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Abstract: MicroRNAs (miRNAs) are small, non-coding RNAs that have the ability to  
post-transcriptionally regulate gene expression. Hundreds of miRNAs have been identified 
in humans and they are involved in the regulation of almost every process, including 
cholesterol transport, metabolism, and maintenance of cholesterol homeostasis. Because of 
their small size and their ability to very specifically regulate gene expression, miRNAs are 
attractive targets for the regulation of dyslipidemias and other lipid-related disorders. 
However, the complex interactions between miRNAs, transcription factors, and gene 
expression raise great potential for side effects as a result of miRNA overexpression or 
inhibition. Many dietary components can also target specific miRNAs, altering the expression 
of downstream genes. Therefore, much more research is necessary to fully understand  
the role(s) of each miRNA in the body and how they may be impacted by diet and health. 
The present review aims to summarize the known roles of miRNAs in the regulation of 
reverse cholesterol transport and the maintenance of cholesterol homeostasis, as well as the 
potential clinical consequences of their manipulation. 

Keywords: miRNA; plasma lipoproteins; reverse cholesterol transport; cholesterol homeostasis 
 

  

OPEN ACCESS



Biology 2015, 4 495 
 

 

1. Introduction 

MicroRNAs (miRNAs) are small non-coding RNAs (~22 nucleotides) that are typically encoded 
within the introns of other genes [1]. MiRNAs are synthesized as immature pro-miRNAs that are cleaved 
into pre-miRNA by Drosha ribonuclease type III. The pre-miRNA transcript is then further cleaved into 
its active form by Dicer 1 ribonuclease type III [2,3]. Mature miRNAs interact with Argonaute proteins 
to form an RNA silencing complex that interacts with the 3'-untranslated region (3' UTR) of target mRNA 
transcripts via approximate base pair matching to post-transcriptionally regulate gene expression [3,4]. 
Such miRNA–miRNA interactions either repress translation or promote cleavage of the mRNA transcript [1]. 
MiRNAs are unavoidably transcribed as a duplex, though often one strand is much less stable and 
therefore does not accumulate [3]. This less stable strand is called the passenger strand and is indicated 
by a-3p. Most passenger strands have minimal ability to interact with mRNA, though some are now 
being recognized as having regulatory capacities [5,6]. 

Recent research has identified a role of miRNAs in numerous processes, including growth and 
development [7], oncogenesis [8], and lipid metabolism [9]. Because of their small size and ability to 
interact with mRNA transcripts without exact base-pair matching, miRNAs are highly pleiotropic; they 
can target multiple genes while, conversely, many mRNAs are regulated by numerous miRNAs [10]. 
Therefore, the role of miRNAs is highly complex and only now beginning to be fully elucidated. 

Elevated concentrations of plasma LDL-cholesterol (LDL-C), as well as dyslipidemias associated 
with low HDL-cholesterol (HDL-C) and high plasma triglycerides (TG), are well-established risk factors 
for cardiovascular disease (CVD) [11]. CVD is the leading cause of death in the United States [12], and 
therefore any interventions aimed at reducing these dyslipidemias are of great interest. Free cholesterol (FC) 
and TG are secreted by the liver in the form of VLDL with the help of the chaperone protein microsomal 
triglyceride transfer protein (MTP) [13]. In the bloodstream, TG are hydrolyzed from VLDL by the 
action of lipoprotein lipase (LPL) and delivered to tissues [14]. As this occurs, VLDL is delipidated and 
becomes LDL [14,15]. LDL is the major deliverer of cholesterol to tissues, though it is also highly prone 
to modification, which predisposes it to unregulated uptake into macrophages leading to the formation 
of atherosclerotic lesions [16]. 

Conversely, reverse cholesterol transport (RCT) is the process by which excess cholesterol is effluxed 
from cells into HDL particles and returned to the liver for excretion from the body [17,18]. This process 
is crucial for the prevention of lipid accumulation, particularly in atherosclerotic lesions. RCT is a 
complex process that relies upon the association of apolipoprotein A1 (ApoA1) with ATP-binding 
cassette transporter A1 (ABCA1), which effluxes cholesterol to ApoA1 to form a nascent HDL particle. 
ATP-binding cassette transporter G1 (ABCG1) further effluxes cholesterol to nascent HDL, eventually 
forming a mature HDL particle [17,18]. HDL then returns to the liver and is taken up by scavenger 
receptor B1 (SRB1), where the cholesterol is targeted for elimination via catabolism to bile acids or 
direct biliary secretion [17]. Therefore, RCT is considered an atheroprotective process. 

The rates of forward and reverse cholesterol transport and cholesterol synthesis are under tight control 
in order to maintain cellular cholesterol balance. Sterol regulatory element-binding protein 2 (SREBP2) 
is a transcription factor that is activated by low cellular cholesterol and acts to increase cellular cholesterol 
levels by facilitating synthesis and uptake and decreasing efflux (Figure 1a) [19,20]. Conversely, the liver 
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X receptor (LXR) family of transcription factors is activated in cases of cholesterol excess and decreases 
cellular cholesterol by upregulating efflux and decreasing synthesis and uptake (Figure 1b) [21,22]. 

 

Figure 1. Regulation of cellular cholesterol homeostasis. (a) Liver X receptor (LXR) is activated 
by excess cellular cholesterol. LXR activation increases cholesterol efflux and catabolism 
by upregulating ATP binding cassette A1 (ABCA1), ATP binding cassette G1 (ABCG1), 
ATP binding cassette G5/G8 (ABCG5/G8), and cholesterol 7� hydroxylase (CYP7A1), and 
decreases cholesterol synthesis and uptake by suppressing 3-hydroxy-3-methylglutaryl CoA 
reductase (HMGCoA-R), 3-hydroxy-3-methylglutaryl CoA synthase 1 (HMGCoA-S1), LDL 
receptor (LDLR), and scavenger receptor B1 (SRB1). (b) Sterol regulatory element-binding 
protein 2 (SREBP2) is upregulated by low cellular cholesterol. SREBP2 upregulates cholesterol 
synthesis and uptake by increasing HMGCoA-R, HMGCoA-S1, methylsterol monoxygenase 
(SC4MOL), LDLR, and SRB1, and decreases cholesterol efflux and catabolism by suppressing 
ABCA1, ABCG1, ABCG5/G8, and CYP7A1. 

Though the process of cholesterol transport is well characterized, the precise regulation of each of  
the many genes involved is still not fully understood. Furthermore, existing therapeutic strategies are 
known to result in numerous side effects [23,24]. MiRNAs exhibit the potential for precise regulation of 
lipid metabolism with potentially minimal side effects. The present review therefore summarizes  
the many miRNAs implicated in regulation of cholesterol homeostasis, metabolism, and transport,  
and the potential clinical consequences of their manipulation. 
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2. Regulation of Plasma Lipoproteins by miRNAs 

MicroRNA (miR)-122 is the most prevalent miRNA in the liver and regulates expression of various 
lipogenic genes [25]. Inhibition of this miRNA in mice led to reduced expression of these genes and 
subsequent decreases in lipogenesis and, therefore, plasma cholesterol [26]. There was also a reduction 
in hepatic lipid accumulation with miR-122 inhibition. The authors hypothesize this may be due to an 
miR-122-mediated increase in fatty acid oxidation [26], suggesting this as a strategy to improve overall 
lipid metabolism. Nevertheless, more in vivo trials should be conducted. As mice transport most of their 
cholesterol in HDL (rather than LDL, as humans do), it is also important that subsequent in vivo trials 
be conducted in animals with lipoprotein profiles more similar to that of humans in order to fully 
understand the clinical potential of anti-miR-22 therapy. 

Formation of VLDL in the liver requires the presence of MTP, which facilitates the association of 
lipids with apolipoprotein B (ApoB) [13]. Recently, MTP was identified as a target of miR-30c [27]. 
Indeed, miR-30c decreased MTP mRNA, activity, and ApoB secretion (but not synthesis) in vitro [27]. 
In vivo, miR-30c expression reduced hepatic MTP expression and reduced plasma concentrations of 
triglyceride-rich lipoproteins (TRL). Unlike synthetic MTP inhibitors, miR-30c did not cause hepatic 
steatosis, likely due to the simultaneous downregulation of genes involved in de novo lipid synthesis, 
such as lysophosphatidylglycerol acyltransferase 1 (LPGAT1) [27]. MiR-30c treatment also resulted in 
fewer atherosclerotic lesions and smaller lesion area compared with anti-miR-30c-treated animals [27]. 
Therefore, miR-30c may hold promise as a VLDL, LDL, and/or TG lowering agent, though further trials 
and a more comprehensive understanding of the systemic impacts of miR-30c are necessary. 

Conversely, miR-27b may regulate plasma HDL cholesterol. In a study published by Vickers et al. [28], 
miR-27b suppressed miRNA and protein expression of Angiopoietin-like 3 (ANGPTL3) in vitro. 
ANGPTL3 is responsible for regulation of endothelial lipase (EL), an enzyme which is thought to 
promote HDL catabolism [29]. Because EL reduces plasma HDL cholesterol, the hypothesis is that miR-27b 
overexpression should suppress ANGPTL3 and, therefore, EL. However, in a model of elevated miR-27b, 
ANGPTL was only slightly reduced [28]. Perhaps physiological levels of miR-27b are not high enough 
to facilitate significant suppression or perhaps there are other components of this pathway that have not 
yet been identified. Clearly, more research is needed to determine if and how miR-27b impacts plasma HDL. 

Not only are lipoprotein formation and concentration regulated by miRNAs, but emerging data shows 
that lipoproteins are vehicles for miRNAs [30,31]. HDL is the primary lipoprotein involved in miRNA 
transport, with miR-223 being the most abundant miRNA [31]. Many other miRNAs are found on both HDL 
and LDL, albeit in much smaller amounts [30,31]. Interestingly, the lipoprotein miRNA profile appears to 
differ between healthy and diseased individuals, with an increase in pro-atherogenic miRNAs seen on HDL 
isolated from individuals with familial hypercholesterolemia [30]. 

Uptake assays show mixed results, with some studies showing minimal uptake of miRNAs from  
HDL [31] while others suggest that uptake via SRB1 leads to alterations of gene expression in the recipient 
cells [30]. That miR-223 is the main miRNA found on HDL is particularly interesting because, as discussed 
in more detail below, miR-223 is also capable of regulating SRB1 expression [32,33]. Therefore, miR-223 
may be able to regulate its own cellular uptake. It is also possible that miRNAs may account for some 
of the pro- or anti-atherogenic characteristics of lipoproteins and may be something to take into account 
when assessing CVD risk. 
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3. Regulation of Cellular Cholesterol Homeostasis by miRNAs 

As discussed briefly above, low intracellular cholesterol levels trigger SREBP2 activation and 
subsequent regulation of cholesterol synthesis, uptake, and efflux to restore homeostasis (Figure 1b) [19,20]. 
Similar to other transcription factors, SREBP2 has the ability to autoregulate, and it was recently shown 
that this ability might be mediated by miRNAs. In fact, in vitro treatment with SREBP2 directly increased 
transcription of an miRNA locus encoding miR-96, miR-182, and miR-183, all three of which go on to 
indirectly increase SREBP2 expression [34]. 

SREBP2 is also regulated by other transcription factors in a process involving miR-185 [35]. Indeed, 
miR-185 decreased SREBP2 mRNA and protein expression in vitro, leading to a downstream decrease 
in SREBP2-responsive genes, including LDL receptor (LDLR) [35], resulting in a subsequent decrease 
in cellular LDL uptake. To draw further insight into this pathway, the authors showed that miR-185 
expression is negatively regulated by another member of the SREBP family, SREBP1c [35]. 
Furthermore, SREBP1c is activated by LXR [21]. Therefore, elevated cellular cholesterol activates LXR, 
which upregulates SREBP1c, which in turn increases expression of miR-185 to suppress SREBP2 and 
its downstream targets, leading to a reduction in LDLR-mediated cholesterol uptake [35]. 

MiR-613 expression is also upregulated in vitro by SREBP1c upon its activation by LXR, which then 
leads to the suppression of LXR in a negative, autoregulatory feedback loop [36]. LXR suppresses 
expression of genes involved in synthesis and uptake, including the inducible degrader of LDLR (IDOL), 
which decreases uptake of cholesterol via LDLR [37]. Because miR-613 represses LXR, it appears to be 
involved in the resolution of LXR-mediated changes to the cell upon restoration of homeostasis. 

MiR-1 and miR-206 were also recently shown to suppress LXR� in vitro [38]. This particular study 
examined only downstream genes involved in regulation of lipogenesis, but as LXR is a known regulator 
of cholesterol-related genes, miR-1 and miR-206 may also be involved in regulation of cholesterol 
homeostasis through their ability to suppress LXR� and, subsequently, downstream target genes involved 
in cholesterol synthesis, transport, and uptake (Figure 1a). 

4. Regulation of Cholesterol Synthesis by miRNAs 

Though most miRNAs that have thus far been discussed regulate cholesterol influx and efflux,  
a growing number also regulate cholesterol biosynthesis. One such miRNA is miR-223 [33]. MiR-223 
overexpression in vitro repressed mRNA expression of 3-hydroxy-3-methylglutaryl-coA-synthase 1 
(HMGCoA-S1) and methylsterol monoxygenase 1 (SC4MOL), two genes in the cholesterol biosynthetic 
pathway [33]. Even under hypocholesterolemic conditions, treatment with miR-223 suppressed 
HMGCoA-S1 and SC4MOL expression, suggesting that perhaps its expression is sensitive to cellular 
cholesterol concentrations. However, expression of 3-hydroxy-3-methylglutaryl-coA reductase 
(HMGCoA-R) was increased with miR-223 overexpression, indicating a more complicated pathway of 
miR-223-mediated regulation of cholesterol biosynthesis [33]. 

Recently, miR-27b and miR-185 were also shown to regulate expression of HMGCoA-R [28,35], 
although suppression of HMGCoA-R by miR-27b in vitro did not reach statistical significance  
(p = 0.06) [28]. In a second study, HMGCoA-R upregulation by cholesterol depletion was attenuated by 
miR-185 overexpression [35]. Overexpression of miR-185 under normocholesterolemic conditions did 
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not significantly alter HMGCoA-R expression levels [35], though, which suggests that miR-185 may be 
involved in the fine-tuning of HMGCoA-R expression in hypocholesterolemic conditions. 

The signal transducer and activator of transcription (STAT) family of transcription factors are most 
well known for their roles in cancer progression and immune signaling [39,40]. Recent studies have 
uncovered a possible link between abnormal cholesterol levels and the risk for some cancers, with 
STAT6 being involved in this process [41]. For example, STAT6 binds the promoter region of certain 
miRNAs in vitro, including miR-197 [42]. Knockdown of miR-197 revealed an increase in forkhead box 
J2 (FOXJ2), a transcription factor that regulates cholesterol synthetic genes. Further studies showed that 
treatment of lung cancer cells with miR-197 led to decreases in expression of HMGCoA-R, HMGCoA-S1, 
and isopentenyl-diphosphate delta isomerase 1 (IDI1) [42]. All of these genes possess FOXJ2 binding 
sites. Indeed, STAT6 silencing decreases miR-197 expression, leading to increased FOXJ2 expression 
and subsequent increases in HMGCoA-R, HMGCoA-S1, IDI1, and cholesterol synthesis [42]. 

Though this particular study was aimed at further understanding cancer biology, the results illustrate 
the complex network of genes, transcription factors, and miRNAs that work together to mediate gene 
expression in many potentially overlapping pathways. 

5. Regulation of Macrophage Cholesterol Uptake by miRNAs 

RCT is the process of removing excess cholesterol from cells, particularly macrophages, and returning 
it to the liver for excretion. An obvious prerequisite to this process is uptake of cholesterol by macrophages. 
This process is facilitated primarily via CD36, SRB1, and LPL [43–45]. LPL is expressed on the surface 
of endothelial cells and facilitates uptake of lipids from lipoproteins into the cell [14]. This process is 
typically considered anti-atherogenic; however, retention of lipoproteins by LPL increases the likelihood 
of modification and uptake by macrophages [45]. 

MiR-27 was discussed above with regard to its potential ability to regulate HDL catabolism and 
cholesterol synthesis. However, miR-27 also regulates cholesterol homeostasis by suppressing macrophage 
cholesterol uptake [46]. Indeed, in vitro treatment with miR-27 suppressed LPL mRNA and protein 
expression while inhibition of miR-27 yielded the opposite effect. MiR-27 also suppressed CD36 
expression, though interestingly, CD36 does not contain an miR-27 binding site [46] suggesting that this 
specific regulation might be indirect. Regardless, miR-27-mediated suppression of LPL and CD36 may 
reduce macrophage cholesterol uptake and attenuate lesion formation.  

Lastly, miR-96, miR-185, and miR-223 have all been shown to suppress SRB1 expression in vitro 
and, therefore, regulate macrophage cholesterol uptake [32,33]. 

6. Regulation of Cholesterol Esterification by miRNAs 

Esterification of cholesterol is necessary for maintenance of cholesterol in the cell, as well as to 
prevent toxicities associated with accumulation of FC. Esterification of FC is catalyzed by the acetyl 
coA:cholesterol acyl transferase (ACAT) family of enzymes. Cholesterol that has not been esterified can 
be incorporated into cell membranes or effluxed from the cell, but esterified cholesterol is retained. This 
is particularly important for retention of cholesterol in HDL, but a more concerning implication is the 
role of ACAT1 in macrophages. Increased ACAT1 activity favors retention of cholesterol ester (CE) in 
the macrophage, promoting foam cell development [47]. 
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MiR-9 is a recently identified regulator of ACAT1 expression [47]. Indeed, transfection of macrophages 
with miR-9 suppressed ACAT1 protein, but not mRNA, expression. Macrophage TC, CE, and lipid 
droplet size were also reduced with ACAT1 suppression [47]. This suggests the possibility of miR-9-mediated 
ACAT1 suppression as a therapeutic strategy to reduce foam cell formation. In addition to its numerous 
other target genes, miR-27 also decreased ACAT1 mRNA and protein expression in vitro [46]. 

7. Regulation of Cholesterol Efflux by miRNAs 

The most common targets of miRNAs in the process of RCT appear to be the cholesterol efflux 
transporters. Recent studies have uncovered numerous miRNAs that regulate ABCA1 expression and 
subsequent efflux of cholesterol to ApoA1. ABCA1 has an unusually long 3' UTR that harbors many 
miRNA binding sites, subjecting it to regulation by many miRNAs [48]. These miRNAs, and others, are 
discussed in detail below. 

7.1. Regulation of ABCA1 by miRNAs 

In vitro, numerous miRNAs regulate ABCA1 expression and, therefore, cholesterol efflux to ApoA1. 
Treatment with miR-27a/b [46], miR-128 [49], miR-145 [50], miR-302 [51], and miR-758 [48] directly 
suppressed ABCA1 by binding to its 3' UTR and attenuated cholesterol efflux to ApoA1. Conversely, 
miR-223 treatment increased ABCA1 expression and cholesterol efflux to ApoA1, though by an indirect 
mechanism [33]. Previous research shows that ABCA1 is under the influence of two transcription 
factors: Sp1 and Sp3 [52]. Sp3 is an Sp1 antagonist [52]; indeed, in vitro, miR-223 antagonized Sp3, 
derepressing Sp1 and allowing for induction of ABCA1 [33]. In contrast, miR-23 inhibition in vivo did 
not alter liver ABCA1 expression despite the results achieved in vitro [33]. This may be attributable to 
the numerous other miRNAs that regulate ABCA1 expression. 

In vitro work suggests that miR-33b-3p regulates ABCA1 indirectly, via Sp1 [6], while miR-33a-3p also 
regulates ABCA1 indirectly via the transcription factor steroid receptor coactivator 1 (SRC1). In vivo, 
ABCA1 suppression in macrophages by miR-19b [53] and miR-144-3p [5], and in liver by miR-144-5p [54], 
reduced HDL cholesterol and RCT. ABCA1 suppression manifested as increased hepatic lipid 
deposition [5], increased production of proinflammatory cytokines [5], and markedly increased lesion 
area and lesion macrophage content versus control animals [5,53]. Inhibition of miR-33 increased hepatic 
ABCA1 expression, plasma ApoA1 and HDL, and RCT, and decreased aortic plaque size, lesion 
macrophage and lipid content, and macrophage cholesterol efflux [55–57]. Inhibition of miR-302a also 
increased plasma HDL, decreased plaque formation, and promoted lesion remodeling. These results 
highlight the potential of miR-33 or miR-302a suppression as a strategy to promote RCT and the regression 
of atherosclerosis [51,55]. 

MiRNAs also mediate the actions of transcription factors on cholesterol-related genes. LXR 
activation in vitro decreases the expression of miR-26 [58], reversing miR-26-mediated suppression of 
ABCA1 and ADP-ribosylation factor-like 7 (ARL7), the transporter that carries cholesterol to the membrane 
to facilitate association with ABCA1 [59]. LXR activation also increases miR-144-5p, which suppresses 
ABCA1 and cholesterol efflux to ApoA1 [60]. Likewise, activation of peroxisome proliferator activated 
receptor gamma (PPAR�) decreased miR-613 expression, removing inhibition of LXR and ABCA1 and 
increasing macrophage cholesterol efflux [61]. Farnesoid X receptor (FXR) suppresses ABCA1 by 
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upregulating miR-33b [62]. FXR also increases miR-144-5p expression to mediate ABCA1 suppression 
and cholesterol efflux [54]; perhaps miR-33b and miR-144-5p work together to mediate FXR-induced 
ABCA1 repression. Though they have not been studied in tandem, it also appears that LXR and FXR 
may be components of a feedback loop that helps maintain cholesterol balance by regulating ABCA1 
expression via miR-144-5p. 

With so many miRNAs in control of ABCA1 expression, it is intuitive that they may work together 
to regulate its expression. Indeed, multiple groups have shown that miR-33-5p and miR-144-5p have an 
additive effect on suppression of ABCA1 [54,60,62], while cotransfection of miR-33-5p and  
miR-758 further reduced ABCA1 expression in vitro [48]. MiR-33-5p and its passenger strand,  
miR-33-3p, also have an additive effect on expression of ABCA1 [6]. However, co-treatment of cells 
with miR-33-5p and miR-145 did not have an additive effect on ABCA1 expression [50]. It is clear that 
miRNA-mediated regulation of ABCA1 is very complex. In addition, some of these miRNAs act upon 
many genes, highlighting the difficulty of specifically targeting ABCA1 without impacting the 
expression of other genes. With numerous miRNAs able to bind ABCA1 at one time, there are many 
possible combinations, some of which may work together or in opposition to regulate ABCA1 expression. 
As the mechanism of regulation of each of these miRNAs is still not fully comprehended, understanding 
how they work together to regulate ABCA1 will take some time. 

7.2. Regulation of ABCG1 by miRNAs 

To date, much less is known about the regulation of ABCG1 by miRNAs. It is a direct target of  
miR-10b [63] and miR-128 [49], and is indirectly suppressed by miR-27 [46] and miR-378 [64]. 
Cholesterol efflux to HDL is also decreased by ABCG1 suppression [46,49,63,64]. As was seen with 
the regulation of ABCA1, miR-144-5p is transcribed following LXR activation and suppresses ABCG1 
mRNA expression in vitro [54]. Interestingly, ABCG1 is a target of miR-33-5p in mice but not humans [65]. 
Though fewer miRNAs seem to be involved in regulation of ABCG1, increasing its expression results 
in increased plasma HDL. Therefore, targeting these miRNAs may be a promising option for individuals 
with low HDL. 

8. Regulation of Hepatic HDL by miRNAs 

Upon acquiring cholesterol from macrophages and other tissues, mature HDL returns to the liver 
where it is taken up by SRB1 and the cholesterol is targeted for excretion [17]. Therefore, SRB1-mediated 
uptake is crucial for the removal of cholesterol from the body. 

MiR-223 was previously discussed for its ability to regulate numerous genes, including macrophage 
SRB1. MiR-223 also suppresses hepatic SRB1 expression, leading to a reduction in hepatic HDL uptake [33]. 
Along with miR-223, miR-96 and miR-185 were also identified as regulators of SRB1 expression [32]. 
Indeed, in vitro expression of each of the three miRNAs significantly decreased SRB1 expression and 
HDL uptake. In fact, expression of all three miRNAs had an additive effect on SRB1 suppression [32]. 
MiR-185 and miR-223 are activated by hypercholesterolemic conditions, therefore their ability to inhibit 
further cholesterol uptake is unsurprising. Despite its ability to suppress SRB1 expression, however, 
miR-96 actually increased HDL uptake, suggesting that miR-96 must target other cholesterol uptake 
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pathways [32]. Clearly more research is needed to understand the role of miR-96 in regulation of 
cholesterol uptake and how these three miRNAs work together to mediate cholesterol uptake by SRB1. 

9. Regulation of Cholesterol Catabolism by miRNAs 

The final step in the process of RCT is the excretion of cholesterol from the body, a process achieved 
by the catabolism of cholesterol into bile acids and biliary cholesterol secretion. 

Two groups recently showed that miR-33a, in addition to the previously discussed roles in regulation 
of cholesterol homeostasis, is also involved in regulation of bile acid metabolism [66,67]. MiR-33a 
overexpression in vitro reduced expression of cholesterol 7� hydroxylase (CYP7A1), sterol 12� hydroxylase 
(CYP8B1), sodium-taurocholate cotransporting polypeptide (NTCP), bile salt export pump (BSEP), 
ATP binding cassette transporter G5 (ABCG5), and ATP binding cassette transporter G8 (ABCG8),  
all of which are involved in the synthesis and secretion of bile acids in the liver [66]. Bile acid pool  
size was also significantly reduced. In vivo, mRNA expression of these proteins were reduced  
following miR-33a overexpression, while miR-33a inhibition increased BSEP and ATP8B1 expression [66]. 
Moreover, increased bile acid production in vivo triggered SREBP2 and miR-33a expression to promote 
cholesterol synthesis and reduce CYP7A1, respectively [66]. 

Statins are known to increase SREBP2 and miR-33-5p expression [68], therefore, individuals taking 
statins will likely have consistently low levels of miR-33-5p target genes, including those involved in 
bile acid export, which may lead to increased hepatic cholesterol accumulation, a known side effect of 
statins. Indeed, mice dosed with simvastatin showed significantly lowered expression of BSEP and 
ATP8B1 [67]. It is possible that this could have clinical implications in which a combination of statin 
therapy and miR-33-5p inhibition would alleviate the hepatotoxic side effects of the drug. 

Lastly, recent evidence suggests that miR-223 may also modulate CYP7A1. For example, miR-223�/� mice 
have a nearly four-fold increase in CYP7A1 mRNA [33]. Along with miR-33-5p, miR-223 is involved in 
the regulation of numerous genes that maintain cholesterol homeostasis. This highlights the complexity 
of miRNA-mediated regulation and the importance of fully understanding the systemic consequences of 
miRNA inhibition or overexpression. A complete list of miRNAs involved in regulation of cholesterol 
transport and homeostasis is summarized in Table 1. 

Table 1. Regulatory Actions of miRNAs and their Clinical Implications. 

miRNA 
Protein 
target(s) 

Regulatory Action Clinical Implications References 

miR-1 LXR�* Directly suppresses LXR in vitro 
May promote an increase in 
cellular cholesterol 

[38] 

miR-9 ACAT1* 
Directly suppresses ACAT1  
and esterification of cholesterol  
in macrophages 

Overexpression may promote 
macrophage cholesterol efflux 
and reduce foam cell formation 

[47] 

miR-10b 
ABCA1* 
ABCG1* 

Directly represses ABCA1 and 
ABCG1 expression and decreases 
macrophage cholesterol efflux 

Can be suppressed by dietary 
anthocyanins, leading to 
increased macrophage cholesterol 
efflux and lesion regression 

[63] 
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Table 1. Cont. 

miRNA 
Protein 
target(s) 

Regulatory Action Clinical Implications References 

miR-19b ABCA1* 

Directly suppresses ABCA1 and 
decreases cholesterol efflux to 
ApoA1; increases atherosclerotic 
lesion area and severity 

Inhibition may increase 
macrophage ABCA1, promoting 
cholesterol efflux and  
lesion regression 

[53] 

miR-26 
ABCA1* 
ARL7 

Activated by LXR to suppress both 
proteins, decreasing macrophage 
cholesterol efflux 

Inhibition may increase 
macrophage ABCA1,  
promoting cholesterol  
efflux and lesion regression 

[58] 

miR-27a/b 

ABCA1* 
ABCG1 
ACAT1* 
CD36 
LPL* 

Directly suppresses ABCA1, indirectly 
suppresses ABCG1, and reduces 
cholesterol efflux. Reduces 
macrophage cholesterol uptake by 
suppressing LPL (directly) and CD36 
(indirectly), and ACAT1 (directly) 

Inhibition of miR-27 would 
promote macrophage cholesterol 
efflux, but may also increase 
macrophage cholesterol uptake 
and retention 

[46] 

ANGPTL3* 
Directly suppresses ANGPTL3, 
leading to decreased EL activity 

Overexpression may provide a 
means of increasing plasma HDL 

[28] 

miR-30c 
MTP* 
ApoB 

Directly suppresses MTP expression, 
leading to reduced ApoB secretion 
and formation of TRL 

No hepatic steatosis, reduced 
TRL, fewer and smaller  
aortic lesions 

[27] 

miR-33a/b 

ABCA1* 

Directly suppresses ABCA1 mRNA 
and protein expression, decreases 
cholesterol efflux to ApoA1, and 
decreases HDL 

miR-33 inhibition may increase 
cholesterol efflux and plasma 
HDL and promote regression  
of atherosclerotic lesions 

[55,56,62, 
69,70] 

ABCG5/G8 
ATP8B1* 
BSEP* 

Directly suppresses ATP8B1  
and BSEP, indirectly suppresses 
ABCG5/G8 

Inhibition of miR-33 may 
counteract the known hepatotoxic 
side effects of statins 

[66,67] 

CYP7A1* 
CYP8B1* 
NTCP* 

Suppresses CYP7A1, CYP8B1,  
and NTCP, and decreases bile  
acid pool size 

miR-33 inhibition may increase 
conversion of cholesterol to bile 
acids, reducing plasma TC 

[66] 

miR-33-3p 
ABCA1 
ABCG1 

Indirectly suppresses expression of 
ABCA1 and ABCG1, decreasing 
cholesterol efflux 

miR-33* inhibition may  
promote cholesterol efflux  
and lesion regression 

[6] 

miR-96 SRB1* 
Directly suppresses hepatic  
SRB1 expression but increases  
HDL uptake 

Overexpression increases 
hepatic HDL uptake 

[32] 

miR-122 

ACC1* 
ACC2* 
FASN* 
SCD1* 

Directly upregulates expression of 
key lipogenic genes, therefore 
elevating plasma cholesterol 

Inhibition of miR-122 may 
reduce lipogenesis and 
subsequent release of TRL 

[26] 

  



Biology 2015, 4 504 
 

 

Table 1. Cont. 

miRNA 
Protein 
target(s) 

Regulatory Action Clinical Implications References 

miR-128 

ABCA1* 
ABCG1* 
HMGCoA-R 
HMGCoA-S1 
LDLR 
SREBP 

Directly suppresses ABCA1, and 
ABCG1, and increases SREBP2  
and its downstream genes to 
increase cellular cholesterol 

Inhibition may decrease 
cellular cholesterol and 
promote cholesterol efflux 

[49] 

miR-144-
5p/miR-
144-3p 

ABCA1* 
Directly suppresses ABCA1 
expression, plasma HDL, and 
increases atherosclerotic burden 

Inhibition of miR-144/miR-
144* may increase ABCA1 
and promote cholesterol efflux 
from lesional macrophages 

[5,54] 

miR-145 ABCA1* 
Directly suppresses ABCA1  
and decreases cholesterol efflux  
to ApoA1 

Inhibition may increase  
hepatic ABCA1 and  
promote HDL biogenesis 

[50] 

miR-185 

SREBP2* 
Directly suppresses expression of 
SREBP2 and its downstream genes 
to increase cellular cholesterol 

miR-185 overexpression may 
decrease cholesterol biosynthesis 

[35] 

SRB1* 
Negatively regulates hepatic SRB1 
expression and HDL uptake 

Overexpression reduces  
HDL uptake, which may 
promote development of 
dysfunctional HDL 

[32] 

miR-197 
HMGCoA-R 
HMGCoA-S1 
IDI1 

Indirectly increases cholesterol 
synthesis by binding to transcription 
factor FOXJ2 

Suppression may decrease 
cholesterol synthesis 

[42] 

miR-206 LXRα* Directly suppresses LXR in vitro 
May promote an increase  
in cellular cholesterol 

[38] 

miR-223 

ABCA1 
CYP7A1 
HMGCoA-S1* 
SC4MOL* 

Indirectly increases ABCA1  
and CYP7A1, and decreases 
cholesterol synthesis 

miR-223 agonists may promote 
cholesterol efflux and HDL 
formation and reduce  
cellular cholesterol  

[33] 

SRB1* 
Negatively regulates hepatic SRB1 
expression and HDL uptake 

Overexpression reduces  
HDL uptake, which may 
promote development of 
dysfunctional HDL 

[32,33] 

miR-302a ABCA1* 
Directly represses ABCA1 expression 
and reduces cholesterol efflux to ApoA1 

Inhibition increases hepatic  
and macrophage ABCA1, 
promoting cholesterol efflux 
and lesion regression 

[51] 

miR-378 ABCG1* 
Directly decreases expression and 
attenuates cholesterol efflux to HDL 

Antagonism of miR-378 increases 
ABCG1 and promotes macrophage 
cholesterol efflux to HDL 

[64] 
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Table 1. Cont. 

miRNA 
Protein 
target(s) 

Regulatory Action Clinical Implications References 

miR-613 

ABCA1* 
Directly suppresses ABCA1, attenuating 
macrophage cholesterol efflux to ApoA1 

Suppression increases macrophage 
cholesterol efflux and may promote 
lesion regression 

[61] 

LXR�* 
Suppresses LXRα as part of an 
autofeedback loop to maintain cellular 
cholesterol homeostasis 

May be a target for the 
modulation of cellular  
cholesterol homeostasis  
and LXR-target genes 

[36,61] 

miR-758 ABCA1* 
Directly suppresses ABCA1 and 
attenuates cholesterol efflux to ApoA1 

Suppression increases macrophage 
and hepatic ABCA1 and may 
promote cholesterol efflux 

[48] 

Abbreviations: ACC1: acetyl-CoA carboxylase 1; ACC2: acetyl-coA carboxylase 2; FASN: fatty acid synthase;  
SCD1: stearoyl-CoA desaturase 1. * indicates direct regulation by miRNA.  

10. Dietary Influence on miRNA Expression 

To further complicate this intricate gene-transcription factor-miRNA interplay, miRNAs are also 
targeted by certain dietary components [71]. A recent study by Wang et al. found that protocatechuic 
acid (PCA), an anthocyanin metabolite, promotes RCT by targeting miR-10b [63]. MiR-10b suppresses 
ABCA1 and ABCG1; in vitro and in vivo treatment with PCA suppressed miR-10b, increased expression 
of ABCA1 and ABCG1, and increased macrophage cholesterol efflux [63]. This study adds yet another 
miRNA to the list of ABCA1 regulators and also suggests a means by which certain nutrients may exert 
anti-atherosclerotic effects. 

Milenkovic et al. [72] found that in vivo supplementation with nine different polyphenols modulated 
the expression of some combination of miRNAs, including miR-10b, miR-30, miR-144, miR-197, and 
miR-370, all of which are regulators of cholesterol metabolism [5,27,42,63,73]. However, it is necessary 
to consider that this study used ApoE�/� mice, and knockout of ApoE alone drastically altered the miRNA 
profile of the animals [72]. Therefore, the changes observed following polyphenol supplementation are 
not translatable to wild type animals. Regardless, the authors conclude that polyphenol-induced changes 
in miRNA in the ApoE�/� animals resulted in a relative normalization of expression patterns to resemble 
that of the wild type mice, suggesting that the beneficial effects of polyphenols may be mediated through 
miRNAs [72]. 

Coenzyme Q10 (CoQ10), an antioxidant and anti-inflammatory vitamin-like compound [74], was 
recently shown to enhance RCT by targeting miR-378 [64]. In vitro treatment with CoQ10 significantly 
increased cholesterol efflux to HDL by increasing ABCG1 expression. This increase was mediated by 
miR-378, such that CoQ10 reverses miR-378-mediated inhibition of ABCG1, thus promoting cholesterol 
efflux. The authors go on to show that suppression of miR-378 by CoQ10 is mediated by the transcription 
factors c-Jun and activator protein 1 (AP-1) [64]. In vivo supplementation with CoQ10 led to decreased 
expression of c-Jun and miR-378, increased ABCG1, macrophage cholesterol efflux, and RCT, and 
regression of aortic lesions [64]. 

Altogether, these data support the ability of CoQ10 to promote RCT by targeting miR-378. This is of 
particular importance because biosynthesis of CoQ10 shares many of the same steps as that of cholesterol 
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biosynthesis. Therefore, statins also decrease synthesis of CoQ10, which may lead to increased expression 
of miR-378 and, therefore, lower ABCG1. This, once again, demonstrates the tight network of regulation 
of lipid metabolism and brings to light a potential side effect of statin treatment. 

11. Conclusions 

It is clear that miRNAs are involved in the regulation of most, if not all, aspects of lipid metabolism. 
Though it is beyond the scope of this review, miRNAs have also been implicated in regulation of 
lipogenesis [9,73], fatty acid oxidation [9,69], and adipose lipid metabolism [75]. Moreover, expression of 
many miRNAs appears to be subject to regulation by certain dietary patterns. Indeed, high-fat diets [28,32], 
high-cholesterol diets [48], and hypercholesterolemia [35,48] yield altered miRNA expression profiles 
compared with controls. 

Although human-based miRNA data is lacking, an examination of plasma from individuals who had 
experienced an acute myocardial infarction (AMI) compared with healthy matched controls uncovered a 
negative association between miR-144-3p and plasma HDL and positive associations between miR-144 = 3p 
and plasma glucose, creatine kinase, lactate dehydrogenase, and aspartate aminotransferase, all of which are 
markers for AMI [5]. This suggests a potential for utilizing miR-144-3p as a marker for AMI, though it 
is unclear whether elevated miR-144-3p is a risk for AMI or if miR-144-3p is elevated because the 
individuals have had an AMI. 

Though the mechanism(s) of action and complete list of target genes of each miRNA are not fully 
known, it has long been established that cholesterol metabolism is under very tight control. MiRNAs 
have recently come to light as regulators of lipid metabolism and are, therefore, potential therapeutic 
targets for the many lipid-related disorders plaguing the world nowadays. Cellular and animal studies 
show beneficial impacts associated with the promotion or inhibition of miRNA expression. However, 
caution should be exercised. The fact that miRNAs regulate numerous genes and that one gene can be 
under the regulation of numerous miRNAs suggests a complicated network of gene regulation that is not 
yet completely understood. In addition, some miRNAs regulate expression of other miRNAs [73]. 
Therefore, there is high potential for unforeseen side effects associated with miRNA-based treatments. 

Nevertheless, the results of existing studies are promising. Research into the complexities of miRNA 
regulation of gene expression is an emerging area and as further insight is gained, there is great potential 
for development of dietary or drug-related treatments for disorders of lipid metabolism that target 
miRNAs and may lack the many side effects associated with existing therapeutic strategies. 

Author Contributions 

Diana M. DiMarco and Maria Luz Fernandez both contributed to the development of this manuscript. 

Conflicts of Interest 

Diana M. DiMarco and Maria Luz Fernandez declare no conflicts of interest. 
  



Biology 2015, 4 507 
 

 

References 

1. Bartel, D.P. Review microRNAs�: Target recognition and regulatory functions. Cell 2009, 136,  
215–233. 

2. Lee, Y.; Jeon, K.; Lee, J.T.; Kim, S.; Kim, V.N. MicroRNA maturation: Stepwisee processing and 
subcellular localization. EMBO J. 2002, 21, 4663–4670. 

3. Peters, L.; Meister, G. Argonaute proteins: Mediators of RNA silencing. Mol. Cell 2007, 26, 611–623. 
4. Meister, G.; Landthaler, M.; Patkaniowska, A.; Dorsett, Y.; Teng, G.; Tuschl, T. Human Argonaute2 

mediates RNA cleavage targeted by miRNAs and siRNAs. Mol. Cell 2004, 15, 185–197. 
5. Hu, Y.W.; Hu, Y.R.; Zhao, J.Y.; Li, S.F.; Ma, X.; Wu, S.G.; Lu, J.B.; Qiu, Y.R.; Sha, Y.H.;  

Wang, Y.C.; et al. An agomir of miR-144-3p accelerates plaque formation through impairing 
reverse cholesterol transport and promoting pro-inflammatory cytokine production. PLoS ONE 
2014, 9, e94997. 

6. Goedeke, L.; Vales-Lara, F.M.; Fenstermaker, M.; Cirera-Salinas, D.; Chamorro-Jorganes, A.; 
Ramírez, C.M.; Mattison, J.A.; de Cabo, R.; Suárez, Y.; Fernández-Hernando, C. A regulatory role 
for microRNA 33* in controlling lipid metabolism gene expression. Mol. Cell. Biol. 2013, 33, 
2339–2352. 

7. Sayed, D.; Abdellatif, M. MicroRNAs in development and disease. Physiol. Rev. 2011, 91, 827–887. 
8. Jansson, M.D.; Lund, A.H. MicroRNA and cancer. Mol. Oncol. 2012, 6, 590–610. 
9. Novák, J.; Bienertová-Vašk�, J.; Kára, T.; Novák, M. MicroRNAs involved in the lipid metabolism and 

their possible implications for atherosclerosis development and treatment. Mediators Inflamm. 2014, 
doi:10.1155/2014/275867. 

10. Friedman, R.C.; Farh, K.K.H.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved 
targets of microRNAs. Genome Res. 2009, 19, 92–105. 

11. Grundy, S.M.; Cleeman, J.I.; Bairey Merz, C.N.; Brewer, H.B.; Clark, L.T.; Hunninghake, D.B.; 
Pasternak, R.C.; Smith, S.C.; Stone, N.J. Implications of recent clinical trials for the National 
Cholesterol Education Program Adult Treatment Panel III guidelines. Circulation 2004, 110, 227–239. 

12. Go, A.S.; Mozaffarian, D.; Roger, V.L.; Benjamin, E.J.; Berry, J.D.; Blaha, M.J.; Dai, S.; Ford, E.S.; 
Fox, C.S.; Franco, S.; et al. Heart disease and stroke statistics-2014 update: A report from the 
American Heart Association. Circulation 2014, 129, e28–e292. 

13. Wetterau, J.R.; Lin, M.C.; Jamil, H. Microsomal triglyceride transfer protein. Biochim. Biophys. Acta 
1997, 1345, 136–150. 

14. Nilsson-Ehle, P.; Garfinkel, A.S.; Schotz, M.C. Lipolytic enzymes and plasma lipoprotein metabolism. 
Annu. Rev. Biochem. 1980, 49, 667–693. 

15. Havel, R.J. The formation of LDL: Mechanisms and regulation. J. Lipid Res. 1984, 25, 1570–1576. 
16. Pentikäinen, M.O.; Öörni, K.; Ala-Korpela, M.; Kovanen, P.T. Modified LDL-trigger of atherosclerosis 

and inflammation in the arterial intima. J. Intern. Med. 2000, 247, 359–370. 
17. Annema, W.; Tietge, U.J. Regulation of reverse cholesterol transport—A comprehensive appraisal 

of available animal studies. Nutr. Metab. 2012, doi:10.1186/1743-7075-9-25. 
18. Hill, S.A.; McQueen, M.J. Reverse cholesterol transport—A review of the process and its clinical 

implications. Clin. Biochem. 1997, 30, 517–525. 



Biology 2015, 4 508 
 

 

19. Shimano, H. Sterol regulatory element-binding proteins (SREBPs): Transcriptional regulators of 
lipid synthetic genes. Prog. Lipid Res. 2001, 40, 439–452. 

20. Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: Activators of the complete program of cholesterol 
and fatty acid synthesis in the liver. J. Clin. Invest. 2002, 109, 1125–1131. 

21. Maxwell, K.N.; Soccio, R.E.; Duncan, E.M.; Sehayek, E.; Breslow, J.L. Novel putative SREBP and 
LXR target genes identified by microarray analysis in liver of cholesterol-fed mice. J. Lipid Res. 2003, 
44, 2109–2119. 

22. Grefhorst, A.; Oosterveer, M.H.; Brufau, G.; Boesjes, M.; Kuipers, F.; Groen, A.K. Pharmacological 
LXR activation reduces presence of SR-B1 in liver membranes contributing to LXR-mediated 
induction of HDL-cholesterol. Atherosclerosis 2012, 222, 382–389. 

23. Birjmohun, R.S.; Hutten, B.A.; Kastelein, J.J.P.; Stroes, E.S.G. Increasing HDL cholesterol with 
extended- release nicotinic acid�: From promise to practice. Evaluation 2007, 62, 2005–2007. 

24. Taylor, B.A.; Thompson, P.D. Muscle-related side-effects of statins. Curr. Opin. Lipidol. 2015, 26, 
221–227. 

25. Chang, J.; Nicolas, E.; Marks, D.; Sander, C.; Lerro, A.; Buendia, M.A.; Xu, C.; Mason, W.S.; 
Moloshok, T.; Bort, R.; et al. MiR-122, a mammalian liver-specific microRNA, is processed from 
hcr mRNA and may downregulate the high affinity cationic amino acid transporter CAT-1. RNA Biol. 
2004, 1, 106–113. 

26. Esau, C.; Davis, S.; Murray, S.F.; Yu, X.X.; Pandey, S.K.; Pear, M.; Watts, L.; Booten, S.L.; 
Graham, M.; McKay, R.; et al. MiR-122 regulation of lipid metabolism revealed by in vivo antisense 
targeting. Cell Metab. 2006, 3, 87–98. 

27. Soh, J.; Iqbal, J.; Queiroz, J.; Fernandez-Hernando, C.; Hussain, M.M. MicroRNA-30c reduces 
hyperlipidemia and atherosclerosis in mice by decreasing lipid synthesis and lipoprotein secretion. 
Nat. Med. 2013, 19, 892–900. 

28. Vickers, K.C.; Shoucri, B.M.; Levin, M.G.; Wu, H.; Pearson, D.S.; Osei-Hwedieh, D.; Collins, F.S.; 
Remaley, A.T.; Sethupathy, P. MicroRNA-27b is a regulatory hub in lipid metabolism and is altered 
in dyslipidemia. Hepatology 2013, 57, 533–542. 

29. Jaye, M.; Krawiec, J. Endothelial lipase and HDL metabolism. Curr. Opin. Lipidol. 2004, 15, 183–189. 
30. Vickers, K.C.; Palmisano, B.T.; Shoucri, B.M.; Shamburek, R.D.; Remaley, A.T. MicroRNAs are 

transported in plasma and delivered to recipient cells by high-density lipoproteins. Nat. Cell Biol. 
2011, 13, 423–433. 

31. Wagner, J.; Riwanto, M.; Besler, C.; Knau, A.; Fichtlscherer, S.; Röxe, T.; Zeiher, A.M.; 
Landmesser, U.; Dimmeler, S. Characterization of levels and cellular transfer of circulating 
lipoprotein-bound microRNAs. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1392–1400. 

32. Wang, L.; Jia, X.J.; Jiang, H.J.; Du, Y.; Yang, F.; Si, S.Y.; Hong, B. MicroRNAs 185, 96, and 223 
repress selective high-density lipoprotein cholesterol uptake through posttranscriptional inhibition.  
Mol. Cell. Biol. 2013, 33, 1956–1964. 

33. Vickers, K.C.; Landstreet, S.R.; Levin, M.G.; Shoucri, B.M.; Toth, C.L.; Taylor, R.C.; Palmisano, B.T.; 
Tabet, F.; Cui, H.L.; Rye, K.A.; et al. MicroRNA-223 coordinates cholesterol homeostasis.  
Proc. Natl. Acad. Sci. USA 2014, 111, 14518–14523. 



Biology 2015, 4 509 
 

 

34. Jeon, T., II; Esquejo, R.M.; Roqueta-Rivera, M.; Phelan, P.E.; Moon, Y.A.; Govindarajan, S.S.; 
Esau, C.C.; Osborne, T.F. An SREBP-responsive microRNA operon contributes to a regulatory 
loop for intracellular lipid homeostasis. Cell Metab. 2013, 18, 51–61. 

35. Yang, M.; Liu, W.; Pellicane, C.; Sahyoun, C.; Joseph, B.K.; Gallo-Ebert, C.; Donigan, M.; Pandya, D.; 
Giordano, C.; Bata, A.; et al. Identification of miR-185 as a regulator of de novo cholesterol 
biosynthesis and low density lipoprotein uptake. J. Lipid Res. 2014, 55, 226–238. 

36. Ou, Z.; Wada, T.; Gramignoli, R.; Li, S.; Strom, S.C.; Huang, M.; Xie, W. MicroRNA hsa-miR-613 
targets the human LXR� gene and mediates a feedback loop of LXR� autoregulation. Mol. Endocrinol. 
2011, 25, 584–596. 

37. Zelcer, N.; Hong, C.; Boyadjian, R.; Tontonos, P. LXR Regulates cholesterol uptake through  
idol-dependent ubiquitination of the LDL Receptor. Science 2009, 325, 100–104. 

38. Zhong, D.; Huang, G.; Zhang, Y.; Zeng, Y.; Xu, Z.; Zhao, Y.; He, X.; He, F. MicroRNA-1 and 
microRNA-206 suppress LXR�-induced lipogenesis in hepatocytes. Cell. Signal. 2013, 25, 1429–1437. 

39. Clevenger, C.V. Roles and regulation of stat family transcription factors in human breast cancer. 
Am. J. Pathol. 2004, 165, 1449–1460. 

40. Mitchell, T.J.; John, S. Signal transducer and activator of transcription (STAT) signalling and T-cell 
lymphomas. Immunology 2005, 114, 301–312. 

41. Dubey, R.; Chhabra, R.; Saini, N. Small interfering RNA against transcription factor STAT6 leads 
to increased cholesterol synthesis in lung cancer cell lines. PLoS ONE 2011, 6, e28509. 

42. Dubey, R.; Saini, N. STAT6 silencing up-regulates cholesterol synthesis via miR-197/FOXJ2 axis and 
induces ER stress-mediated apoptosis in lung cancer cells. Biochim. Biophys. Acta Gene Regul. Mech. 
2015, 1849, 32–43. 

43. Ji, A.; Meyer, J.M.; Cai, L.; Akinmusire, A.; de Beer, M.C.; Webb, N.R.; van der Westhuyzen, D.R. 
Scavenger receptor SR-BI in macrophage lipid metabolism Ailing. Atherosclerosis 2011, 217, 106–112. 

44. Collot-Teixeira, S.; Martin, J.; McDermott-Roe, C.; Poston, R.; McGregor, J.L. CD36 and macrophages 
in atherosclerosis. Cardiovasc. Res. 2007, 75, 468–477. 

45. Mead, J.R.; Ramji, D.P. The pivotal role of lipoprotein lipase in atherosclerosis. Arterioscler. Thromb. 
2002, 55, 261–269. 

46. Zhang, M.; Wu, J.F.; Chen, W.J.; Tang, S.L.; Mo, Z.C.; Tang, Y.Y.; Li, Y.; Wang, J.L.; Liu, X.Y.;  
Peng, J.; et al. MicroRNA-27a/b regulates cellular cholesterol efflux, influx and esterification/hydrolysis 
in THP-1 macrophages. Atherosclerosis 2014, 234, 54–64. 

47. Xu, J.; Hu, G.; Lu, M.; Xiong, Y.; Li, Q.; Chang, C.C.Y.; Song, B.; Chang, T.; Li, B. MiR-9 reduces 
human acyl-coenzyme A: Cholesterol acyltransferase-1 to decrease THP-1 macrophage-derived foam 
cell formation. Acta Biochim. Biophys. Sin. 2013, 45, 953–962. 

48. Ramirez, C.M.; Dávalos, A.; Goedeke, L.; Salerno, A.G.; Warrier, N.; Cirera-Salinas, D.; Suárez, Y.; 
Fernández-Hernando, C. MicroRNA-758 regulates cholesterol efflux through posttranscriptional 
repression of ATP-binding cassette transporter A1. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 
2707–2714. 

49. Adlakha, Y.K.; Khanna, S.; Singh, R.; Singh, V.P.; Agrawal, A.; Saini, N. Pro-apoptotic miRNA-128-2 
modulates ABCA1, ABCG1 and RXR� expression and cholesterol homeostasis. Cell Death Dis. 2013, 
doi:10.1038/cddis.2013.301. 



Biology 2015, 4 510 
 

 

50. Kang, M.H.; Zhang, L.H.; Wijesekara, N.; de Haan, W.; Butland, S.; Bhattacharjee, A.; Hayden, M.R. 
Regulation of ABCA1 protein expression and function in hepatic and pancreatic islet cells by miR-145. 
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2724–2732. 

51. Meiler, S.; Baumer, Y.; Toulmin, E.; Seng, K.; Boisvert, W.A. MicroRNA 302a is a novel 
modulator of cholesterol homeostasis and atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2014, 
35, 323–331. 

52. Langmann, T.; Porsch-Özcürümez, M.; Heimerl, S.; Probst, M.; Moehle, C.; Taher, M.; Borsukova, H.; 
Kielar, D.; Kaminski, W.E.; Dittrich-Wengenroth, E.; et al. Identification of sterol-independent 
regulatory elements in the human ATP-binding cassette transporter A1 promoter. Role of Sp1/3, E-box 
binding factors, and an oncostatin M-responsive element. J. Biol. Chem. 2002, 277, 14443–14450. 

53. Lv, Y.C.; Tang, Y.Y.; Peng, J.; Zhao, G.J.; Yang, J.; Yao, F.; Ouyang, X.P.; He, P.P.; Xie, W.;  
Tan, Y.L.; et al. MicroRNA-19b promotes macrophage cholesterol accumulation and aortic 
atherosclerosis by targeting ATP-binding cassette transporter A1. Atherosclerosis 2014, 236,  
215–226. 

54. De Aguiar Vallim, T.Q.; Tarling, E.J.; Kim, T.; Civelek, M.; Baldán, Á.; Esau, C.; Edwards, P.A. 
MicroRNA-144 regulates hepatic ABCA1 and plasma HDL following activation of the nuclear 
receptor FXR. Circ. Res. 2013, 112, 1602–1612. 

55. Rayner, K.J.; Sheedy, F.J.; Esau, C.C.; Hussain, F.N.; Temel, R.E.; Parathath, S.; van Gils, J.M.; 
Rayner, A.J.; Chang, A.N.; Suarez, Y.; et al. Antagonism of miR-33 in mice promotes reverse 
cholesterol transport and regression of atherosclerosis. J. Clin. Invest. 2011, 121, 2921–2931. 

56. Najafi-Shoushtari, S.H.; Kristo, F.; Li, Y.; Shioda, T.; Cohen, D.E.; Gerszten, R.E.; Näär, A.M. 
MicroRNA-33 and the SREBP host genes cooperate to control cholesterol homeostasis. Science 
2010, 328, 1566–1569. 

57. Marquart, T.J.; Allen, R.M.; Ory, D.S.; Baldán, A. MiR-33 links SREBP-2 induction to repression 
of sterol transporters. Proc. Natl. Acad. Sci. USA. 2010, 107, 12228–12232. 

58. Sun, D.; Zhang, J.; Xie, J.; Wei, W.; Chen, M.; Zhao, X. MiR-26 controls LXR-dependent 
cholesterol efflux by targeting ABCA1 and ARL7. FEBS Lett. 2012, 586, 1472–1479. 

59. Engel, T.; Lueken, A.; Bode, G.; Hobohm, U.; Lorkowski, S.; Schlueter, B.; Rust, S.; Cullen, P.; 
Pech, M.; Assmann, G.; et al. ADP-ribosylation factor (ARF)-like 7 (ARL7) is induced by cholesterol 
loading and participates in apolipoprotein AI-dependent cholesterol export. FEBS Lett. 2004, 566, 
241–246. 

60. Ramirez, C.M.; Rotllan, N.; Vlassov, A.V.; Davalos, A.; Li, M.; Goedeke, L.; Aranda, J.F.;  
Cirera-Salinas, D.; Araldi, E.; Salerno, A.G.; et al. Control of cholesterol metabolism and plasma 
HDL levels by miRNA-144. Circ. Res. 2013, 112, 1592–1601. 

61. Zhao, R.; Feng, J.; He, G. MiR-613 regulates cholesterol efflux by targeting LXR� and ABCA1 in 
PPAR� activated THP-1 macrophages. Biochem. Biophys. Res. Commun. 2014, 448, 329–334. 

62. Tarling, E.J.; Ahn, H.; de Aguiar Vallim, T.Q. The nuclear receptor FXR uncouples the actions of 
miR-33 from SREBP-2. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 787–795. 

63. Wang, D.; Xia, M.; Yan, X.; Li, D.; Wang, L.; Xu, Y.; Jin, T.; Ling, W. Gut microbiota metabolism 
of anthocyanin promotes reverse cholesterol transport in mice via repressing miRNA-10b. Circ. Res. 
2012, 111, 967–981. 



Biology 2015, 4 511 
 

 

64. Wang, D.; Yan, X.; Xia, M.; Yang, Y.; Li, D.; Li, X.; Song, F.; Ling, W. Coenzyme Q10 promotes 
macrophage cholesterol efflux by regulation of the activator protein-1/microRNA-378/ATP-binding 
cassette transporter G1-signaling pathway. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1860–1870. 

65. Rayner, K.J.; Suárez, Y.; Dávalos, A.; Parathath, S.; Fitzgerald, M.L.; Tamehiro, N.; Fisher, E.A.; 
Moore, K.J.; Fernández-hernando, C. MiR-33 contributes to the regulation of cholesterol homeostasis. 
Science 2010, 328, 1570–1573. 

66. Li, T.; Francl, J.M.; Boehme, S.; Chiang, J.Y.L. Regulation of cholesterol and bile acid homeostasis 
by the CYP7A1/SREBP2/miR-33a axis. Hepatology 2013, 58, 1111–1121. 

67. Allen, R.M.; Marquart, T.J.; Albert, C.J.; Suchy, F.J.; Wang, D.Q.H.; Ananthanarayanan, M.;  
Ford, D. A.; Baldán, Á. MiR-33 controls the expression of biliary transporters, and mediates statin- and 
diet-induced hepatotoxicity. EMBO Mol. Med. 2012, 4, 882–895. 

68. Niesor, E.J.; Schwartz, G.G.; Perez, A.; Stauffer, A.; Durrwell, A.; Bucklar-Suchankova, G.; 
Benghozi, R.; Abt, M.; Kallend, D. Statin-Induced decrease in ATP-binding cassette transporter A1 
expression via microRNA33 induction may counteract cholesterol efflux to high-density lipoprotein. 
Cardiovasc. Drugs Ther. 2015, 29, 7–14. 

69. Gerin, I.; Clerbaux, L.A.; Haumont, O.; Lanthier, N.; Das, A.K.; Burant, C.F.; Leclercq, I.A.; 
MacDougald, O.A.; Bommer, G.T. Expression of miR-33 from an SREBP2 intron inhibits 
cholesterol export and fatty acid oxidation. J. Biol. Chem. 2010, 285, 33652–33661. 

70. Horie, T.; Nishino, T.; Baba, O.; Kuwabara, Y.; Nakao, T.; Nishiga, M.; Usami, S.; Izuhara, M.; 
Sowa, N.; Yahagi, N.; et al. MicroRNA-33 regulates sterol regulatory element-binding protein 1 
expression in mice. Nat. Commun. 2013, doi:10.1038/ncomms3883. 

71. Jeon, T., II; Park, J.W.; Ahn, J.; Jung, C.H.; Ha, T.Y. Fisetin protects against hepatosteatosis in 
mice by inhibiting miR-378. Mol. Nutr. Food Res. 2013, 57, 1931–1937. 

72. Milenkovic, D.; Deval, C.; Gouranton, E.; Landrier, J.F.; Scalbert, A.; Morand, C.; Mazur, A. 
Modulation of miRNA expression by dietary polyphenols in apoE deficient mice: A new mechanism 
of the action of polyphenols. PLoS ONE 2012, 7, e29837. 

73. Iliopoulos, D.; Drosatos, K.; Hiyama, Y.; Goldberg, I.J.; Zannis, V.I. MicroRNA-370 controls the 
expression of microRNA-122 and Cpt1� and affects lipid metabolism. J. Lipid Res. 2010, 51,  
1513–1523. 

74. Crane, F.L. Biochemical functions of coenzyme Q10. J. Am. Coll. Nutr. 2001, 20, 591–598. 
75. Parra, P.; Serra, F.; Palou, A. Expression of adipose MicroRNAs is sensitive to dietary conjugated 

linoleic acid treatment in mice. PLoS ONE 2010, 5, e13005. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 


