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Abstract: The rapidly expanding field of bioactive lipids is exemplified by the many sphingolipids,
which are structurally and functionally diverse molecules with significant physiologic functions.
These sphingolipids are main constituents of cellular membranes and have been found associated
with plasma lipoproteins, and their concentrations are altered in several metabolic disorders such as
atherosclerosis, obesity, and diabetes. Understanding the mechanisms that regulate their biosynthesis
and secretion may provide novel information that might be amenable to therapeutic targeting in the
treatment of these diseases. Several sphingolipid synthesis genes have been targeted as potential
therapeutics for atherosclerosis. In recent years, significant progress has been made in studying the
role of microRNAs (miRNAs) in lipid metabolism. However, little effort has been made to investigate
their role in sphingolipid metabolism. Sphingolipid biosynthetic pathways involve various enzymes
that lead to the formation of several key molecules implicated in atherosclerosis, and the identification
of miRNAs that regulate these enzymes could help us to understand these complex pathways better
and may prove beneficial in alleviating atherosclerosis.
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1. Introduction

High plasma lipid levels are major risk factors for several cardiovascular and metabolic disorders
such as atherosclerosis, obesity, and diabetes. Some of the most important risk factors for atherosclerosis
are the circulating levels of low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
cholesterol [1,2]. Besides traditional risk factors, changes in sphingolipids may contribute to the
pathogenesis of cardiovascular disease (CVD) [3,4]. Sphingolipids are a class of lipids that contain
a sphingoid base, an aliphatic amino alcohol including sphingosine. Sphingoid bases such as
dihydrosphingosine and sphingosine are the fundamental building blocks of all sphingolipids.
Sphingolipids are biologically active cell components that regulate cellular processes and play an
important role in signal transduction and cellular stress responses. The synthesis and degradation
of sphingolipids, which serve as both structural lipids as well as signaling molecules, are regulated
to maintain homeostasis [3]. Sphingolipids are either derived from other sphingolipids through
catabolism via the salvage pathway or synthesized de novo in the endoplasmic reticulum [5].
Ceramide is a simple sphingolipid composed of sphingosine and a fatty acid. Ceramide constitutes the
hydrophobic backbone and serves as the key precursor for the de novo synthesis of other biologically
active complex sphingolipids (Figure 1) [6]. It represents a nodal point in the sphingolipid de
novo pathway. It can be glycosylated or acquire a polar head group to form glycosphingolipids
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or sphingomyelin (SM), respectively [3]. It can also be reversibly degraded to form sphingosine which
in turn can be phosphorylated by sphingosine kinase (SPK) to form sphingosine-1-phospate (S1P).
Once synthesized, sphingolipids can be transported to plasma lipoproteins [7] or remain associated
with cellular membranes. An imbalance of sphingolipid levels in plasma and tissue is associated with
several metabolic diseases including atherosclerosis [4].
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Figure 1. Schematic representation of miRNAs implicated in the synthesis of some key sphingolipid

molecules. The figure is representative of some key enzymatic steps involved in sphingolipid
biosynthetic pathways that are known to be regulated by various miRNAs (dotted rectangles).
Enzymes with asterisks (dotted ovals) may be potential targets for other miRNAs that need to be
identified. Increased levels of ceramides, sphingomyelin and glucosylceramide (red arrows) and
decreased levels of sphingosine-1-phosphate (green arrow) have been implicated in atherosclerosis.
The identification of novel miRNAs that regulate sphingolipid metabolism may be a potential
therapeutic target to treat atherosclerosis. Abbreviations: SPT, serine palmitoyl transferase; CDase,
ceramidase; CS, ceramide synthase; SPK, sphingosine kinase; S1PP, sphingosine-1-phosphate
phosphatase; SMS, sphingomyelin synthase; SMase, sphingomyelinase; GCS, glucosylceramide
synthase; GCDase, glucosylceramidase.

An increased plasma SM level has been proposed as an independent risk factor for coronary
heart disease and has been shown to be associated with increased atherosclerosis in humans [8].
A reduction in SM levels in sphingomyelin synthase (SMS) knockout mice is known to decrease
atherosclerosis [9,10]. Like SM, increased plasma and aortic ceramide levels are also associated with
an increased risk of CVD [11]. Genetic deficiency or the inhibition of type 2-neutral sphingomyelinase
(nSMase2), a key enzyme in sphingolipid metabolism, has been shown to decrease atherosclerosis in
ApoE knockout mice by reducing inflammatory responses due to a decrease in ceramide levels [12].
Furthermore, plasma glycosphingolipid concentrations have been reported to be elevated in patients at
increased risk of atherosclerosis [13]. The pharmacological inhibition of glucosylceramide synthase that
is responsible for the synthesis of glucosylceramides has been reported to ameliorate atherosclerosis in
ApoE knockout mice and rabbits [14]. In contrast to ceramide, glycosphingolipid, and SM, plasma
S1P is believed to be cardioprotective [3]. Regulation of the interconvertible sphingolipid metabolites,
ceramide and S1P, and their opposing signaling pathways may determine the net biological effect,
a concept referred to as the “sphingolipid rheostat”. Plasma S1P levels significantly decrease after
myocardial infarction [15] and increase in patients after percutaneous coronary intervention [16]. It is
believed that S1P bound to HDL may predict the severity of coronary heart disease [17]. Recently, it has
been shown that apoM acts as a carrier and modulator of S1P that largely affects its homeostasis [18].
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Lipid metabolism is a multi-faceted process that involves synthesis, accumulation, secretion,
distribution to various tissues, degradation as well as excretion. Lipid metabolism is regulated by
finely modulating a set of rate-limiting enzymes and transporters based on the needs of the cells [19].
A variety of cellular regulators including transcription factors that are involved in its synthesis and
degradation are responsible for maintaining lipid homeostasis. The discovery that the cellular lipid and
lipoprotein metabolism is targeted by miRNAs has provided new insight into the molecular mechanism
of the pathogenesis of atherosclerosis, diabetes and obesity [20]. This has led to the exploitation of
miRNAs as regulators of lipid metabolism with subsequent potential use in the treatment of lipid
metabolism-related disorders [21,22]. This mini-review provides an overview of what is known about
the regulation of lipid metabolism in general and sphingolipid metabolism in particular by miRNAs
and emphasize their role in atherosclerosis.

2. Regulation of Lipid and Lipoprotein Metabolism by miRNAs

miRNAs are a class of small ~22-nucleotide long non-coding sequences which
post-transcriptionally regulate gene expression to modulate a wide spectrum of biological
processes [23,24]. They act as negative post-transcriptional regulators of gene expression [21,22] and
have been proposed to regulate the expression of more than half of the human genes via controlling
the expression of mRNA targets. miRNAs repress protein expression by mRNA destabilization and/or
translational inhibition after binding the complementary sequences in the 3’ untranslated region
(3’-UTR) of target mRNAs via seed sequences (Table 1) [25]. Individual miRNAs can target several
mRNAs that are often connected in the same metabolic pathway [26]. Moreover, several miRNAs may
regulate a single mRNA, thus enabling a fine-tuning of the targeted mRNA expression, to influence
the regulation of cellular events [23,26]. Dysregulation of miRNAs has been correlated with disease
pathogenesis [27]. Furthermore, miRNAs can be released from cells as exosomes in many body fluids
and may serve as noninvasive biomarkers of diseases [28].

Table 1. Predicted seed sequence, target genes and tissues of miRNAs implicated in lipid and
sphingolipid metabolism.

miRNAs Predicted Seed Sequence * Target Genes Target Tissues
ABCA1, CROT, CPT1A,
miR-33 GUUACGU HADHB, ACLY, SREBF1, Liver
ACACA
miR-144 UAUGACA ABCA1l Liver
miR-758 CAGUGUU ABCALl Liver
miR-26 AUGAACU ABCALl Liver
miR-106b CGUGAAA ABCA1 Liver
miR-27 AUUCGAG SR-B1 Liver
miR-185 AGAGAGG SR-B1 Liver
miR-96 CACGGUU SR-B1, ABCA1 Liver
miR-223 UUGACUG SR-B1 Liver
. MTTP, LPGAT1, ELOVLS, .
miR-30c CAAAUG STARD3, MBOAT1 Liver
miR-128-1 GCCGGGG LDLR Liver
miR-148 ACGUGAC LDLR, ABCA1 Liver
miR-122 UGUGAGG FASN, SCD1, ACLY, ACC2 Liver
miR-155 CGUAAU LXRx Liver
miR-574 GUGUGAG CerS Multiple human cancer cells
miR-9 uGGuUUUC SPTLC1, SPTLC2 Primary astrocytes
miR-29a UUUAGUC SPTLC1, SPTLC2 Primary astrocytes
miR-29b-1 UUUGGUC SPTLC1, SPTLC2 Primary astrocytes
miR-101 CUAUUGA SPK Colorectal cancer cells

* Conserved seed sequence for each miRNA was predicted by using TargetScan Human database (http://www.
targetscan.org/vert_72/).
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Over the past few decades, the role of miRNAs in controlling the cellular lipid and lipoprotein
metabolism has been extensively studied. A large array of miRNAs participate in the lipid and
lipoprotein metabolism by targeting enzymes and proteins that are involved in these metabolic
pathways. This discovery has provided new insight into the biology and pathophysiology of CVD
such as atherosclerosis [20,29]. Higher levels of HDL are inversely correlated with developing CVD.
A number of miRNAs, of which miR-33a and miR-33b are the most well-studied, regulate HDL
metabolism and control circulating cholesterol levels by regulating HDL synthesis, efflux and
clearance [30,31]. miR-33a and miR-33b target multiple genes that regulate cholesterol efflux, which is
regarded as an important cholesterol regulatory mechanism [32]. Studies in various animal models
and cell lines have confirmed that miR-33 targets ATP-binding cassette (ABC) transporter A1, ABCAI,
by binding to 3'-UTR of ABCA1 via seed sequence to regulate cholesterol metabolism by attenuating
circulating HDL levels and thereby decreasing cholesterol efflux to apolipoprotein Al (apoAl) [30,32].
Conversely, the silencing of miR-33 by using lentiviral expression clone containing anti-sense to
miR-33 in experimental animal models generally results in increased hepatic expression of ABCA1 and
enhanced cholesterol efflux to ApoAl, thus increasing circulating HDL levels [32].

In vivo delivery of other miRNAs such as miR-144, miR-758, miR-26, and miR-106b by using
either adenoviral or lentiviral expression clones has been shown to have similar results of decreased
ABCAL1 expression and reduced levels of circulating HDL-cholesterol [33]. The post-transcriptional
repression of scavenger receptor class B type 1 (SR-B1) by miR-27, miR-185, miR-96, and miR-223
has also been shown to reduce selective HDL-cholesterol uptake [33]. Reverse cholesterol transport
decreases cholesterol levels in peripheral macrophages and in atherosclerotic plaques to increase
plaque stability and inhibit atherosclerosis progression [34]. These studies show that HDL metabolism
provides a potential therapeutic target to treat atherosclerosis by regulating ABCA1 via miRNAs.

Besides the HDL metabolism, reports have shown that miRNAs such as miR-30c, miR128-1,
or miR-148a are also involved in controlling plasma LDL-cholesterol levels by regulating genes
involved in cholesterol biosynthesis, very low-density lipoprotein (VLDL) secretion, and hepatic
LDL receptor expression [30]. Recently, it was shown that miR-30c targets microsomal triglyceride
transfer protein (MTTP) to regulate VLDL biogenesis and modulate lipid substrate availability for
VLDL assembly by targeting genes involved in lipid biosynthesis such as lysophosphatidylglycerol
acyltransferase 1 (LPGAT1), ELOVL fatty acid elongase 5 (ELOVLY5), stAR related lipid transfer
domain containing 3 (STARD3), and membrane bound O-acyltransferase domain containing 1
(MBOAT1) [35]. Inhibition of miR-122 has been shown to increase fatty acid oxidation and inhibit lipid
synthesis genes such as fatty acid synthase (FASN), steroyl-coA desaturase 1 (SCD1), ATP citrate
lyase (ACLY) and acetyl-coA carboxylase 2 (ACC2) and thereby reduce the availability of lipid
substrates for VLDL biogenesis [36]. Similarly, inhibition of miR-33a and miR-33b expression
in the liver is shown to increase fatty acid oxidation by increasing the expression of carnitine
O-octanoyltransferase (CROT), carnitine palmitoyltransferase 1A (CPT1A) and hydroxyacyl-CoA
dehydrogenase trifunctional multienzyme complex subunit beta (HADHB), and decrease its synthesis
by reducing the synthesis of FASN, ACLY, sterol regulatory element binding factor 1 (SREBF1) and
acetyl-CoA carboxylase alpha (ACACA) to reduce VLDL secretion in the circulation [37]. Furthermore,
reports have suggested that increased expression of miR-155 in liver macrophages regulates fatty acid
metabolism by directly targeting liver X receptor alpha (LXRwx) and thereby reducing hepatic lipid
accumulation [38]. These studies indicate that miRNAs exert their regulatory impacts at different
levels of lipoprotein biosynthesis.

3. Regulation of Sphingolipid Metabolism by miRNAs

Sphingolipids have been recognized to regulate distinct biological functions beyond their role as
structural membrane components. Within the past few decades, significant progress has been made
toward understanding the role of sphingolipid pathways for atherosclerosis. The role of miRNAs
to regulate sphingolipid metabolism has not been widely studied. There are only a few limited
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studies, done mostly in cancer cell lines, that have investigated the role of miRNAs in the regulation
of enzymes involved in sphingolipid biosynthetic pathways (Figure 1) [39-41]. Ceramide is a central
molecule in sphingolipid metabolism [6] which is generated either through de novo pathway or salvage
pathway [5]. Ceramide acts as a signaling molecule, regulating many cellular responses and functions
that may be involved in molecular mechanisms of CVD. The generation of ceramide can be significantly
enhanced in certain inflammatory conditions such as atherosclerosis [12]. Ceramide is synthesized
by a family of six ceramide synthases (CerS), each of which synthesizes ceramide with distinct acyl
chain lengths. An alternatively spliced variant of ceramide synthase, CerS1-2, which is responsible for
synthesizing C18-ceramide, is a target for miR-574-5p [41]. The knockdown of miR-574-5p expression
has been shown to increase C18-ceramide levels in multiple human cancer cell lines [41].

Serine-palmitoyl transferase (SPT), which converts L-serine and palmitoyl-CoA to
3-ketosphinganine, is the first and rate-limiting enzyme of the de novo biosynthetic pathway
of ceramide and SM. SPT has been implicated in the pathogenesis of atherosclerosis and its modulation
has been suggested to be a novel therapeutic target in atherosclerosis [42]. Several studies have
shown that the pharmacological targeting of SPT through the inhibition with myriocin protects from
atherosclerosis in ApoE knockout mice [42-45]. Myriocin has been shown to reduce the levels of not
only ceramide but other sphingolipids downstream of ceramide, such as SM, glucosylceramide and
S1P as well [42,44,45]. Similar to pharmacological intervention, targeting the enzymes involved in
sphingolipid biosynthesis through miRNAs may be a potential therapeutic intervention for alleviating
atherosclerosis. Serine-palmitoyl transferase long chain base subunit 1 (SPTLC1) and 2 (SPTLC2) are
the subunits of SPT and one study found a negative correlation between the expression levels of
miR-137/-181c and SPTLC1 [40]. Transfection of primary rat astrocytes with miR-137 and miR-181c
showed a significant suppression of the endogenous SPTLC1 expression and cellular ceramide levels.
On the other hand, anti-miR-137 and anti-miR-181c significantly increased the endogenous SPTLC1
expression and cellular ceramide levels. In the same study, a negative correlation was also found
between miR-9/-29a/b-1 and SPTLC2 protein expression in sporadic Alzheimer’s disease brains.
Again, the transient transfection of primary rat astrocytes with miR-9, miR-29a, and miR-29b-1
significantly suppressed the endogenous SPTLC2 and cellular ceramide levels and their antagomirs
significantly enhanced the expression of SPTLC2 and cellular ceramide levels.

Finally, plasma SI1P levels have been reported to be lower in CVD patients, suggesting its
involvement in the pathogenesis of atherosclerosis [15]. Sphingosine kinase is involved in the
conversion of sphingosine to S1P that have distinct intracellular and extracellular functions [46,47].
Exogenously expressed miR-101 has been shown to down-regulate SPK mRNA and protein expression
in colorectal cancer cells [39]. The downregulation of SPK has been shown to result in increased
ceramide levels in miR-101 expressed cells. On the other hand, the expression of SPK was enhanced by
treating HT-29 human colorectal adenocarcinoma cells with the antagomiR-101 that resulted in lower
levels of ceramide [39].

4. Conclusions

Significant advances have been made in studying the role of miRNAs in lipid metabolism.
However, there is a paucity of information on their role in sphingolipid metabolism.
Several sphingolipid synthesis genes have been targeted as potential therapeutics for various metabolic
disorders, such as atherosclerosis. Sphingomyelin synthase, sphingomyelinase, and glucosylceramide
synthase are some of the key enzymes that have been implicated in atherosclerosis [9,10,12,14]
(Figure 1). It is likely that studying the panel of miRNAs that regulate sphingolipid metabolism
could help us to understand these pathways better, and the modulation of these pathways may prove
to be a potential therapeutic strategy. There are only a few studies that have reported the regulation
of enzymes involved in sphingolipid biosynthetic pathways by certain miRNAs [39-41], and most of
these studies are targeted towards ceramide synthesis in various cancer cell lines [39,41]. However,
there is a lack of information on whether miRNAs regulate sphingolipid metabolism in vivo and
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thereby influence atherosclerosis. Based on the genetic deficiency and pharmacological inhibition
studies [9,10,12,14,42], we predict that the regulation of some of the key enzymes in sphingolipid
biosynthetic pathways by miRNAs may be useful and a potential therapeutic strategy to alleviate
atherosclerosis. Therefore, more focused studies are needed to identify and understand the role of
various miRNAs in regulating sphingolipid metabolism.
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Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ABCA1 ATP-binding cassette transporter Al

ACACA acetyl-CoA carboxylase alpha

ACC2 acetyl-coA carboxylase 2

ACLY ATP citrate lyase

ApoAl apolipoprotein Al

CerS ceramide synthase

CPT1A carnitine palmitoyltransferase 1A

CROT carnitine O-octanoyltransferase

CVD cardiovascular disease

ELOVL5 ELOVL fatty acid elongase 5

FASN fatty acid synthase

HADHB hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit beta
HDL high-density lipoprotein

LDL low-density lipoprotein

LPGAT1 lysophosphatidylglycerol acyltransferase 1

LXRa liver X receptor alpha

MBOAT1 membrane bound O-acyltransferase domain containing 1
miRNAs microRNAs

MTTP microsomal triglyceride transfer protein

SCD1 steroyl-coA desaturase 1

SM sphingomyelin

SMS sphingomyelin synthase

S1P sphingosine-1-phosphate

SPK sphingosine kinase

SPT serine-palmitoyl transferase

SPTLC1 serine-palmitoyl transferase long chain base subunit 1
SPTLC2 serine-palmitoyl transferase long chain base subunit 2
SR-B1 scavenger receptor class B type 1

nSMase2 type 2-neutral sphingomyelinase

SREBF1 sterol regulatory element binding factor 1

STARD3 stAR related lipid transfer domain containing 3
3-UTR 3’ untranslated region

VLDL very low-density lipoprotein
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