholesterol levels are maintained through a tightly regulated and complex mechanism
that includes de novo biosynthesis, internalization of exogenous cholesterol and efflux of its
excessive levels. All of these processes are controlled by miRNAs.

MiR-122—MIiR-122 was one of the first miRNAs described in humans due to its abundance
in the liver. This conserved liver-specific miRNA constitutes 70% of the total miRNA pool
in this organ [13, 14], while it is absent in other tissues. Several observations underline the
importance of miR-122 in liver biology and disease. First, antisense-mediated inhibition of
miR-122 in mice leads to the induction of genes that are normally repressed in adult liver
[15], suggesting that this miRNA is important for hepatocyte differentiation. Second, anti-
miR-122 therapy in mice and non-human primates results in a significant reduction of
plasma cholesterol and triglyceride levels. These effects on lipid metabolism have been
associated with the modulation of genes involved in cholesterol synthesis including 3-
hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCSL1), 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR), 7-dehydrocholesterol reductase (DHCR7), and squalene epoxidase
(SQLE) [15]. However, none of these genes are direct miR-122 targets and thus the
mechanism underlying these effects remains unclear. Some of these observations have been
recently confirmed in miR-122 deficient mouse models [16]. Specifically, miR-122 liver-
specific knockout and miR-122 germline knockout mice have a significant reduction (~30%)
of total serum cholesterol and triglyceride levels [17, 18]. Mechanistically, Tsai and
colleagues found that the absence of miR-122 results in a significant reduction of the
microsomal transfer protein (MTTP) expression, thereby decreasing very low-density
lipoprotein (VLDL) secretion from the liver [17] (Figure 1). Together, these observations
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suggest that absence of miR-122 results in hypolipidemia through reduction of hepatic
cholesterol synthesis and VLDL secretion.

miR-33/miR-33*—Different groups among us have recently identified miR-33a and
miR-33b as intronic miRNAs located within the sterol regulatory element binding factor 2
(Srebf2) and Srebfl genes [19-21]. In humans, miR-33a and miR-33b are co-transcribed
with their host genes and regulate HDL biogenesis and cholesterol efflux by targeting ATP-
binding cassette A1 (ABCA1) and ABCG1, and the endolysosomal transport protein,
Niemann-Pick C1 (NPC1) [19-21]. These results were later confirmed genetically in miR-33
deficient mice [22]. In addition to ABCAL and ABCG1, miR-33 also regulates the expression
of two canalicular transporters, ATP-binding cassette, sub-family B (MDR/TAP), member
11 (ABCB11) and aminophospholipid transporter class | type 8B member 1 (ATP8B1),
which regulate bile acid secretion [23]. Moreover, Li et al. have recently discovered that
miR-33a also regulates the cytochrome P450, family 7, subfamily A, polypeptide 1
(CYP7AL), the rate-limiting enzyme in the synthesis of bile acid from cholesterol [24].
Altogether, these findings suggest that miR-33 is a key player in regulating several steps of
the reverse cholesterol transport (RCT), including HDL biogenesis, macrophage cholesterol
efflux and bile acid secretion (Figure 1 and Table 1). MiR-33a and miR-33b also contribute
to the regulation of fatty acid metabolism, modulating the expression of carnitine
palmitoyltransferase 1A (CPT1A), carnitine O-octanyl transferase (CROT), and
hydroxyacyl-CoA dehydrogenase-3-ketoacyl-CoA thiolase-enoyl-CoA hydratase
(trifunctional protein) B-subunit (HADHB) [25, 26]. CPT1a, CROT and HADHB regulate
the transport and degradation of fatty acids in the mitochondria and the overexpression of
miR-33 in human hepatic cells results in a significant decrease of fatty acid oxidation [25,
26]. In addition to lipid metabolism, miR-33 also regulates insulin sensitivity and hepatic
glucose production by targeting the insulin receptor substrate 2 (IRS2) and glucose-6-
phosphatase (G6PC) and phosphoenolpyruvate carboxykinase (PKC1), respectively [25, 27].

During miRNA biosynthesis, the passenger strand (also designated as 3p or *) is often
rapidly degraded and has no effect on gene expression, but in certain miRNAs, such as
miR-33 [28], the Dicer generated duplex (miRNA/mMiRNA*) gives rise to both “5p” and
“3p” mature active miRNAs. Interestingly, we have recently demonstrated that miR-33*
shares a similar target network to that of miR-33 and directly represses target genes in
human hepatic and macrophage cell lines. Importantly, miR-33* overexpression reduces
fatty acid oxidation in hepatocytes. Altogether, these data suggest that miR-33 regulates
lipid metabolism through both arms of the miR-33/miR-33* duplex [28].

Anti-miR-33 therapy: a promising approach for treating cardiometabolic
diseases—Human epidemiological studies show a strong inverse association between
HDL plasma levels and coronary heart disease (CHD), which led several groups to study the
potential benefit of anti-miR-33 therapy in preventing atherosclerosis progression and
promoting plaque regression in murine models of atherosclerosis. In the first study, Rayner
and colleagues demonstrated that 2’-O-methoxyethyl (2"F/MOE) modified anti-miR33
therapy enhances the regression of atherosclerosis in LdIr~/~ mice by increasing circulating
HDL-C levels and RCT. Antagonism of miR-33 in mice also reduces lipid and monocyte/
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macrophage accumulation in atherosclerotic plaques, thereby reducing inflammation.
Another interesting finding of this study is the preferential localization of 2’F/MOE anti-
miR-33 oligonucleotides in foam cells, which results in a significant derepression of miR-33
target genes, including Abcal. In addition to reduced macrophage accumulation in
atherosclerotic plagues from Ldlr~'~ mice treated with anti-miR-33 oligonucleotides, the
inhibition of miR-33 also decreases the expression of proinflammatory and pro-oxidant
genes, including inducible nitric oxide synthase (Nos2) and tumor necrosis factor alpha
(Tnf). Even though these results suggest that miR-33 may increase inflammation, other
studies have found the opposite results [29]. Indeed, overexpression of miR-33 reduces the
expression of the receptor interacting protein 140 (RIP-140), which is a transcriptional co-
activator of NF-kB-responsive genes [29].

In addition to the atherosclerosis regression studies, other groups have examined the efficacy
of anti-miR-33 therapy during the progression of atherosclerosis. In our study, we found that
2'F/IMOE modified anti-miR-33 therapy was effective in an atherosclerosis progression
model. We observed a significant reduction in atherosclerotic plaque size in mice treated
with miR-33 ASOs. Importantly, the circulating HDL levels were very similar but the
cholesterol efflux capacity of HDL isolated from mice treated with miR-33 ASOs was
significantly higher compared to HDL isolated from Ctrl-ASO treated mice [30]. We also
observed that mice treated with anti-miR-33 oligonucleotides have a significantly higher
expression of ABCA1, matrix metallopeptidase (MMP-2), collagen type | alpha 1
(COL1A-1) and COL3A-1 in the aorta. These results suggest that the anti-atherogenic effect
of long-term anti-miR-33 therapy is independent of plasma HDL levels. In contrast,
Marquart and colleagues have recently reported that anti-miR-33 therapy using locked
nucleic acid (LNA) modified oligonucleotides fails to increase circulating HDL levels and to
slow the progression of atherosclerosis in LdIr~/~ mice fed a Western diet (WD). These
unexpected results might be explained by the different chemistry employed in the
oligonucleotide modification, as well as by the reduced hepatic miR-33 levels observed in
mice fed a WD. Finally, Horie and colleagues assessed the progression of atherosclerosis in
miR-33/ApoE~/~ double mutant mice [31]. Similar to the results observed in our study,
miR-33 genetic deficiency results in a significant reduction in atherosclerotic plaque
formation. However, the authors also found increased levels of circulating HDL in miR-33
null mice, suggesting that the anti-atherogenic effect of miR-33 deficiency might be
mediated by increasing plasma HDL and RCT.

Other miRNAs that regulate ABCA1 expression—In addition to miR-33 and
miR-122, other miRNAs have also been described to participate in lipid metabolism.
MiR-758 and miR-106 have been shown to regulate ABCAL expression at the post-
transcriptional level in hepatocytes, macrophages and neuronal cells [32, 33]. MiR-758 is an
intergenic mMiRNA which is down-regulated after cholesterol loading in macrophages and in
the liver of mice fed a high-fat diet [32]. MiR-106 also regulates ABCA1 levels and
miR-106 overexpression significantly decreases ABCAL levels and impairs cellular
cholesterol efflux in neuronal cells [33]. In addition to these MiRNAs, miR-144 has also
been recently reported to regulate lipid metabolism by modulating ABCAL expression [34,
35]. Ramirez et al showed that ABCAL is post-transcriptionally regulated by miR-144 in
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vitro and in vivo (Figure 1 and Table 1). MiR-144 over-expression inhibits ABCA1
expression in human and mouse cell lines, thereby attenuating cholesterol efflux to APOAL.
Most importantly, delivery of miR-144 mimics to mice inhibits hepatic ABCA1 expression
and reduces circulating HDL levels. Conversely, miR-144 silencing in mice increases
hepatic ABCAL expression and plasma HDL levels. Thus, miR-144 appears to regulate both
macrophage cholesterol efflux and HDL biogenesis in the liver. We also reported that liver
X receptor (LXR) activation increases miR-144 in macrophages, human hepatic cells and
mouse livers and that ABCAL is a target of LXR-induced miR-144. These data reveal how
an inducible miRNA controls a negative feedback loop to ensure a tight regulation of
cholesterol homeostasis [34]. In a second report, Vallim and colleagues described a novel
pathway that links the activation of nuclear farnesoid X receptor (FXR) to the induction of
hepatic miR-144 expression. They use both gain-of-function and loss-of-function
experiments to demonstrate that changes in hepatic miR-144 levels are sufficient to regulate
hepatic ABCAL expression and plasma HDL levels. They also identify functional FXR
response elements (FXRES) in the miR-144 promoter, consistent with direct FXR regulation
[35].

SR-BI regulation by miRNAs—In addition to promoting cellular cholesterol efflux,
HDL particles deliver cholesterol esters to the liver through the scavenger receptor class B
type | (SR-BI) for excretion [36]. SR-BI is expressed mostly in liver and other steroidogenic
cells such as adrenal glands, ovary and testis, where SR-BI delivers the bulk of the
cholesterol substrate needed for steroidogenesis, the biological process that synthesizes
steroid hormones [37, 38]. MiR-125a-5p and miR-455 have been recently described to
regulate SR-BI expression by direct targeting [39] (Figure 1). Importantly, miR-125a and
miR-455 overexpression inhibits SR-Bl-mediated selective HDL uptake and SR-BI-
supported steroid hormone synthesis and accordingly, anti-miR-125a and anti-miR-455
treatment stimulate both processes. In this study, in vitro treatment of primary rat granulosa
cells with cyclic AMP (cAMP) or in vivo treatment of rat adrenals with adrenocorticotropic
hormone (ACTH) decreased the expression of miR-125a, miR-125b, and miR-455 and
reciprocally increased SR-BI expression. Most recently, Wang and colleagues have
identified miR-185, miR-96 and miR-223 as important regulators of SR-BI expression and
HDL uptake [40]. MiR-185, miR-96 and miR-223 overexpression in Hep-G2 cells inhibits
SR-BI expression and decreases HDL uptake. Interestingly, miR-96 and miR-185 levels
correlate inversely with SR-BI expression in the liver of ApoE knockout mice fed a high-fat
diet [40]. These data suggest that miR-185, miR-96 and miR-223 may be involved in a novel
type of regulation of hepatic SR-BI and cholesterol metabolism.

Other miRNAs that regulate lipid metabolism—Several recent reports have
identified novel miRNAs that regulate lipid metabolism including miR-1, miR-2086,
miR-378/378*, miR-27a/b. Two independent studies have addressed the role of several
miRNAs inhibiting LXRa expression post-transcriptionally. LXR is a ligand-activated
nuclear receptor playing an important role in the transcriptional regulation of lipid
metabolism [41]. LXR activation induces the expression of lipogenic genes such as
SREBP1c, fatty acid synthase (FAS), carbohydrate responsive element-binding protein
(ChREBP) and acetyl-CoA carboxylase (ACC) [42]. In the first study, Zhong and colleagues
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demonstrate that miR-1 and miR-206 regulate lipogenesis by repressing LXRa expression,
thereby decreasing lipogenic gene expression and lipid droplet accumulation in human
hepatic cell lines [43] (Figure 1). Using a similar approach, Zhong et al. found that miR-613
also inhibits lipogenesis by suppressing genes involved in lipid synthesis, including
SREBP1c, FAS, ChREBP and ACC [44]. Altogether, these observations suggest that the
regulation of lipid metabolism by LXRs is also controlled by LXR-induced miRNAs.

There are many other more miRNAs involved in lipid metabolism such as miR-143,
miR-371 and miR-378/miR-378* that have been described to promote adipogenesis [45-47]
(Figure 1). In contrast, miR-27a, miR-27b, miR-369-5p and miR-130 negatively regulate
adipocyte differentiation [46, 48, 49] (Figure 2). Interestingly, miR-27b is highly expressed
in the liver of mice fed a high-fat diet [48] and regulates the expression of several key lipid-
metabolism genes, including angiopoietin-like 3 (ANGPTL3) and glycerol-3-phosphate
acyltransferase (GPAM) [48].

In summary, miRNAs seem to be modulating post-transcriptionally several processes
involved in cholesterol metabolism and, in general, lipid metabolism. It is clear that deeper
knowledge of miRNA mechanistic functions could open new opportunities for the
therapeutic treatment of lipid-related-diseases.

2. Atherosclerosis, cholesterol and reactive oxygen species (ROS)

There are a growing number of studies that demonstrate the importance of miRNAs in
regulating the biology of the human atherosclerotic plaque (Figure 2 and Table 1).
Furthermore, miRNA expression profiles comparing atherosclerotic plaques versus healthy
arteries or plaques from symptomatic and asymptomatic subjects have been performed [50-
52]. Even though these studies provide useful information about the genetic changes of
human atherosclerotic plaques, they usually fail to decipher the specific source (cellular
and/or area of the plaque) and the molecular mechanisms that underlie the role of these
miRNAs. New techniques, such as laser capture microdissection, could help to elucidate the
specific commitment of a single miRNA in oxidative stress or lipid metabolism inside a
specific cell type and/or in the particular communication established by the plaque milieu
[53].

ROS, endothelial cell activation and atherosclerosis—The initial stage of
atherosclerotic plaque development is characterized by the infiltration and retention of LDL
in the artery wall [54]. LDL particles are subsequently modified and oxidized leading to the
accumulation of oxidized LDL particles (ox-LDLs) in the arterial intima. Ox-LDLs
generated by mediation of ROS are a major trigger for atheroma plaque formation and
development because these modified LDLs are significantly more potent than native LDLs
in promoting endothelial dysfunction, one of the first steps leading to plaque formation [55].
In this regard, ox-LDL-regulated expression of miR-125a/b-5p has been shown to control
endothelin-1 levels, which has an important role as one of the most potent vasoconstrictive
peptides in endothelial cells (ECs) [56, 57]. Moreover, miR-365 and let-7c also regulates EC
functions in response to ox-LDLs by targeting the pro-survival molecules B-Cell lymphome
2 (BCL-2) and B—Cell lymphome extra-large (BCL-XL), respectively [58, 59].
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Nitric oxide (NO) bioavailabilty is another factor that regulates ROS levels in the artery
wall. An imbalance in NO levels potentiates a dysregulation in ROS metabolism resulting in
oxidative stress. NO levels are regulated by the nitric oxide synthases (NOS) and among
them, endothelial nitric oxide synthase (eNOS) is a key player in cardiovascular diseases.
The expression of this enzyme is downregulated at the post-transcriptional level by
miRNAs, including miR-222/221and miR-92a [60, 61]. In contrast, miR-21 upregulates
eNOS activity and protects against apoptosis through targeting of its antagonist phosphatase
and tensin homologue (PTEN) [62]. Other miRNAs have also been shown to regulate EC
functions in response to oxidative stress, including miR-34a and miR-217. Both miRNAs
regulate SIRT1 signaling [63-65]. SIRT-1 controls EC function against oxidative stress
through different mechanisms, such as the increase in NO bioavailability and promotion of
mitochondrial biogenesis, thereby augmenting anti-oxidant defenses and preventing
senescence [66].

In the atherosclerotic process, endothelial dysfunction and excessive ROS boost the
expression of adhesion molecules, inflammatory cytokines and chemotactic factors
promoting leucocyte adhesion and transmigration [67]. As a consequence, migrated
leukocytes inside the neointima engulf ox-LDLs and enhance macrophage and foam cell
differentiation [68]. In this scenario, miR-633 and miR-21 stimulate monocyte adhesion to
the endothelium during oscillatory flow by targeting peroxisome proliferator-activated
receptor a (PPARa) [69, 70], whereas miR-92a is downregulated during laminar shear flow
and upregulates the atheroprotective KLF2 [61] and the pro-inflammatory KLF4 [71]. On
the other hand, miR-125a-5p and miR-155 inhibit lipid uptake and the inflammatory
responses in ox-LDL-stimulated monocytes/macrophages [72]. Similar effects occur through
the action of miR-146a, which hampers ox-LDL uptake and the inflammatory response
through targeting toll-like receptor 4 (TLR4) and as a consequence, the inhibition of its
downstream signaling cascade [73]. Other miRNAs, such as miR-9, regulates the expression
of peroxisome proliferator-activated receptor 6 (PPARS) in human monocytes, negatively
affecting the inflammatory response [74].

ROS can also modulate miRNA levels in monocytes/macrophages. In this regard, oxidative
stress downregulates miR-27a* and miR-27b* expression in RAW?264.7 cells [75]. Both
miRNAs inhibit the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
response induced by lipopolysacharide (LPS). Altogether these results demonstrate that
miRNAs regulates ROS production and that ROS production also regulates miRNA
expression.

ROS, Vascular Smooth Muscle Cells and atherogenesis—Vascular smooth muscle
cells (VSMCs) are mainly involved in the regulation of blood pressure due to contractile
tonus. Nonetheless, during atheroma formation both biochemical and mechanical signals
promote reprogramming of these stromal cells, switching them from a contractile to a
phagocyte-like phenotype [76]. These responses also include changes in migration,
proliferation, secretion of proteases and finally apoptosis [77]. VSMCs, apoptosis and
secretion of proteolityc enzymes are determinants of plaque instability, rupture and
thrombosis when the haemo/necro/lipidic core is exposed to the bloodstream. Indeed, the
lipid rich core is six times more thombogenic than any other component from the plaque
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[78]. The phenotypic changes suffered by VSMCs in the plaque can be modulated by
miRNAs, such as miR-27 or miR-146a, among others [79]. MiR-27 has been shown to
participate in mostly all known processes that take place in atherosclerosis including
inflammation, lipid metabolism, oxidative stress, insulin resistance and type 2 diabetes [80].
MiR-146a controls VSMC functions by regulating the expression of the anti-proliferative
KLF4, promoting VSMC proliferation in vitro and neointimal hyperplasia in vivo [79].
Similar to miR-210 and miR-21, miR-146 has also been reported to be dysregulated in
human atherosclerotic plaques, while miR-21 is responsible for protecting VSMCs against
oxidative stress-induced apoptosis [51, 81].

Cholesterol can promote VSMC transdifferentiation to macrophage-like cells, thereby
enhancing the lipid pool in the plaque [76]. One of the mechanisms that allows the ox-LDLs
to be engulfed is through the lectin-like oxidized LDL receptor 1 (LOX-1) in VSMCs. As a
consequence of this uptake, the production of reactive species is increased in the vasculature
[82, 83]. Let-7g has been shown to modulate the uptake of ox-LDL through LOX-1, as well
as VSMC apoptosis and ROS production, which is dependent on NADPH activity [84].
Furthermore, ox-LDLs can upregulate miR-29b levels which results in an increased
synthesis of metallopeptidase 2/9 (MMP2/9), thus favoring plaque instability through
reduction of collagen content [85]. Accordingly, it was recently shown that miR-29 mediates
the down-regulation of extracellular matrix proteins, thereby promoting plaque rupture or
aneurysm formation [86].

Iron metabolism, ROS and atherogenesis—Other molecules present at high levels in
the thrombogenic plaque, such as iron, are also involved in oxidative processes in
atherosclerosis and are modulated by miRNAs. Iron metabolism is essential for cell survival
since it is needed for the action of several enzyme complexes (i.e. ribonucleotide reductase
and cytochrome P450). Nevertheless, when there is an imbalance in iron metabolism
homeostasis and its levels are increased, it can promote ROS production through the
FENTON reaction. Several miRNAs have been shown to regulate iron homeostasis, such as
miR-210. MiR-210 has recently been described to regulate the activity of prototypical iron-
sulfur scaffold protein (ISCU) controlling mitochondrial metabolism and free radical
response in response to hypoxia [87, 88]. Recently, it has also been shown that miR-122
regulates systemic iron homeostasis by repressing the target genes hemochromatosis (HFE)
and hemojuvelin (HJV) [89]. These mMRNAs encode activators of the hormone hepcidin,
which regulates iron availability and mice with reduced miR-122 levels suffer from iron
deficiency [89]. MiR-122 inhibition also decreases the basic leucine zipper transcription
factor 1 (BACHL) and increases heme oxygenase-1 (HO-1), a key cytoprotective enzyme
with antioxidant properties repressed by BACH1 [90]. These data suggest that therapeutic
targeting of miR-122 and upregulation of HO-1 may represent a new strategy for
cytoprotection.

Atherosclerosis is a complex disease in which different interactions between various cell
types and molecules in the vessel wall have been described. New players, such as red blood
cells (RBCs) and iron content, are being highlighted to regulate lipid oxidation/accumulation
and the redox status in the atheroma, besides the well-known participants such as ECs,
VSMCs or monocytes/macrophages. Elevated levels of LDLs and their oxidation are
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believed to trigger atherosclerosis and the accumulation of modified species of lipids inside
the intima is a hallmark of plaque development and instability. For example, oxidized lipids
can be stored inside the cell as ceroids, or aggregates of protein and lipids typical of human
plaques, which colocalize with intra- and extracellular iron content [91]. In atherosclerotic
plaques, heme/iron groups are increased up to 17 times and have been reported to alter
cholesterol efflux and oxidative stress in macrophages [91]. Thus, modulators of these
processes, in which lipids and ROS are involved, are of high interest in research and
potential targets in vascular therapeutics. While we have already revised numerous scientific
findings regarding miRNA modulation of lipid metabolism and redox homeostasis, most of
these recent and exciting findings still must be clearly elucidated as a single miRNA (e.g.
miR-146a) can exert different functions depending on the cell type in which it is expressed.
Furthermore, a single mMRNA target can be regulated by several miRNAs. In addition, the
complex network of communications established by the cellular milieu in the atherosclerotic
plaque requires further studies to reach a therapeutic decision in atherosclerosis.

3. Circulating miRNAs

While the idea of intercellular communication through small vesicles containing mixtures of
proteins and nucleic acids was proposed over 30 years ago [92], the presence of cell-type
specific miRNAs in these particles has only recently been reported. Cells can selectively
package certain miRNAS and are actively secreted into the blood in membrane-derived
vesicles [93, 94], lipoproteins, such as HDL [95], and AGO2 ribonucleoprotein complexes
[96]. Specifically, circulating miRNAs have recently been shown to be very stable in the
plasma and have been implicated in vascular diseases [97, 98]. Despite this, the diagonostic
and prognostic properties of these miRNAs are still highly controversial [99]. These
extracellular miRNAs have become a focus of attention because of their potential as novel
disease biomarkers. Among others, cardiovascular diseases, such as atherosclerosis are
characterized by differential plasma miRNA profiles compared with healthy populations
[97, 100, 101]. Circulating miRNAs are biologically active since recipient cells show altered
gene expression [102, 103]. HDL particles are also able to deliver miRNAs to recipient
cells. Interestingly, the miRNA profiles of HDL particles are different in healthy people than
in subjects with familial hypercholesterolemia [95]. These interactions can be performed in
several different fashions and miRNAs can serve as bridges of communication between cells
in the vasculature. In recent studies, it has been shown that extracellular vesicles secreted by
shear-stressed ECs enriched in miR-126 or miR-143/145 are engulfed by VSMCs thereby
regulating target-gene expression in host cells [104, 105]. Conversely, increased
proliferation of ECs can be achieved by exogenous miRNAs secreted by other cells from the
vasculature, such as monocytes [103].

Therefore, a new potential role for miRNAs as a possible form of intercellular
communication like hormones can be considered. There is increasing interest in the
knowledge of the mechanisms that control miRNA extracellular export, cell-specific
targeting and recognition machinery. In this regard, the physiological “in vivo” roles have to
be definitively established; therefore, it is likely that future research on secreted miRNAs
will open new therapeutic approaches for cardiovascular disease treatment.
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CONCLUSIONS

There is a tremendous interest in the therapeutic application of miRNA inhibitors and
miRNA mimics to treat lipid-related disorders. The high conservation of miRNA sequences
between species suggests that the biological pathways modulated by miRNAs might also be
conserved, making them attractive research targets with potential therapeutic applications.
One of the better-studied miRNAs that illustrates this phenomenon is miR-33. Nonetheless,
caution should be taken before translating data from murine models to human therapies. A
good example derives from miR-33b, which is absent in the mouse genome. Additionally, a
given miRNA can be predicted to regulate several hundred genes, in the same way that a
gene can be regulated by more than one miRNA. Thus, the contribution of each miRNA in
modulating its target gene expression levels will be determined by the relative abundance of
each miRNA in different tissues and the biological stimuli that regulates their expression.
Therefore, it seems likely that a combination therapy might improve the prognosis for
patients with cardiovascular disease.
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Figure 1. Schematic overview of miRNAs involved in lipid metabolism and ROS
Different miRNAs are grouped in boxes and /or representative organs in which they target

lipid metabolism regulators. Biological processes in which they are involved are also shown.
1 indicates activation, T indicates inhibition.
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Figure 2. Overview of the potential roles of mMiRNASs in atherosclerosis
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A schematic picture of the pathological scenario in the atherosclerotic plaque. Boxes

represent different biological processes implicated in atheroscleroti

¢ disease, such as

inflammation, monocyte extravasation, apoptosis, oxidative stress or extracellular miRNAs.
MiRNAs can modulate either positively or negatively several of these processes. 1 indicates

activation, T indicates inhibition.
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Summary of the prototypical functions of miRNAs in lipid metabolism and oxidative stress.

Table 1
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miRNA Target MRNA  Regulatory effect References
Lipid metabolism
miR-122 ?, MTTP 1 Cholesterol synthesis (LDL) [17]
1 VLDL secretion
miR-33 ABCA1l J Cholesterol efflux [19]
CROT | Fatty acid biosynthesis [25, 26]
CPT1
HADHB
CYP7A1 J Bile acid synthesis and secretion [23]
ABCB11
ATP8B1
IRS2 J Insulin signaling [25, 27]
G6PC
PCK1 J Glucose metabolism [27]
miR-758, miR-106b, miR144 ABCA1 J Cholesterol Efflux [32-35]
miR-125a, miR-455 SR-BI J Cholesterol metabolism and Steroidogenesis [39]
miR-185, miR-96, miR-223 SR-BI J Cholesterol metabolism and Steroidogenesis [40]
miR-1, miR-206, miR-613 LXRa 1 Lipogenesis [43, 44]
miR-143, miR-371 CRAT, MED13 1 Adipogenesis [45-47]
miR-378/378*
miR-27a/b, miR-369-5p, miR-130  ANGPTL3 J Adipogenesis [46, 48, 49]
GPAM, FABP4
Oxidative stress
miR-125a/b-5p ECE-1 Anti-inflammatory [56, 57]
ORP-9
miR-365 BCL-2 Pro-inflammatory [58]
Let-7 BCL-XL Pro-inflammatory [59]
miR-222/221 eNOS Endothelial homeostasis [60]
miR-92a eNOS Endothelial homeostasis [61]
KLF2
KLF4
miR-21 eNOS Anti-apoptotic Pro-inflammatory [62]
PTEN
PPAR-a
miR-34, miR-217 SIRT-1 Pro-apoptotic Endothelial senescence [63-65]
miR-633 PPAR-a Monocyte adhesion [69]
miR-146a TLR4 Anti-inflammatory VSMC proliferation Neointimal hyperplasia [73, 79]
KLF-4
miR-9 PPAR-y Anti-inflammatory [74]
miR-27* a/b NF-xB Anti-inflammatory [75-80]
Let-7g LOX-1 Monocyte adhesion [84]
miR-29b DNMT3b Plaque instability [86]
miR-210 ISCU Oxidative response to hypoxia [87-88]
miR-122 HFE Oxidative stress [89]
HIV
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