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Abstract

MicroRNAs (miRNASs) are involved in the pathogenesis of a number of cardiovascular diseases.

In this review article, we have summarized the role of miRNAs in regulating lipid metabolism and
how their therapeutical inhibition may lead to new approaches to treat cardiometabolic diseases,
including atherosclerosis and metabolic syndrome. Specific miRNAs, such as miR-33a and -33b,
represent one of the most interesting and attractive targets for metabolic-related disorders and anti-
miR33 approaches are under intensive investigation. In addition to miR-33, other miRNAs,
including miR-122, are also emerging as key players in lipid metabolism. More recently miRNAs
were shown to exert their activities in a paracrine manner and also systemically. The latter is
possible due to lipid-carriers, including lipoproteins, that transport and protect miRNAs from
degradation. The emerging strong connection between miRNAs, lipoproteins and lipid metabolism
indicates the existence of a reciprocal modulation that might go beyond atherosclerosis.

Introduction

MiRNAs are short non-coding RNAs involved in the regulation of gene expression at the
post-transcriptional level [1]. MiRNAs are implicated in the pathogenesis of various
cardiovascular diseases and have also been considered as potential targets for therapeutic
intervention [2]. To date, several mMiRNAs have been described to finely regulate lipid
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metabolism and the progression and regression of atherosclerosis including miR-122,
miR-33, miR-106, miR-758, miR-26, miR-370, miR-378/378*, let-7, miR-27, miR-103,
miR-107, miR34a, miR-143 and miR-335 [3-20]. More recently, miRNAs were shown to
exert their activities in cells different from those were they have been generated and also
systemically. The latter activity is possible thanks to lipid-carriers, including lipoproteins
that transport and protect miRNAs from degradation but could also modulate their delivery.

In this review we aim to to: i) present the complex mechanism by which miRNAs regulate
lipid metabolism, ii) illustrate how their therapeutical modulation may lead to new
treatments for cardiometabolic diseases, and iii) discuss how the transport of miRNAs in the
circulation by lipoproteins and other lipid carriers might represent a new aspect in biology
further connecting lipid lipoproteins and miRNAs.

mMiRNAs modulating lipid metabolism

miR-33 and miR-122 represent the miRNAs that have been extensively investigated for their
role in modulating genes involved in lipid metabolism, however several other miRNAs are
emerging.

miR-33 family

The sterol-regulatory element-binding proteins (SREBPS) are key regulators of lipid
metabolism [23]. They bind to the promoter region and activate the transcription of many
genes involved in cholesterol and fatty acid biosynthesis and uptake and in the production of
TG and phospholipids. The Srebpl gene encodes for two transcripts, Srebpla and 1c, which
primarily regulate lipogenic genes such us acetyl-CoA carboxylase (Acc), Scd and Fasn. On
the other hand, SREBP2 preferentially controls cholesterol metabolism by regulating genes
involved in cholesterol biosynthesis, such as Hmger and most of the mevalonate-pathway
genes, and cholesterol uptake, including the low-density lipoprotein receptor (Ldlr).

Interestingly, several groups have recently reported the intriguing localization of the miR-33
family members within the introns of the Srebp genes [8, 12, 13, 19]. miR-33a, which is
conserved in organisms from Drosophila to humans, is located in intron 16 of the Srebp2
gene, whereas miR-33b is encoded in intron 17 of the Srebpl gene. Both mature miRNAs
have similar seed sequences and therefore are predicted to target similar genes. Of note,
miR-33b is not conserved in rodents, which may explain some of the differences between the
lipid/lipoprotein metabolism in rodents versus humans. Both miRNAs appear to be co-
transcribed with their host genes and regulate physiological processes related to the genes
where they are encoded [13, 19]. For instance, like many intronic miRNAs, miR-33a is co-
transcribed when Srebp2 is activated and targets genes involved in cholesterol export, such
as the adenosine tri-phosphate binding cassette (ABC) transporters, ABCA1 and ABCG1,
and the endolysosomal transport protein, Niemann-Pick C1 (NPC1) [8, 12, 13, 19]. This
regulatory function of miR-33a may function as a gatekeeper to ensure that the cell is
protected under low sterol conditions from additional sterol loss. ABCG1 is not a conserved
target in rodents, pointing out that the regulation of cholesterol efflux between species may
be differently regulated at the post-transcriptional level. The identification of ABCAL as a
main miR-33 target gene leads to the hypothesis that miR-33 may be regulating high-density
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lipoproteins (HDL) levels in vivo. Indeed, three independent studies have demonstrated that
endogenous inhibition of miR-33 using a variety of strategies leads to a significant increase
in hepatic ABCAL expression and plasma HDL levels [8, 12, 13, 19]. These findings were
later confirmed in the miR-33 deficient mice [24]. Most importantly, anti-miR-33 therapy
also resulted in increased plasma HDL levels in non-human primates.

HDL is believed to play a key role in reverse cholesterol transport (RCT), which mediates
the clearance of excess cholesterol from cells to the liver for excretion to bile and feces [25].
This process is particularly relevant for the removal of cholesterol from lipid-loaded
macrophages that accumulate in atherosclerotic lesions and is thought to contribute
predominantly to the atheroprotective effects of HDL. Interestingly, anti-miR-33 therapy
promotes RCT and regresses atherosclerosis in LDLr knockout mice [26]. The effect of
miR-33 on RCT appears to be more complex and not only mediated by ABCAL. In this
regard, Allen RM et al has recently reported that miR-33 also targets two canalicular
transporters, ABCB11 and ATP8B1, that regulate bile secretion, which is essential for
controlling whole body sterol homeostasis [27]. This study also suggests that anti-miR-33
therapy may be useful for treating recurrent cholestasis. Indeed, pretreatment of mice with
anti-miR-33 oligonucleotides rescues the hepatotoxic effect of diet and statins [27].

In addition to the important role of miR-33 in regulating cholesterol metabolism, the
conservation of miR-33 in the Drosophila melanogaster genome, an organism that does not
synthesize sterols, and the genomic localization of miR-33b in the intron of the Srebpl gene,
led several groups to study the contribution of miR-33 in controlling other metabolic
pathways. Importantly, miR-33a and miR-33b contribute to the regulation of fatty acid
metabolism, modulating the expression of carnitine O-octanyl transferase (Crot), carnitine
palmitoyltransferase 1A (Cpt1A), and hydroxyacyl-CoA dehydrogenase-3-ketoacyl-CoA
thiolase-enoyl-CoA hydratase (trifunctional protein) p-subunit (Hadhb) [8, 28]. CROT and
CPT1A regulate the transport of fatty acids to the mitochondria for their degradation and
HADHB is directly involved in mitochondrial fatty acid p-oxidation. Over-expression of
miR-33 in hepatic cells significantly reduces the degradation of fatty acids leading to an
accumulation of neutral lipids [8, 28]. Conversely, endogenous inhibition of miR-33
increases the degradation of fatty acids [8, 28]. These observations suggest that anti-miR-33
therapy may be useful for treating hepatic steatosis by increasing the degradation rate of
fatty acids in the liver. Accordingly, Rayner and colleagues also demonstrated that non-
human primates treated with anti-mir-33 oligonucleotides have a significant reduction of
plasma VLDL levels [16]. This effect on plasma lipoproteins could be explained by a
reduced lipidation and secretion of ApoB-containing lipoproteins from the liver owing to the
increased fatty acid oxidation in the liver of non-human primates treated with anti-miR-33
oligonucleotides.

miR-33 also controls the expression of sirtuin 6 (Srt6) and AMP-activated protein kinase
(Ampkal), which is involved in regulating lipid and glucose metabolism [28]. SIRT6 is a
NAD-+-dependent histone deacetylase that plays an important role in regulating glucose
metabolism [29, 30]. Indeed, SIRT6-deficient mice develop normally but succumb to lethal
hypoglycemia early in life. Moreover, hepatic-specific disruption of SIRT6 results in fatty
liver formation because of the enhanced glycolisis and triglyceride synthesis [31]. SIRT6 is
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regulated by miR-33 in humans and non-human primates but not in other species, suggesting
that the regulation of fatty acid and glucose metabolism by miR-33 may be different
between species. AMPKal, a master regulator of cellular energy, is also an important target
of miR-33 [28]. AMPKal phosphorylates and inhibits key lipogenic enzymes including
HMGCR and ACC. Thus, the inhibition of AMPKal by miR-33 may increase HMGCR and
ACC activity to boost intracellular levels of cholesterol and fatty acids. Altogether, these
results suggest a paradigm in which miR-33a and miR-33b act in concert with their host
genes, Srebp2 and Sebpl, to increase intracellular cholesterol and fatty acid levels by
balancing the transcriptional induction and posttranscriptional repression of lipid
metabolism genes.

Finally, the expression of insulin receptor substrate 2 (IRS2) is also regulated by miR-33
[28]. IRS2 is an adaptor protein that controls insulin signaling in the liver. Overexpression
of miR-33 in human hepatic cells significantly inhibits insulin signaling by reducing IRS2
expression, protein kinase B (PKB; also known as AKT) phosphorylation and FOXO1
cytoplasmic localization [28]. These data indicate that miR-33a and —b impact pathways
influencing three of the primary risk factors in metabolic syndrome, namely insulin
resistance, low HDL and high VLDL and suggest that anti-miR-33 therapies may be an
attractive approach for treating this global health concern.

miR-122 is the most abundant miRNA in the liver where it accounts for ~ 75% of total
miRNA expression. The role of miR-122 in the liver is multifaceted; it is often down-
regulated in hepatocellular carcinoma and is associated with the regulation of hepatitis C
infection [21]. miR-122 is also the first miRNA identified to play a role in regulating lipid
metabolism [3-5]. Two studies in mouse and non-human primates demonstrate that anti-
miR-122 therapy results in a significant reduction of plasma cholesterol levels [4, 5]. These
results have been recently recapitulated in miR-122 deficient mouse models [21, 22].
miR-122 liver-specific knockout and miR-122 germline knockout mice showed a significant
reduction (~30%) of total serum cholesterol and triglyceride (TG) levels. Even though the
effect of anti-miR-122 therapy and the phenotype of the miR-122 null mice on lipid
metabolism have been replicated in several studies, the molecular mechanics by which the
inhibition or absence of miR-122 results in a significant decrease of total cholesterol remains
poorly understood. Stoffel and colleagues observed that in mice treated with miR-122
antagomirs, at least 11 genes involved in cholesterol biosynthesis, including 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (Hmgcr), 7-Dehydrocholesterol reductase (Dhcr7),
mevalonate kinase (MvK), 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 (Hmgcs 1),
farnesyl diphosphate synthase (Fdps) and squalene epoxidase (Sgl€), were significantly
down-regulated [3]. Similarly, miR-122 knockout mice showed a significant inhibition of
genes involved in cholesterol biosynthesis, including Hmgcr [21, 22]. Moreover, Tsai and
colleagues also found a significant down-regulation of the microsomal TG transfer protein
(MTTP), which is essential for the assembly of lipoproteins, in miR-122 null mice [21].
Indeed, the TG secretion rate was significantly reduced in miR-122 deficient mice and
rescued after over-expressing MTTP in the liver, suggesting that the phenotype in the
miR-122 knockout mice is primarily due to effects on MTTP expression. Intriguingly, Mttp
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is not a direct target of miR-122 and the mechanism by which miR-122 regulates its
expression is still unknown. Altogether, these results demonstrate that miR-122 plays a key
role in regulating serum cholesterol and TG levels by controlling cholesterol biosynthesis
and very-low density lipoprotein (VLDL) secretion in the liver.

In addition to controlling cholesterol metabolism, miR-122 has been shown to regulate fatty
acid synthesis and oxidation. In this regard, the inhibition of miR-122 using 2’-O-
methoxyethyl (2’-MOE) phosphothionate-modified antisense oligonucleotides (ASO) in
mice reduced the expression of multiple genes mainly involved in fatty acid synthesis, such
as the sterol regulatory binding protein 1 (Srebpl), Fatty acid synthase (Fasn), Acetyl-CoA-
Carboxylase (Acc) 1 and 2, and stearoyl-CoA desaturase (Scd), leading to a reduction of
fatty acid content in the liver [5]. Of note, pharmacological inhibition of miR-122 improved
liver steatosis in a high-fat-fed mouse model by increasing fatty acid oxidation and reducing
fatty acid synthesis. In contrast, two independent studies have recently shown that mice
lacking miR-122 in the liver or in the germline develop steatohepatitis by increasing the
expression of genes involved in TG synthesis, including 1-acyl-glycerol-3-phosphate
acyltransferase alpha (Agpatl), Agpat3, Agpat9, monoacylglycerol O-acyltransferase 1
(Mogatl), phosphatidic acid phosphatase 2A (Ppap2a) and Ppap2c [21, 22]. Additionally,
miR-122 deficient mice also showed an increased expression of Cidec, also known as
FSP27, which is a protein that localizes to lipid droplets and negatively regulates lipolysis.
Perhaps this effect associated with the reduced MTTP expression observed in the miR-122
knockout mice may also lead to steatohepatits as a consequence of reduced VLDL synthesis
and secretion from the liver and increased TG accumulation in hepatocytes. Based on these
reports, miR-122 appears to play an important role in TG and cholesterol metabolism. The
different results obtained using antisense oligonucleotide therapies and the miR-122
knockout models, together with the lack of understanding of the effects of miR-122 on lipid
homeostasis and the possibilities of other adverse effects, such as hepatocellular carcinoma,
has dampened the enthusiasm for developing anti-miR-122 therapies for treating lipid
disorders.

Other miRNAs that regulate lipid metabolism

In addition to miR-122 and miR-33, other miRNAs regulate lipid metabolism. Similarly to
miR-33, miR-758, miR-26 and miR-106b regulate ABCA1 expression and cellular
cholesterol efflux [10, 17, 32]. miR-758 is down-regulated after cholesterol loading in
macrophages and in the liver of mice fed a high fat diet [32]. Over-expression of miR-758,
miR-26 and miR-106b reduces ABCA1 expression in macrophage, hepatic and neuronal cell
lines. Thus, the post-transcriptional regulation of ABCAL expression by miRNAs appears to
be complex and mediated by multiple miRNAs and further work is needed to dissect out
their specific, or may be redundant, role..

miR-370 targets directly Cptla, thereby reducing fatty acid f-oxidation [9]. Interestingly,
over-expression of miR-370 in human hepatic cells increases the levels of miR-122 leading
to an increase in lipogenic genes, including Srebpl and Dgat2. These data suggest that the
effect of miR-370 in regulating lipid metabolism may be mostly mediated by miR-122.
miR-378/378* also regulates fatty acid metabolism [7]. Intriguingly, this miRNA is located
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within the peroxisome proliferator-activated receptor gamma coactivator-1 alpha (Pgcla)
gene and regulates triacylglycerol synthesis and storage during adipogenesis. Transfection of
miR-378/378* in ST2 cells increases the expression of fatty acid binding protein 4 (FABP4),
FASN, SCD1, Kruppel-like factor 15 (KLF15), and resistin [7]. However, the miR-378/378*
targets that regulate the expression of these genes are unknown and warrant further
investigation. Another interesting finding is that both strands of the miR-378/miR-378*
duplex regulate TG synthesis in 3T3-L1 adipocytes, suggesting that miR-378 and miR-378*
may cooperate to regulate lipid accumulation during adipogenesis. Other miRNAs have also
been linked to adipocyte differentiation, such as let-7, miR-143, miR-335, miR-27 and
miR-103/107 [6, 11, 14, 33, 34].

In addition, miRNAs have also been involved in the genetic regulation mediated by nuclear
receptors. An early study reported that miR-34 is induced by the nuclear bile acid receptor
farnesoid X receptor (FXR) and targets Sirtl [35]. Importantly, miR-34a levels are elevated
and SIRT1 is reduced in diet-induced obesty in mice. This expression was reverted upon
FXR activation, suggesting that the FXR pathway controls SIRT1 levels via miR-34a
inhibition. miR-26 is also activated by nuclear receptors. In this case, the liver X receptor
(LXR) positively regulates miR-26 expression to fine-tune cellular cholesterol efflux in
macrophages [17].

Altogether these findings summarize the importance of miRNAs in regulating lipid
homeostasis and lipoprotein metabolism, opening new avenues for treating dyslipidemias
and cardiometabolic disorders.

Lipoproteins mediate miRNAs transport and delivery

Although originally described to act as intracellular endogenous non-coding RNAs that
control gene expression at post-translational level, many studies have demonstrated that
miRNAs are present in the circulation (Mayr)(Mitchell PS Proc Natl Acad Sci U S A.
2008;105:10513-10518). Alterations in circulating miRNA profiles were associated not
only with cancer (Kosaka N, Iguchi H, Ochiya T. Circulating microRNA in body fluid: a
new potential biomarker for cancer diagnosis and prognosis. Cancer Sci 2010; 101:2087-
2092) but also with atherosclerosis (Fichtlscherer S, Zeiher AM, Dimmeler S. Circulating
microRNAs: biomarkers or mediators of cardiovascular diseases? Arterioscler Thromb Vasc
Biol 2011; 31:2383-2390. McManus DD, Ambros V. Circulating MicroRNAS in
cardiovascular disease. Circulation 2011; 124:1908-1910.), and nonalcoholic steatohepatitis
(Cheung O, Puri P, Eicken C, et al. Nonalcoholic steatohepatitis is associated with altered
hepatic MicroRNA expression. Hepatology 2008; 48:1810-1820.). While these observations
clearly support the role for circulating miRNA signatures as novel disease biomarkers;
recent evidence suggests that circulating extracellular miRNAs may also be biologically
active and play a role in intercellular communication (Grange C, Tapparo M, Collino F, et
al. Microvesicles released from human renal cancer stem cells stimulate angiogenesis and
formation of lung premetastatic niche. Cancer Res 2011; 71:5346-5356). This mechanism
has been described so far for several cell types including adipocytes, cancer and immune
cells (Curr opini lipidol-Remaley), and the possibility that circulating miRNAs could act as
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hormones, favoring intercellular communication in several physiopathological conditions is
emerging (Curr opini lipidol-Remaley).

While the chemical structure, suggests that miRNAs should be immediately degraded by
nuclease in the circulation, they are relatively stable in plasma (El-Hefnawy T Clin Chem
2004;50:564~73) and the incubation with detergents [23] or sonication [29] favors their
degradation. These observations indicate that miRNAs circulate in a protected form,
probably complexed to lipid related molecules (Curr Opinin lipidol 2012). Extracellular
miRNAs were found, by size-exclusion chromatography, to coelute with Argonaute 2
(AGQ?2), an intracellular structure—function protein found within the RNA-induced silencing
complex (Arroyo JD, Chevillet JR, Kroh EM, et al. Argonaute2 complexes carry a
population of circulating microRNAs independent of vesicles in human plasma. Proc Natl
Acad Sci U S A 2011; 108:5003-5008), which suggests that proteins, in addition to lipid-
carriers, could transport miRNAs. It has also been proposed that extracellular AGO2 bound
to miRNAs is likely to be released into the circulation as a consequence of cell lysis/necrosis
and may not participate in intercellular communication (Curr Opinin lipidol 2012), but this
hypothesis has not been tested yet.

Among the lipid-based molecules, both microvescicles, from the smaller exosomes (40—
100nm in diameter) (Valadi H, Ekstrom K, Bossios A, et al. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell
Biol 2007; 9:654-659) to the larger membrane-derived vesicles (50-4000nm in diameter)
(Skog J, Wurdinger T, van Rijn S, et al. Glioblastoma microvesicles transport RNA and
proteins that promote tumour growth and provide diagnostic biomarkers. Nat Cell Biol
2008; 10:1470-1476), apoptotic bodies (Zampetaki A, Kiechl S, Drozdov I, et al. Plasma
microRNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2
diabetes. Circ Res 2010; 107:810-817) and lipoproteins contain miRNAs (Vickers KC,
Palmisano BT, Shoucri BM, et al. MicroRNAs are transported in plasma and delivered to
recipient cells by high-density lipoproteins. Nat Cell Biol 2011; 13:423-433). While these
molecules share a lipid related structure, they differ in several aspects, including their
interaction with cells and their metabolism. For instance, vesicles (microvesicle/exosomes)
containing miRNAs could be delivered to cells either by a process involving endocytosis
(Morelli AE, Larregina AT, Shufesky WJ, et al. Endocytosis, intracellular sorting, and
processing of exosomes by dendritic cells. Blood 2004; 104:3257-3266) or by membrane
fusion and the release of content into the cytoplasm (Montecalvo A, Larregina AT, Shufesky
WJ et al. Mechanism of transfer of functional microRNAs between mouse dendritic cells via
exosomes. Blood in Press), with only the second mechanism able to preserve miRNA
function. However, in vivo, microvescicle fusion with target cell membranes and the release
of their genetic contents inside the recipient cells is mainly a nonselective process that could
be prevalent in phagocytes (Feng D, Zhao WL, Ye YY, et al. Cellular internalization of
exosomes occurs through phagocytosis. Traffic 2010; 11:675-687), thus potentially limiting
the cell specificity of these miRNA lipid carriers.

On the contrary, lipoproteins represent a highly evolutionary conserved system to transport
lipids, proteins and also miRNAs in circulation. The interaction between specific proteins of
lipoproteins and their receptors on cell membranes ensures a selective interaction and
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exchange of lipoprotein-transported moieties. Although both LDL and HDL have been
shown to transport miRNAS, they present a different miRNA signature, with LDL
presenting a miRNA profile closer to that of plasma exosomes than that of HDL (Remaley;
Nat Cell Biol 2011). HDL represents so far the only class of lipoproteins widely studied for
its ability to retrieve, transport and deliver miRNAs to cells (Remaley; Nat Cell Biol 2011).
HDL reconstituted with human apolipoprotein A-1 (ApoA-I) and phosphatidylcholine(PC)
(rHDL) is able to retrieve a large amount of miRNAs in vivo. Following injection of rHDL
in mice (wild type or apolipoprotein E-deficient on chow or atherogenic diet), the majority
of miRNAs retrieved by the lipoproteins were the same independently of mice genotype or
the presence of atherogenic diet; however, the presence of the atherogenic diet was
associated with a relatively different amount of miRNAs loaded on HDL (Remaley; Nat Cell
Biol 2011). Although the exact mechanism of miRNA loading on rHDL is unknown, it is
reasonable to speculate that ApoA-I might bridge the lipoprotein to the cells, and PC, that
was shown to complex small RNAs (Lu D, Rhodes DG. BBA 2002), might bind the
miRNAs. MiRNA export from macrophages to HDL is favored by the induction of ABCA1
expression but also by the inhibition of the ceramide pathway (Remaley; Nat Cell Biol
2011). Of note, the latter was shown to promote miRNA export to exosomes (Trajkovic K,
Science 2008), therefore the possibility that miRNAs loading on HDL or exosomes could be
related to the different bioavailability of cellular lipids should be investigated. Furthermore,
as HDL undergos a maturation process consisting of continuous lipid and protein exchange
not only with cells but mainly with the other lipoprotein classes, the possibility that HDL
could transport miRNAs acquired also from other lipoproteins can not be excluded.

The delivery of miRNAs from HDL to cells is highly dependent on the scavenger receptor
B1 (SR-BI) (Remaley; Nat Cell Biol 2011). SR-BI, a scavenger receptor with a mission to
transport HDL lipids. Curr Opin Lipidol 2004;15:287-295), which may also lead to less
degradation of miRNAs. Indeed rHDL-mir223 complexes when incubated with hepatocytes
released miR-223 to the cells and reduced the expression on their targets into the cells
(Remaley; Nat Cell Biol 2011).

Of note, none of the miRNAs described above to modulate lipid metabolism are among
those prevalent on human HDL from healthy subjects or patients with familial
hypercholesterolemia (Remaley; Nat Cell Biol 2011). This raises the possibility that
miRNAs carried by HDL could influence pathways other than those strictly related to lipid
metabolism. For instance, HDL is emerging as a new player in immunity [36, 37] and an in
silico analysis predicted that the most abundant miRNAs present on human HDL might
affect signaling pathways associated with innate and adaptive immunity (Remaley; Nat Cell
Biol 2011). These observations support the concept of additional functions of lipoproteins in
modulating intercellular communication.

Conclusion and perspectives

A deep connection between miRNAs, lipoproteins and lipid metabolism is emerging.
Specific miRNAs, such as miR-33a and —b, represent one of the most interesting and
attractive targets for metabolic-related disorders and anti-miR33 approaches are under
intensive investigation. Nevertheless, future studies in non-human primates and rodents
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treated chronically with anti-miR-33 oligonucleotides are important to rule out potential
adverse effects. miR-33 also targets multiple genes involved in glucose metabolism and
inflammation; therefore the role of miR-33 in regulating these physiological processes needs
to be clarified. Additional experiments that integrate proteomics, system biology and RNA-
sequencing in different tissues will help us to elucidate how the modulation of gene
networks by miR-33 contribute to the regulation of metabolic processes including lipid and
glucose metabolism. Lipoproteins can also potentially affect miRNA availability and
function, thus paving the road for new and yet unexplored lipoprotein functions. In this
context, several open questions remain. Is the miRNOme of lipoprotein species (in addition
to HDL) affected in different dyslipidemic conditions and could be a more specific marker
than total miRNA signature of CVD progression? Can lipoprotein species exchange
miRNASs? Is this process the consequence of lipid exchange? Is the HDL enrichment in
miRNAs a mechanism to force their catabolism via the liver? Can pharmacological
treatment targeting lipoprotein levels affect circulating miRNA-related responses?
Answering these questions will be critical to fully establish a role for lipoproteins in
influencing miRNA biology besides their role in lipid metabolism.
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Figure 1. miR-33 regulates lipid metabolism and insulin signaling
In the liver miR-33 regulates the expression of genes involved in HDL biogenesis (ABCAL1),

fatty acid oxidation (CPT1A, CROT, HADHB and AMPKa), bile secretion (ABCB11 and
ATP8B1) and insulin signaling (IRS 2 and SIRT®6). In the periphery, including the arterial
wall, miR-33 regulates cellular cholesterol efflux by controlling the expression of ABCAL
and ABCGL. The bottom box summarizes the potential therapeutical effects of anti-miR-33
therapy, including increasing plasma HDL levels, reverse cholesterol transport and insulin
signaling, and reducing VLDL production
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