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Abstract: Atherosclerosis is one of the most important medical and social problems of modern society.
Atherosclerosis causes a large number of hospitalizations, disability, and mortality. A consider-
able amount of evidence suggests that inflammation is one of the key links in the pathogenesis of
atherosclerosis. Inflammation in the vascular wall has extensive cross-linkages with lipid metabolism,
and lipid mediators act as a central link in the regulation of inflammation in the vascular wall. Data
on the role of genetics and epigenetic factors in the development of atherosclerosis are of great interest.
A growing body of evidence is strengthening the understanding of the significance of gene polymor-
phism, as well as gene expression dysregulation involved in cross-links between lipid metabolism and
the innate immune system. A better understanding of the genetic basis and molecular mechanisms
of disease pathogenesis is an important step towards solving the problems of its early diagnosis
and treatment.

Keywords: atherosclerosis; genes; polymorphism; epigenetics; microRNA; lncRNAs; inflammation;
lipid mediators

1. Introduction

Despite the modern development of medicine, atherosclerosis remains one of the most
important medical and social problems. Its significance is well demonstrated by negative
statistics on the number of cases of temporary and permanent disability and mortality from
atherosclerotic cardiovascular diseases [1]. Coronary heart disease, cerebral stroke, and
peripheral arterial disease are frequent reasons for seeking medical care, hospitalizations,
and are associated with a large number of unresolved diagnostic and therapeutic issues in
clinical practice [2,3]. Epidemiological data indicate that the problem of atherosclerosis is
urgent for many countries of the world, and atherosclerosis is a serious economic burden
for both individual patients and healthcare systems [4–6].

A frequent situation in real clinical practice is untimely application of patients for
medical care, which leads to late diagnosis when there are already serious clinical man-
ifestations of the disease. These and other data intensify the attention on the discussion
about the necessity to find new methods of atherosclerosis diagnostics, which would al-
low to estimate individual predisposition and individual trajectories of its development
and progression.

The etiology and pathogenesis of atherosclerosis have long been the subject of close
attention of clinicians and researchers. The results of numerous studies have allowed the
proposal of a number of theories about atherogenesis, which assumed the action of many
factors and the involvement of various mechanisms [7,8]. A number of modifiable factors,
such as smoking and dyslipidemia, are of great clinical importance. Lipids are thought to
occupy a special place in the pathogenesis of atherosclerosis. They both act as a substrate
for the morphological basis of atherosclerosis and are actively involved in cross-linkages
with the innate immune system [9].

Accumulating evidence suggests that the development and progression of atherosclero-
sis are associated with impaired mechanisms of the innate immune system [10,11]. Indeed,
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macrophages, which perform many functions of the innate immune system, are actively
involved in the pathogenesis of atherosclerosis [12]. It is also known that there are close
cross-links between the innate immune system and cellular metabolic processes [13].

Moreover, there is a growing understanding that, in addition to risk factors with a
systemic mechanism of action, local factors may also be associated with the development
and progression of atherosclerosis. Hemodynamics are an important local factor, which
influences the distribution pattern of atherosclerotic lesions in the vascular bed [9].

The variety of factors associated with the development of atherosclerosis increases the
attention of clinicians and researchers to the identification of genes that may be involved
in atherogenesis [14–16]. Interest in unraveling the genetic basis of atherosclerosis is
increasing due to recent advances in molecular and genetic research methods, as well as
improvements in bioinformatics data analysis methods.

Thus, the search for new keys to understanding the pathogenesis of atherosclerosis is an
important step toward identifying new targets in the diagnosis and treatment of atherosclerosis.

2. Genetic Contribution of the Lipoxygenase Pathway

Lipid metabolism and its disorders occupy a special place in the pathogenesis of
atherosclerosis, which has been shown in numerous studies and became the basis for
supporting the lipid theory of atherogenesis. It should be noted that the content of this
theory finds new meaning through the understanding that lipids are not just substrates
for the morphological basis of atherosclerosis, but are also mediators of inflammation and
inflammation resolution [17]. Lipid mediators contribute significantly to the pathogenesis
of atherosclerosis. Leukotrienes, products of the enzymatic conversion of arachidonic acid,
are involved in the maintenance of inflammation [18,19]. At the same time, specialized
pro-resolving mediators (SPM) belonging to the groups of lipoxins, resolvins, maresins, and
protectins provide resolution of inflammation. They are formed enzymatically fromω-3
andω-6 polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic, docosahexaenoic,
and arachidonic fatty acids [20].

Arachidonic acid is at the crossroads of inflammation and inflammation resolution,
acting as a substrate for the formation of lipid mediators [20]. Arachidonic acid is released
from plasma membranes by phospholipase A2 and can then be metabolized through the
lipoxygenase (LOXs), cyclooxygenase (COXs), and cytochrome P450 enzymes (Figure 1) [21].

All facets of the delicate balance between the maintenance and resolution of inflamma-
tion involving lipid mediators have yet to be explored, but the role of imbalances between
the production of pro- and anti-inflammatory mediators as an important link in the patho-
genesis of atherosclerosis is already known. The complexity of this balance in addition
to the common substrate, arachidonic acid, is also in the commonality of a key enzyme
required for one of the stages of biosynthesis—5-lipoxygenase (5-LOX). This member of
the lipoxygenase family is encoded by the ALOX5 gene. In total, human lipoxygenases
include 6 different LOX isoforms that are encoded by 6 functional LOX genes, including
ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, and ALOXE3 [22,23]. ALOX5, along with
ALOX15, are best known for their involvement in atherogenesis [22]. The enzymes encoded
by these genes are at the intersection of proinflammatory and pro-resolving pathways
(Figure 1). The importance of 5-LOX in these processes is thought to be determined by
its cellular localization. The nuclear localization of 5-LOX makes the enzyme a key link
in leukotriene biosynthesis because of its proximity to leukotriene A4 hydrolase [24–26].
In this pathway, 5-LOX catalyzes the dioxygenation of arachidonic acid to 5S-HpETE fol-
lowed by the conversion of 5S-HpETE to leukotriene A4 (LTA4). LTA4 is hydrolyzed to
leukotriene B4 (LTB4) by the leukotriene A-4 hydrolase, which is encoded by the LTA4H
gene. In addition, LTA4 can also be conjugated by LTC4 synthase (LTC4S) to form a series
of three cysteinyl leukotrienes (LTC4, LTD4, LTE4) [27].
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Figure 1. Scheme of the formation of lipid metabolites involved in the regulation of inflammation
from arachidonic acid.

In non-nuclear localization, 5-LOX is more closely related to 12/15-LOX, thus promot-
ing the conversion of arachidonic acid to pro-resolving lipoxin LXA4 and docosahexaenoic
acid to resolvin (Rv)D1. These cross-links are important in balancing the maintenance
and resolution of inflammation, but they can be disrupted in atherosclerosis. In addi-
tion, these data highlight the dual role of 5-LOX in atherogenesis, which is of clinical and
research interest.

The ALOX5-related leukotriene signaling pathway is an evolutionarily ancient inflam-
matory mechanism found in all higher vertebrates [28,29]. The expression of 5-LOX in
lipopolysaccharide-stimulated monocytes is regulated at the level of transcription through
Toll-like receptor 4 (TLR4)/Akt-mediated activation of the Sp1 and NF-κB pathways [30].

LTB4, is an important participant in inflammation in the vascular wall. It exhibits
multiple proinflammatory functions, is involved in the expression of endothelial adhesion
molecules, and promotes leukocyte transmigration and activation. In addition, LTB4
enhances monocyte transformation into foam cells by enhancing CD36 expression and
fatty acid accumulation [31]. Through these and other functions, LTB4 has been shown
to be involved in various stages of atherosclerosis progression. In addition, its action is
associated with the development of a vulnerable plaque phenotype and negative clinical
outcome [32].

High levels of 5-LOX expression have been found in carotid artery walls affected by
atherosclerosis and correlate with signs of plaque instability [33]. 5-LOX is expressed in
many cells, such as macrophages, dendritic cells, mast cells, and neutrophils. The number
of cells expressing 5-LOX increases in advanced lesions [34]. Increased 5-LOX expression
in symptomatic plaques corresponds to increased LTB4 production and biosynthesis of
matrix metalloproteinase-2 (MMP-2) and MMP-9, which are associated with acute ischemic
syndromes [35]. It was also shown that patients with a history of recent clinical events,
such as transient cerebral ischemic attack or minor stroke, had higher levels of 5-LOX
mRNA determined [33]. In an experimental mouse model of atherosclerosis, blockade
of the LTB4 receptor reduces lesion progression by inhibiting monocyte recruitment [36].
Simultaneously with high levels of LTB4, SPM levels, especially RvD1, and the ratio of SPM
to LTB4 are reduced in the region of unstable atherosclerotic plaques [37].
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These and other data have increased attention to ALOX5 as a key participant in the
leukotriene pathway. ALOX5 has been identified as a gene that contributes to susceptibility
to atherosclerosis in mice [38]. Genetic deficiency of ALOX5 in mice results in reduced
development of atherosclerosis, despite increased lipid levels, fat mass, elevated glucose
levels, and low fasting insulin levels [38,39]. Lack of ALOX5 in mice led to increased
obesity with age and a number of metabolic defects, including fatty liver, as well as de-
creased production of inflammatory resolution mediators by macrophages [40]. Aging in
ALOX5-deficient mice causes macrophage dysfunction with an increased proinflammatory
phenotype, downregulation of the formyl peptide receptor type 2 (FPR2) in the heart
after myocardial infarction [40]. Deficiency of 5-LOX in mice attenuated aortic aneurysm
formation, which was accompanied by decreased MMP-2 activity and decreased plasma
macrophage inflammatory protein-1 alpha (MIP-1α). However, these processes had a mini-
mal effect on the formation of lipid-rich lesions [41]. In another study, genetic inhibition of
5-LOX did not confirm a role for the leukotriene pathway in the development of atheroscle-
rotic lesions in ApoE-deficient mice [42]. A triple mutation of the Alox5 gene in mice
reduced the biosynthetic ability of the enzyme to proinflammatory leukotrienes in favor
of 13-HODE formation from linoleic acid. These mice cannot synthesize proinflammatory
leukotrienes but have increased body weight and significantly increased levels of 13-HODE
in adipose tissue [43]. Interestingly, 13-HODE is a potent activator of PPARγ and also
activates PPARα, resulting in increased ABCA1 expression and enhanced cholesterol efflux
from macrophages [44–46]. Dual deficiency of 12/15-LOX and 5-LOX in macrophages
alters arachidonic acid metabolism and attenuates peritonitis and atherosclerosis in ApoE
knockout mice [47].

Interestingly, 5-LOX deficiency or inhibition increases the mortality of mice after ex-
perimental myocardial infarction due to healing defects, which is associated with impaired
inflammatory cell function and decreased migration ability of 5-LOX−/− fibroblasts [48]. It
was also shown that in experimental myocardial infarction in 5-lipoxygenase-deficient mice
there was an increase in neutrophil infiltration and tumor necrosis factor (TNF) expression.
This indicates the effect of 5-LOX inhibition on the postischemic inflammatory response [49].
Targeting RNAi at ALOX5 resulted in a 19% decrease in ALOX5 expression in myocardial
tissue and a 3.8-fold reduction in infarct size in experiments in a rat model of myocardial
ischemia-reperfusion [50]. This is consistent with the evidence that siRNA-mediated silenc-
ing of ALOX5 reduces neonatal cardiomyocyte necrosis during anoxia-reoxygenation [51].
It is important to respond that mice with Alox5 gene knockout are more susceptible to
complications of experimental infection and exhibit a worsened inflammatory response.
Thus, experiments with animals have shown different effects of ALOX5 deficiency.

Evaluation of the clinical significance of the gene polymorphism also demonstrated dif-
ferent results. The 5-LOX genotype variants have been shown to be associated with in-creased
intima-media thickness and to identify a subpopulation with increased atherosclerosis [52].
In addition, ALOX5 polymorphisms independently predict severe carotid artery disease [53].
However, in other studies, 5-lipoxygenase gene polymorphisms have not been associated
with atherosclerosis or coronary heart disease and risk of myocardial infarction [54–56]. These
and other data support an ongoing debate regarding the contribution of ALOX5 gene
polymorphisms to atherogenesis and its clinically manifest forms.

Interestingly, ALOX5 gene variants affect eicosanoid production in response to fish oil
supplementation [57]. Dietary ω-6 PUFAs have also been found to promote and marine
ω-3 PUFAs to inhibit leukotriene-mediated inflammation [52,58]. Despite these findings,
the interactions between ALOX5 (rs59439148) polymorphisms and arachidonic and eicos-
apentaenoic acid content in adipose tissue had no effect on the risk of myocardial infarction
in middle-aged men and women [59].

Genetic variants in another member of the leukotriene pathway, ALOX5AP, may
be associated with the pathogenesis of both myocardial infarction and stroke by increas-
ing leukotriene production and increasing inflammation in the arterial wall [60–62]. The
ALOX5AP gene encodes the 5-lipoxygenase activating protein (FLAP), which anchors
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5-LOX to the membrane and also binds arachidonic acid and may play an important role
in transferring arachidonic acid to 5-LOX. FLAP is a nuclear membrane protein and is
required for the synthesis of both leukotrienes and LXA4/RvD1 [63]. Analysis of angio-
graphic data showed a possible modest role for ALOX5AP in the development of atheroma,
but not on its clinically manifest forms, such as myocardial infarction [64]. Genetic vari-
ability in ALOX5AP has also been associated with myocardial infarction in the German
population [65]. In addition, genetic variation in the ALOX5AP gene contributes to the
risk of coronary heart disease (CHD) in patients with familial hypercholesterolemia [66]. It
should be noted that analysis of ALOX5AP polymorphisms showed different evidence for
associations with the risk of ischemic stroke [67–72].

Another member of the leukotriene pathway, the LTA4H gene encoding leukotriene
A4 hydrolase, confers a moderate risk of myocardial infarction [73]. Four single nucleotide
polymorphisms (SNPs) in the LTA4H gene showed a significant association with levels of
LTB4, which acts as a link to the risk of CHD [74]. In addition, the rs2540489 polymorphism
in the LTA4H gene appears to be associated with ischemic stroke of the large arteries [75].

15-LOX, encoded by the ALOX15 gene, is a key enzyme in the synthesis of SPM [76].
15-LOX can convert arachidonic acid to 15-hydroperoxycozatetraenoic acid (15-HPETE),
which is metabolized to 15-hydroxycozatetraenoic acid (15-HETE), which is a vasocon-
strictor [77]. In addition, lipoxygenases encoded by the ALOX15 and ALOX15B genes
may participate in atherogenesis through their ability to oxidize esterified PUFAs and
cholesterol esters in plasma membranes and lipoproteins and participate in foam cell
formation [76,78–80].

ALOX15 suppresses the TNF-α, IL-1β/NF-κB, and IL-6/STAT3 signaling pathways
and also promotes the formation of resolvins, which are some of the most important lipid
mediators involved in resolving inflammation [81]. None of the ALOX15 polymorphisms
has been associated with myocardial infarction, but the rare ALOX15 haplotype has shown
a significant protective effect on the risk of myocardial infarction [82]. The c.-292C > T
promoter polymorphism increases reticulocyte-type 15-lipoxygenase-1 activity and may be
atheroprotective through the production of 15(S)-HETE and its pro-resolving metabolites,
lipoxins [83].

ALOX15B gene polymorphisms may also be associated with coronary heart dis-
ease [84]. Alox15b knockdown in mice led to a decrease in atherosclerosis as measured
by plaque area, as well as to a decrease in the severity of inflammation, which confirms
the atherogenic role of ALOX15B [85]. It should be noted that Alox15b and the enzyme it
encodes in mice and humans have several fundamental differences.

Interestingly, ALOX15B and, to a lesser extent, ALOX15 are involved in the regulation
of cholesterol levels in macrophages via SREBP-2 [86]. It has previously been shown that
overexpression of human ALOX15 in RAW macrophages contributes to increased ABCA1-
mediated cholesterol efflux [87]. These data reinforce the understanding of the significance
of cross-links between lipid transport and inflammation.

Of note, the combination of leukotriene pathway gene polymorphisms may also be
important. ALOX12, ALOX5, and ALOX5AP polymorphisms are genetically associated with
subclinical atherosclerosis and with disease biomarkers in families with type 2 diabetes [88].
Genetic variations in the oxidative stress-related genes ALOX5, ALOX5AP, and MPO have
also been shown to modulate susceptibility to ischemic stroke through the main effects
and epistatic interactions [89]. However, the Athero-Express Genomics study showed that
variants in ALOX5, ALOX5AP, and LTA4H were not associated with atherosclerotic plaque
phenotypes, suggesting a limited role of their common variants on the morphology of
progressive atherosclerotic plaque [90].

Another interesting area of research is assessing the links between mitochondrial dys-
function, inflammation, and oxidative stress [91]. Moreover, PUFA metabolic products can
affect mitochondrial function [92]. Research into the genetic regulation of these pathways
is of clinical interest. 12-HETE is one of the arachidonic acid metabolites formed in the
lipoxygenase pathway, known for its role in mitochondrial dysfunction [93]. ALOX12 gene
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polymorphisms are associated with the development of atherosclerosis, cardiovascular
disease, and 12-HETE levels [94–96].

Thus, the potential importance of the lipoxygenase pathway in the pathogenesis of
atherosclerosis is beyond doubt. At the same time, the significance of polymorphism of
genes encoding these enzymes still remains a topic for research and discussion, which
requires new data and their analysis. It should be noted that 5-LOX is located at the
crossroads of inflammation activation and resolution pathways, so the interpretation of the
enzyme’s function in atherogenesis remains a matter of debate.

3. Genetic Contribution to Reverse Cholesterol Transport

Reverse cholesterol transport is an important homeostatic pathway that ensures the
removal of excess cholesterol from peripheral tissues (Table 1). This atheroprotective
mechanism involves the participation of high-density lipoproteins (HDL), which have
an important transport function and through it demonstrate involvement in innate im-
munity [97]. HDL formation is linked to the lipid export function of ABCA1, a member
of a family of membrane proteins that transport chemically diverse substrates across the
lipid bilayer of cell membranes [98,99]. Expression of ABCA1 is regulated at both the
transcriptional and post-transcriptional levels (Table 1) [100,101].

Table 1. Some pathways of regulation of cellular cholesterol homeostasis in macrophages.

Factors of Cellular
Homeostasis of Lipids in

Macrophages
Mechanisms Participants Regulation References

Promote cholesterol
accumulation

Phagocytosis/efferocytosis;
Lipid uptake;

Cholesterol biosynthesis

Modified low density
lipoprotein (LDL);

scavenger receptors (SR-A,
CD-36, LOX-1);

HMG-CoA reductase

MicroRNAs, lncRNAs,
circRNAs, secondary

messengers such as cyclic AMP,
nuclear receptors (e.g., LXR,

RXR, PPAR and PXR), SREBPs,
cytokines, hormones,

post-translational modifications,
proteasomal, lysosomal, and

calpain systems

[102–107]

Promote cholesterol efflux Reverse cholesterol
transport

ABCA1
ABCG1
SR-BI

ApoAI
HDL

ABCA1 exports cholesterol from macrophages, saturating the nascent HDL particles, which
are then further lipidized by another member of this family, ABCG1 [97]. In this regard, ABCA1
is considered to be a key participant in HDL biogenesis. Mutations in the ABCA1 gene are
known to cause a rare genetic Tangier disease, which is characterized by a significant decrease
in HDL levels and an increased incidence of cardiovascular disease [108–110]. In addition to
Tangier disease, variations and changes in the ABCA1 gene increase the risk of atheroscle-
rosis [111,112], familial hypercholesterolemia [113], coronary heart disease [114], including
myocardial infarction [115,116] and ischemic stroke [112,117], and can be considered as a
prognostic biomarker [118,119]. ABCA1 gene polymorphisms modulate HDL cholesterol
levels and, thus, may influence cardiovascular risk in the general population [120–122].

In addition, the r219k polymorphism of the ABCA1 gene may influence the hypolipi-
demic effect of pravastatin in patients with coronary heart disease [123,124]. In addition to
an atherogenic effect, the AA genotype of the G1051A polymorphism is associated with
higher HDL cholesterol levels and a lower prevalence of coronary artery calcification [125].
These and other data reinforce the understanding of the significance of genetic variation in
ABCA1 [126].

Interestingly, despite the atheroprotective role of Abca1, it has been shown to adversely
affect cardiac function after myocardial infarction in mice. Abca1−/− mice had a smaller
infarct size after coronary artery ligation and increased T- and B-lymphocytes [127].

Importantly, the lipid-transporting function of ABCA1 makes it an important participant in
the innate immune system through regulation of cholesterol content in macrophages [128]. The
removal of excess cholesterol has an anti-inflammatory effect on macrophages [129]. This
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effect is mediated by modification of the biophysical properties of the plasma membrane
and changes in the function of membrane proteins, such as TLR4 and their signaling
pathways, direct cholesterol-protein interactions and other mechanisms [130].

In addition, methylation levels of the ABCA1 promoter may be associated with in-
flammation and the development of premature coronary heart disease. It was shown that
ABCA1 promoter methylation levels were positively associated with serum inflammatory
factors (CRP, IL-1β), circulating free DNA/neutrophil extracellular traps (cfDNA/NETs),
suggesting a role for inflammatory responses in premature coronary heart disease [131].
Higher levels of ABCA1 DNA methylation in older men have also been shown previously
to be associated with low levels of high-density lipoprotein cholesterol [132].

Thus, lipids show different cross-linkages with inflammation, which has implications
for atherogenesis. In addition, key players in these processes also show involvement in
different processes, both pro- and anti-atherogenic, requiring a more detailed study of their
complex reciprocal influence rather than of individual mechanisms.

4. Role of microRNAs

Numerous recent studies highlight the importance of non-coding microRNAs (mi-
croRNA, miRNA) in the pathogenesis of several diseases. Small non-coding RNA molecules
are 18–25 nucleotides long (average length is 22), and take part in transcriptional and post-
transcriptional regulation of gene expression. Because of this they are involved in the
regulation of many biological processes, such as cell differentiation, growth, proliferation
and apoptosis. MicroRNAs are highly conserved among eukaryotes, representing a part of
evolutionarily ancient component of gene expression regulation system.

Biosynthesis of microRNAs is now described in detail and involves a series of sequen-
tial processes, including the formation of primary miRNA transcripts (pri-miRNAs) by
RNA polymerase II, their subsequent cleavage in the nucleus by Drosha endonuclease to
form pre-miRNAs. After transport into the cytoplasm, they are subsequently processed by
a multiprotein complex, including Dicer [133,134].

MicroRNAs are involved in the regulation of gene expression at the post-transcriptional
level by binding to the 3′-untranslated regions (UTRs) of target mRNAs [135]. A single
microRNA can bind to target sequences in several mRNAs, usually leading to mRNA
degradation or translation inhibition. Thus, microRNAs exert post-transcriptional control
in various signaling pathways.

A growing body of evidence strengthens the understanding of the importance of mi-
croRNAs in the pathogenesis of atherosclerosis. MicroRNAs are involved in the modulation
of the leukotriene pathway through the regulation of 5-LOX (Figure 2). The 5-LOX has been
shown to target miR-19a-3p and miR-125b-5p. Inhibition of both microRNAs by antagomirs
resulted in a significant increase in 5-LOX protein expression in the myeloid cell line [136].
Another study showed downregulation of miRNA-125b-5p and miR-193a-3p in aortic
aneurysm tissues, leading to increased leukotriene production, increased inflammation and
aortic wall damage through upregulation of the ALOX5 gene [137]. The involvement of
miR-193a-3p in the regulation of vascular smooth muscle cells (VSMCs) proliferation and
migration has also been shown, allowing it to be considered as a regulator of phenotypic
switching in VSMCs [138].
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MiR-125a/b-5p in vascular endothelial cells inhibits the expression of endothelin-1
(ET-1), which is a potent vasoconstrictor peptide. It has been shown that miR-125a/b-5p can
suppress oxLDL-induced ET-1 expression by targeting the 3′-untranslated mRNA region of
preproendothelin-1 (preproET-1) [139]. These findings demonstrate the cross-talk between
vascular inflammation and hemodynamics.

Clinical evaluation of microRNA significance showed that plasma expression levels
of miR-125b-5p and miR-30d-5p were higher in patients with acute coronary syndrome
compared with healthy controls. In addition, miR-125b-5p levels were associated with
6-month cardiovascular events in patients with acute myocardial infarction [140].

Another microRNA, miR-219 regulates 5-LOX protein levels and LTB4 generation [141,142].
Overexpression of miR-219 has been shown to result in a significant reduction in 5-LOX and
leukotriene production [141]. Interestingly, miR-219-2 has been identified as a regulator
of 5-LOX in macrophages, which can reduce pro-inflammatory LTB4 production and
increase pro-resolving mediators, including protectin D1 (PD1) [143]. In addition, RvD1
activates its receptors on human macrophages to regulate miR-219-5p, which is formed
from pre-miRs miR-219-1 and miR-219-2 [143]. The anti-inflammatory effects of RvD1 are
mediated in part by microRNAs including miR-21, miR-146b, miR-208a and miR-219 [141].
RvD1 administration significantly up-regulates miR-208a and miR-219 in exudates isolated
from ALX/FPR2 transgenic mice [144]. In human macrophages, miR-219, miR-208a, miR-
146b and miR-21 have been identified as RvD1-GPCR-regulated microRNAs [144]. Thus,
miR-219 is an important regulator of the inflammatory signaling pathway.

Interestingly, 5-LOX can modulate miRNA processing in monocytic cells. It has
been shown that 5-LOX can interact with human Dicer [133,145,146]. Dicer, which is
involved in microRNA biogenesis, is known to interact with cellular proteins through
its N-terminal domain. Thus, Dicer has been shown to interact with 5-LOX. On the one
hand, the C-terminal of human Dicer (5-lipoxygenase binding domain or 5LObd) enhances
the enzymatic activity of 5-LOX, and, on the other hand, 5-LOX modifies the pre-miRNA
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processing activity of Dicer. Thus, the processing of specific microRNAs can be regulated
by the interaction between 5-LOX and Dicer. This relationship represents an interesting
cross-sectional mechanism between inflammation and miRNA-driven regulation of gene
expression [145].

It was shown that 5-LOX promotes the transcription of the miR-99b/let-7e/miR-
125a cluster. Moreover, 5-LOX–Dicer interaction led to a decrease in pre-let-7e processing
and an increase in miR-125a-5p and miR-99b-5p levels without concomitant changes in
let-7e levels [133]. let-7e is an important regulator of endothelial function and acts as
a proinflammatory mediator involved in the regulation of the NF-κB pathway through
inhibition of its target gene (IkBβ) expression [147]. It has been shown that miR-125a-5p
has protective functions for endothelial cells and can be transported by endothelial cells
released microvesicles, enhancing endothelial cell survival and angiogenic function through
modulation of PI3K/Akt/eNOS and caspase-3 pathway expression [148]. It has previously
been shown that miR-125a-5p can counteract the effects of ox-LDL on various endothelial
cell functions through regulation of the EGFR/ERK/p38 MAPK and PI3K/Akt/eNOS
pathways and cleavage of caspase-3, ICAM-1, and VCAM-1 expression [149]. MiR-125a-5p
also inhibits NLRP3 expression by targeting CCL4 in human VSMCs treated with ox-
LDL [150]. MiR-125a and miR-125b may play a role in regulating the TLR/MyD88/NF-κB
axis [151,152]. Thus, miR-125a-5p levels are decreased in atherosclerotic plaques of patients
with coronary atherosclerosis [153].

FLAP can also be regulated by microRNAs (Figure 2). MiR-146a suppresses FLAP
expression and LTB4 production and regulates COX-2 in lung cancer cells [154]. In addition,
miR-146a is a target for reducing inflammation in patients with CHD because it targets
interleukin-1 receptor-associated kinase 1 (IRAK-1) and tumor necrosis factor receptor
associated factor 6 (TRAF-6), which leads to inhibition of NF-κB via TLR [155]. Interestingly,
the miR-146a polymorphism (rs2910164 C > G) increased the risk of CHD among non-
smokers and hypertensive patients [156].

FLAP expression is also regulated by miR-135a and miR-199a-5p. Overexpression
of anti-miR-135a and anti-miR-199a-5p oligonucleotides was shown to result in multiple
increases in FLAP mRNA and protein expression [142,157].

In addition to participation in the regulation of lipid mediator production, microRNAs can
regulate reverse cholesterol transport (Figure 2). miR-33a and miR-33b inhibit ABCA1 expres-
sion [158]. In mouse macrophages, miR-33 inhibits ABCG1 expression, reducing cholesterol
efflux into nascent HDL [159,160]. Inhibition of miR-33 in mouse experiments, increases levels
of ABCA1 and circulating HDL, suggesting an atherogenic role for miR-33 [161]. Inhibition of
miR-33a/b in nonhuman primates increases hepatic expression of ABCA1, increases plasma
HDL levels, and decreases triglyceride levels in very low-density lipoproteins. [162,163].

miR-144-3p also targets ABCA1, leading to decreased HDL cholesterol levels. Agomir
of miR-144-3p has been shown to effectively accelerate atheromatous plaque formation in
ApoE−/− mice, impairing reverse cholesterol transport and stimulating production of the
proinflammatory cytokines TNF-α, IL-1β, and IL-6 [164]. The clinical significance of these
data is supported by the positive correlation of circulating miR-144-3p concentration with
serum creatine kinase, creatine kinase-MB fraction, lactate dehydrogenase, and aspartate
aminotransferase in patients with acute myocardial infarction, allowing miR-144-3p to be
considered as a potential candidate biomarker of acute myocardial infarction [164].

ABCA1 has been demonstrated to be a direct target of miR-30e and miR-92a [165]. A
negative correlation was found between plasma ABCA1 levels and plasma exosomal levels
of miR-30e, suggesting diagnostic potential of miR-30e levels in exosomes as a biomarker
of coronary atherosclerosis [165]. MiR-92a, is a component of the miR-17-92 cluster and is
highly expressed in human endothelial cells, where it controls angiogenesis [166]. MiR-92a
has also been shown to contribute to cardiovascular disease in diabetes via NF-κB and
subsequent inflammatory pathways [167].

Endothelial miR-92a is a regulator of Kruppel-like factor 4 (KLF4) biogenesis and also
plays a role in KLF2 expression, which demonstrates cross-links with hemodynamic factor
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effects [168–173]. The expression of miR-92a is increased in endothelial cells and blood
flow in atherosclerosis. It was also found that endothelial miR-92a can be transported to
macrophages mainly through extracellular vesicles, where, by regulating KLF4 levels, it
promotes their atherogenic phenotypic switching, inflammatory activation, and increased
LDL uptake [174]. In addition, miR-92a can bind to HDL in the serum of vulnerable
patients with CHD [175]. These data reinforce the understanding of the importance of
miR-92a as an important participant in the provision of arterial homeostasis [174]. Levels of
miR-92a-3p were significantly elevated in patients with CHD, with endothelial cells being
a major source of cells for microvesicles containing miR-92a-3p. EMV-mediated functional
miR-92a-3 transport regulates angiogenesis and is an important tool for intercellular com-
munication [176]. MiR-92a is known to regulate the expression of KLF4 and KLF2 in arterial
endothelium. Inhibition of miR-92a prevents endothelial dysfunction and atherosclerosis in
mice [177]. This is because miR-92a regulates oxLDL-mediated endothelial cell activation
under low shear voltage conditions, which has been linked to KLF2 and KLF4 modulation
and suppresses cytokine signaling [177]. It was shown that miR-92a knockdown in vitro led
to a partial reduction in the expression of proinflammatory markers induced by cytokines,
which was associated with enhanced expression of KLF4 [168].

It was also shown that circulating miR-92a could be associated with the HDL3 fraction,
and their levels differed in stable and vulnerable patients with CHD [175]. Thus, HDL are
involved in an intercellular communication mechanism involving microRNA transport and
delivery [178]. Of interest is the evidence that healthy HDL, through clathrin-mediated
endocytosis, is taken up by macrophages and attenuates 5-LOX expression by the ubiquitin
proteasome system, resulting in reduced LTB4 from activated macrophages [179]. This
mechanism is another lipid-associated pathway of inflammation regulation.

5. The Significance of Long Non-Coding RNAs

Long non-coding RNAs (long ncRNAs, lncRNAs) are another important regulatory
link whose clinical significance is only beginning to be understood. Most of the hu-
man genome is known to be transcribed into noncoding RNAs. lncRNAs are a type of
RNA, more than 200 nucleotides long, that are not translated into protein [180]. How-
ever, they modulate gene expression and are involved in a variety of pathophysiological
processes [181–183]. Several lncRNAs have been identified as epigenetic regulators in-
volved in the development of cardiovascular disease.

Seven lncRNAs (RP11-68I3.11, AC068831.6, RP11-133L14.5, PAX8-AS1, RP11-259K15.2,
RP11-203M5.8, and LINC01254) have been identified in patients with acute coronary
syndrome and may be potential biomarkers of myocardial infarction [184]. In addition, cir-
culating ENST00000538705.1 has been found to facilitate the progression of acute coronary
syndrome through modulation of ALOX15 [185]. Knockdown of ENST00000538705.1 or
ALOX15 reduces myocardial damage, decreases serum total cholesterol and LDL levels, and
increases HDL levels in rats with myocardial infarction. This allows ENST00000538705.1
and ALOX15 to be considered as potential molecular targets for acute coronary syndrome
therapy [185].

It has been shown that lncRNAs are found in the border zone of myocardial infarction
in rats. The same study showed that lncRNA AY212271 is coexpressed with Alox5ap and
can participate in the inflammatory response in the border zone of myocardial infarction
indirectly through Alox5ap [186].

In addition, lncRNAs are involved in the regulation of reverse cholesterol transport,
thereby influencing the development of atherosclerosis. ABCA1 has previously been found to
be regulated by various lncRNAs, including MeXis, GAS5, TUG1, MEG3, MALAT1, Lnc-HC,
RP5-833A20.1, LOXL1-AS1, CHROME, DAPK1-IT1, SIRT1 AS lncRNA, DYNLRB2-2, DANCR,
LeXis, LOC286367, and LncOR13C9. ABCG1 is also regulated by several lncRNAs, such as
TUG1, GAS5, RP5-833A20.1, DYNLRB2-2, ENST00000602558.1, and AC096664.3 [187,188].

In addition to the fact that TUG1 expression reduces macrophage cholesterol export
by mediating the expression of ABCA1 and ABCG1, it can also reduce ApoM expression in
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the miR-92a/ FXR1 axis [189]. These cross-linkages are of interest because TUG1 overex-
pression in ApoE−/− mice can increase plaque size and consequently increase macrophage
cholesterol content. It has been shown that TUG1 can bind miR-92a while competitively
inhibiting FXR1 and miR-92a binding. This stimulates FXR1 to further reduce ApoM ex-
pression. In addition, TUG1 can enhance the inflammatory response in the plasma, which
is characterized by increased inflammatory cytokines, such as TNFα, IL-1β, and IL-6, as
well as impaired cholesterol export [189]. Given that miR-92a promotes atherosclerosis
by targeting ABCA1, it is suggested that TUG1 may compete with ABCA1 for binding to
miR-92a to reduce ABCA1 expression.

Interestingly, lincRNA DYN-LRB2-2 can promote ABCA1-mediated cholesterol efflux
by reducing TLR2 expression in macrophages. Meanwhile, overexpression of TRL2 reverses
the effects of lincRNA-DYNLRB2-2 on cholesterol efflux and ABCA1 expression levels [190].
This represents another interesting mechanism of cross-linking inflammation and reverse
cholesterol transport.

In turn, lincRNA MALAT1 can target miR-17-5p to regulate the expression level of
ABCA1. MALAT1 knockdown increases ox-LDL uptake and promotes cholesterol accumula-
tion by regulating the miR-17-5p/ABCA1 axis in ox-LDL-induced THP-1 macrophages [191].
lincRNA PCA3 inhibits lipid accumulation and atherosclerosis by promoting ABCA1-
mediated cholesterol efflux for by sponging miR-140-5p and enhancing RFX7 [192]. Thus,
the study of potential targets for lincRNA is of research and clinical interest.

6. The Significance of circRNAs

Circular RNAs (circRNAs) are single-stranded noncoding RNAs with a closed ring
structure without 3′ or 5′ ends and with binding sites for miRNAs. CircRNAs are important
post-transcriptional regulators of gene expression. They act as decoys for microRNA,
thereby reducing their ability to target mRNAs [193,194]. Through this targeting and
suppression of microRNA activity, circRNAs perform various biological functions and may
be involved in the pathogenesis of many diseases, including atherosclerosis [194–197].

It has been shown that circDENND1B could sponge miR-17-5p and increase Abca1
expression, promoting cholesterol efflux and inhibiting atherogenesis [198]. Another
circ_0001445 ring RNA in an experiment on human primary aortic endothelial cells re-
duced ox-LDL-induced endothelial damage by acting as a sponge miR-208b-5p and thereby
regulating ABCG1 [199]. In addition, miR-33a, which regulates ABCA1 expression, was
identified as a direct target for circFASN [200].

Thus, circRNAs are an important link in the regulation of the expression of genes related
to lipid metabolism and atherosclerosis, which is a promising topic for future re-search.

7. Conclusions

The significance of genetic factor in the development and progression of atherosclerosis
has yet to be assessed, but a growing body of evidence is increasing the understanding
of the role of gene polymorphism and epigenetic regulation in the processes associated
with inflammation in the vascular wall, lipid metabolism, and hemodynamic regulation.
Lipid metabolism and the innate immune system have been closely linked throughout
the natural history of atherogenesis. Significant data support evidence for the important
regulatory role of microRNAs. The identification of their targets and cross-linkages is an
important and promising topic for further research. MicroRNAs can act on multiple targets,
highlighting the complexity and interdependence of processes occurring in the vascular
wall. Additionally of interest is the cross-linking of 5-LOX and microRNAs on one side
as a target and on the other as a regulator of their production. These cross-links are a
potentially important regulatory mechanism. lncRNAs represent another important target
for research. Their potential role in atherogenesis is still largely unknown, but available
data show significant clinical promise.

Post-transcriptional regulation of 5-lipoxygenase mRNA expression through alter-
native splicing and nonsense-mediated mRNA decay is also of great interest [201]. Alterna-
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tive splicing leads to the formation of several identified 5-LOX isoforms, representing a
mechanism for the regulation of the 5-LOX pathway and lipid mediator biosynthesis [202].

These and other data reinforce the focus on identifying the genetic basis of atherogene-
sis. A growing body of evidence suggests complex cross-linkages in immune and metabolic
processes, as well as multiple links in the regulation of gene expression in the complex
chain of processes leading to atherosclerosis. The study of these links can con-tribute to
a better understanding of the clinical aspects of atherosclerosis, improve the quality of
diagnosis and treatment efficacy.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Agnelli, G.; Belch, J.J.F.; Baumgartner, I.; Giovas, P.; Hoffmann, U. Morbidity and mortality associated with atherosclerotic

peripheral artery disease: A systematic review. Atherosclerosis 2020, 293, 94–100. [CrossRef] [PubMed]
2. Song, P.; Fang, Z.; Wang, H.; Cai, Y.; Rahimi, K.; Zhu, Y.; Fowkes, F.G.R.; Fowkes, F.J.I.; Rudan, I. Global and regional prevalence,

burden, and risk factors for carotid atherosclerosis: A systematic review, meta-analysis, and modelling study. Lancet Glob. Health
2020, 8, e721–e729. [CrossRef]

3. Aday, A.W.; Matsushita, K. Epidemiology of Peripheral Artery Disease and Polyvascular Disease. Circ. Res. 2021, 128, 1818–1832.
[CrossRef] [PubMed]

4. Kim, H.; Kim, S.; Han, S.; Rane, P.P.; Fox, K.M.; Qian, Y.; Suh, H.S. Prevalence and incidence of atherosclerotic cardiovascular
disease and its risk factors in Korea: A nationwide population-based study. BMC Public Health 2019, 19, 1112. [CrossRef]
[PubMed]

5. Herrington, W.; Lacey, B.; Sherliker, P.; Armitage, J.; Lewington, S. Epidemiology of Atherosclerosis and the Potential to Reduce
the Global Burden of Atherothrombotic Disease. Circ. Res. 2016, 118, 535–546. [CrossRef]

6. Rodríguez-Saldaña, J.; Rodriguez-Flores, M.; Cantú-Brito, C.; Aguirre-Garcia, J. A Pathological Study of the Epidemiology of
Atherosclerosis in Mexico City. Cardiol. Res. Pract. 2014, 2014, 264205. [CrossRef]

7. Wong, A.P.; Mohamed, A.L.; Niedzwiecki, A. Atherosclerosis and the Cholesterol Theory: A Reappraisal. World J. Cardiovasc. Dis.
2016, 6, 391–409. [CrossRef]

8. Wentzel, J.J.; Rowland, E.M.; Weinberg, P.D.; Krams, R. The ESC Textbook of Vascular Biology. In Biomechanical Theories
of Atherosclerosis; Oxford University Press: Oxford, UK, 2017.

9. Kotlyarov, S. Diversity of Lipid Function in Atherogenesis: A Focus on Endothelial Mechanobiology. Int. J. Mol. Sci. 2021, 22,
11545. [CrossRef]

10. Razeghian-Jahromi, I.; Karimi Akhormeh, A.; Razmkhah, M.; Zibaeenezhad, M.J. Immune system and atherosclerosis: Hostile or
friendly relationship. Int. J. Immunopathol. Pharmacol. 2022, 36, 03946320221092188. [CrossRef]

11. Zhong, C.; Yang, X.; Feng, Y.; Yu, J. Trained Immunity: An Underlying Driver of Inflammatory Atherosclerosis. Front. Immunol.
2020, 11, 284. [CrossRef]

12. Chávez-Sánchez, L.; Espinosa-Luna, J.E.; Chávez-Rueda, K.; Legorreta-Haquet, M.V.; Montoya-Díaz, E.; Blanco-Favela, F. Innate
immune system cells in atherosclerosis. Arch. Med. Res. 2014, 45, 1–14. [CrossRef] [PubMed]

13. Tabas, I.; Bornfeldt, K.E. Intracellular and Intercellular Aspects of Macrophage Immunometabolism in Atherosclerosis. Circ. Res.
2020, 126, 1209–1227. [CrossRef] [PubMed]

14. Fava, C.; Montagnana, M. Atherosclerosis Is an Inflammatory Disease which Lacks a Common Anti-inflammatory Therapy: How
Human Genetics Can Help to This Issue. A Narrative Review. Front. Pharmacol. 2018, 9, 55. [CrossRef] [PubMed]

15. Lusis, A.J.; Mar, R.; Pajukanta, P. Genetics of atherosclerosis. Annu. Rev. Genom. Hum. Genet. 2004, 5, 189–218. [CrossRef]
[PubMed]

16. Aherrahrou, R.; Guo, L.; Nagraj, V.P.; Aguhob, A.; Hinkle, J.; Chen, L.; Soh, J.Y.; Lue, D.; Alencar, G.F.; Boltjes, A.; et al. Genetic
Regulation of Atherosclerosis-Relevant Phenotypes in Human Vascular Smooth Muscle Cells. Circ. Res. 2020, 127, 1552–1565.
[CrossRef]

17. Kotlyarov, S.; Kotlyarova, A. Involvement of Fatty Acids and Their Metabolites in the Development of Inflammation in Atheroscle-
rosis. Int. J. Mol. Sci. 2022, 23, 1308. [CrossRef]

18. Riccioni, G.; Bäck, M.; Capra, V. Leukotrienes and atherosclerosis. Curr. Drug Targets 2010, 11, 882–887. [CrossRef]
19. Riccioni, G.; Bäck, M. Leukotrienes as Modifiers of Preclinical Atherosclerosis? Sci. World J. 2012, 2012, 490968. [CrossRef]

http://doi.org/10.1016/j.atherosclerosis.2019.09.012
http://www.ncbi.nlm.nih.gov/pubmed/31606132
http://doi.org/10.1016/S2214-109X(20)30117-0
http://doi.org/10.1161/CIRCRESAHA.121.318535
http://www.ncbi.nlm.nih.gov/pubmed/34110907
http://doi.org/10.1186/s12889-019-7439-0
http://www.ncbi.nlm.nih.gov/pubmed/31412823
http://doi.org/10.1161/CIRCRESAHA.115.307611
http://doi.org/10.1155/2014/264205
http://doi.org/10.4236/wjcd.2016.611044
http://doi.org/10.3390/ijms222111545
http://doi.org/10.1177/03946320221092188
http://doi.org/10.3389/fimmu.2020.00284
http://doi.org/10.1016/j.arcmed.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24326322
http://doi.org/10.1161/CIRCRESAHA.119.315939
http://www.ncbi.nlm.nih.gov/pubmed/32324504
http://doi.org/10.3389/fphar.2018.00055
http://www.ncbi.nlm.nih.gov/pubmed/29467655
http://doi.org/10.1146/annurev.genom.5.061903.175930
http://www.ncbi.nlm.nih.gov/pubmed/15485348
http://doi.org/10.1161/CIRCRESAHA.120.317415
http://doi.org/10.3390/ijms23031308
http://doi.org/10.2174/138945010791320881
http://doi.org/10.1100/2012/490968


Genes 2022, 13, 1474 13 of 20

20. Kotlyarov, S.; Kotlyarova, A. Molecular Pharmacology of Inflammation Resolution in Atherosclerosis. Int. J. Mol. Sci. 2022,
23, 4808. [CrossRef]

21. Wang, D.; Dubois, R.N. Eicosanoids and cancer. Nat. Rev. Cancer 2010, 10, 181–193. [CrossRef]
22. Ivanov, I.; Kuhn, H.; Heydeck, D. Structural and functional biology of arachidonic acid 15-lipoxygenase-1 (ALOX15). Gene 2015,

573, 1–32. [CrossRef] [PubMed]
23. Ivanov, I.; Heydeck, D.; Hofheinz, K.; Roffeis, J.; O’Donnell, V.B.; Kuhn, H.; Walther, M. Molecular enzymology of lipoxygenases.

Arch. Biochem. Biophys. 2010, 503, 161–174. [CrossRef] [PubMed]
24. Brock, T.G.; Maydanski, E.; McNish, R.W.; Peters-Golden, M. Co-localization of leukotriene a4 hydrolase with 5-lipoxygenase

in nuclei of alveolar macrophages and rat basophilic leukemia cells but not neutrophils. J. Biol. Chem. 2001, 276, 35071–35077.
[CrossRef] [PubMed]

25. Luo, M.; Jones, S.M.; Peters-Golden, M.; Brock, T.G. Nuclear localization of 5-lipoxygenase as a determinant of leukotriene B4
synthetic capacity. Proc. Natl. Acad. Sci. USA 2003, 100, 12165–12170. [CrossRef]

26. Fredman, G.; Ozcan, L.; Spolitu, S.; Hellmann, J.; Spite, M.; Backs, J.; Tabas, I. Resolvin D1 limits 5-lipoxygenase nuclear
localization and leukotriene B4 synthesis by inhibiting a calcium-activated kinase pathway. Proc. Natl. Acad. Sci. USA 2014, 111,
14530–14535. [CrossRef]

27. Nair, J.; Shanker, J.; Jambunathan, S.; Arvind, P.; Kakkar, V.V. Expression analysis of leukotriene-inflammatory gene interaction
network in patients with coronary artery disease. J. Atheroscler. Thromb. 2014, 21, 329–345. [CrossRef]

28. Horn, T.; Adel, S.; Schumann, R.; Sur, S.; Kakularam, K.R.; Polamarasetty, A.; Redanna, P.; Kuhn, H.; Heydeck, D. Evolutionary
aspects of lipoxygenases and genetic diversity of human leukotriene signaling. Prog. Lipid Res. 2015, 57, 13–39. [CrossRef]

29. Morgan, E.L.; Maskrey, B.H.; Rowley, A.F. At what stage in metazoan evolution did leukotriene generation first appear?—Key
insights from cartilaginous fish. Dev. Comp. Immunol. 2005, 29, 53–59. [CrossRef]

30. Lee, S.J.; Seo, K.W.; Kim, C.D. LPS Increases 5-LO Expression on Monocytes via an Activation of Akt-Sp1/NF-κB Pathways.
Korean J. Physiol. Pharmacol. Off. J. Korean Physiol. Soc. Korean Soc. Pharmacol. 2015, 19, 263–268. [CrossRef]

31. Subbarao, K.; Jala, V.R.; Mathis, S.; Suttles, J.; Zacharias, W.; Ahamed, J.; Ali, H.; Tseng, M.T.; Haribabu, B. Role of leukotriene B4
receptors in the development of atherosclerosis: Potential mechanisms. Arter. Thromb. Vasc. Biol. 2004, 24, 369–375. [CrossRef]

32. Van den Borne, P.; van der Laan, S.W.; Bovens, S.M.; Koole, D.; Kowala, M.C.; Michael, L.F.; Schoneveld, A.H.; van de Weg, S.M.;
Velema, E.; de Vries, J.-P.; et al. Leukotriene B4 levels in human atherosclerotic plaques and abdominal aortic aneurysms.
PLoS ONE 2014, 9, e86522. [CrossRef] [PubMed]

33. Qiu, H.; Gabrielsen, A.; Agardh, H.E.; Wan, M.; Wetterholm, A.; Wong, C.-H.; Hedin, U.; Swedenborg, J.; Hansson, G.K.;
Samuelsson, B.; et al. Expression of 5-lipoxygenase and leukotriene A4 hydrolase in human atherosclerotic lesions correlates with
symptoms of plaque instability. Proc. Natl. Acad. Sci. USA 2006, 103, 8161–8166. [CrossRef] [PubMed]

34. Spanbroek, R.; Gräbner, R.; Lötzer, K.; Hildner, M.; Urbach, A.; Rühling, K.; Moos, M.P.W.; Kaiser, B.; Cohnert, T.U.; Wahlers, T.;
et al. Expanding expression of the 5-lipoxygenase pathway within the arterial wall during human atherogenesis. Proc. Natl. Acad.
Sci. USA 2003, 100, 1238–1243. [CrossRef] [PubMed]

35. Cipollone, F.; Mezzetti, A.; Fazia, M.L.; Cuccurullo, C.; Iezzi, A.; Ucchino, S.; Spigonardo, F.; Bucci, M.; Cuccurullo, F.; Prescott,
S.M.; et al. Association between 5-lipoxygenase expression and plaque instability in humans. Arter. Thromb. Vasc. Biol. 2005, 25,
1665–1670. [CrossRef]

36. Aiello, R.J.; Bourassa, P.A.; Lindsey, S.; Weng, W.; Freeman, A.; Showell, H.J. Leukotriene B4 receptor antagonism reduces
monocytic foam cells in mice. Arter. Thromb. Vasc. Biol. 2002, 22, 443–449. [CrossRef] [PubMed]

37. Fredman, G.; Hellmann, J.; Proto, J.D.; Kuriakose, G.; Colas, R.A.; Dorweiler, B.; Connolly, E.S.; Solomon, R.; Jones, D.M.;
Heyer, E.J.; et al. An imbalance between specialized pro-resolving lipid mediators and pro-inflammatory leukotrienes promotes
instability of atherosclerotic plaques. Nat. Commun. 2016, 7, 12859. [CrossRef]

38. Mehrabian, M.; Allayee, H.; Wong, J.; Shi, W.; Wang, X.P.; Shaposhnik, Z.; Funk, C.D.; Lusis, A.J. Identification of 5-lipoxygenase
as a major gene contributing to atherosclerosis susceptibility in mice. Circ. Res. 2002, 91, 120–126. [CrossRef]

39. Mehrabian, M.; Schulthess, F.T.; Nebohacova, M.; Castellani, L.W.; Zhou, Z.; Hartiala, J.; Oberholzer, J.; Lusis, A.J.; Maedler,
K.; Allayee, H. Identification of ALOX5 as a gene regulating adiposity and pancreatic function. Diabetologia 2008, 51, 978–988.
[CrossRef]

40. Kain, V.; Halade, G.V. Abstract 14092: Arachidonate 5 Lipoxygenase Deficiency Drives Age-Related Obesity, Macrophage
Dysfunction in Cardiac Repair, and Omnipresence of Inflammation. Circulation 2021, 144, A14092. [CrossRef]

41. Zhao, L.; Moos, M.P.; Gräbner, R.; Pédrono, F.; Fan, J.; Kaiser, B.; John, N.; Schmidt, S.; Spanbroek, R.; Lötzer, K.; et al. The
5-lipoxygenase pathway promotes pathogenesis of hyperlipidemia-dependent aortic aneurysm. Nat. Med. 2004, 10, 966–973.
[CrossRef]

42. Cao, R.Y.; St Amand, T.; Gräbner, R.; Habenicht, A.J.; Funk, C.D. Genetic and pharmacological inhibition of the
5-lipoxygenase/leukotriene pathway in atherosclerotic lesion development in ApoE deficient mice. Atherosclerosis 2009,
203, 395–400. [CrossRef]

43. Marbach-Breitrück, E.; Kutzner, L.; Rothe, M.; Gurke, R.; Schreiber, Y.; Reddanna, P.; Schebb, N.H.; Stehling, S.; Wieler, L.H.;
Heydeck, D.; et al. Functional Characterization of Knock-In Mice Expressing a 12/15-Lipoxygenating Alox5 Mutant Instead of
the 5-Lipoxygenating Wild-Type Enzyme. Antioxid. Redox Signal. 2020, 32, 1–17. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms23094808
http://doi.org/10.1038/nrc2809
http://doi.org/10.1016/j.gene.2015.07.073
http://www.ncbi.nlm.nih.gov/pubmed/26216303
http://doi.org/10.1016/j.abb.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20801095
http://doi.org/10.1074/jbc.M105676200
http://www.ncbi.nlm.nih.gov/pubmed/11451962
http://doi.org/10.1073/pnas.2133253100
http://doi.org/10.1073/pnas.1410851111
http://doi.org/10.5551/jat.20123
http://doi.org/10.1016/j.plipres.2014.11.001
http://doi.org/10.1016/j.dci.2004.05.001
http://doi.org/10.4196/kjpp.2015.19.3.263
http://doi.org/10.1161/01.ATV.0000110503.16605.15
http://doi.org/10.1371/journal.pone.0086522
http://www.ncbi.nlm.nih.gov/pubmed/24475136
http://doi.org/10.1073/pnas.0602414103
http://www.ncbi.nlm.nih.gov/pubmed/16698924
http://doi.org/10.1073/pnas.242716099
http://www.ncbi.nlm.nih.gov/pubmed/12552108
http://doi.org/10.1161/01.ATV.0000172632.96987.2d
http://doi.org/10.1161/hq0302.105593
http://www.ncbi.nlm.nih.gov/pubmed/11884288
http://doi.org/10.1038/ncomms12859
http://doi.org/10.1161/01.RES.0000028008.99774.7F
http://doi.org/10.1007/s00125-008-1002-3
http://doi.org/10.1161/circ.144.suppl_1.14092
http://doi.org/10.1038/nm1099
http://doi.org/10.1016/j.atherosclerosis.2008.07.045
http://doi.org/10.1089/ars.2019.7751
http://www.ncbi.nlm.nih.gov/pubmed/31642348


Genes 2022, 13, 1474 14 of 20

44. Nagy, L.; Tontonoz, P.; Alvarez, J.G.; Chen, H.; Evans, R.M. Oxidized LDL regulates macrophage gene expression through ligand
activation of PPARgamma. Cell 1998, 93, 229–240. [CrossRef]

45. Delerive, P.; Furman, C.; Teissier, E.; Fruchart, J.-C.; Duriez, P.; Staels, B. Oxidized phospholipids activate PPARα in a phospholi-
pase A2-dependent manner. FEBS Lett. 2000, 471, 34–38. [CrossRef]

46. Singh, N.K.; Rao, G.N. Emerging role of 12/15-Lipoxygenase (ALOX15) in human pathologies. Prog. Lipid Res. 2019, 73, 28–45.
[CrossRef]

47. Poeckel, D.; Zemski Berry, K.A.; Murphy, R.C.; Funk, C.D. Dual 12/15- and 5-lipoxygenase deficiency in macrophages alters
arachidonic acid metabolism and attenuates peritonitis and atherosclerosis in ApoE knock-out mice. J. Biol. Chem. 2009, 284,
21077–21089. [CrossRef]

48. Blömer, N.; Pachel, C.; Hofmann, U.; Nordbeck, P.; Bauer, W.; Mathes, D.; Frey, A.; Bayer, B.; Vogel, B.; Ertl, G.; et al.
5-Lipoxygenase facilitates healing after myocardial infarction. Basic Res. Cardiol. 2013, 108, 367. [CrossRef]

49. Adamek, A.; Jung, S.; Dienesch, C.; Laser, M.; Ertl, G.; Bauersachs, J.; Frantz, S. Role of 5-lipoxygenase in myocardial ischemia-
reperfusion injury in mice. Eur. J. Pharmacol. 2007, 571, 51–54. [CrossRef] [PubMed]

50. Lisovyy, O.O.; Dosenko, V.E.; Nagibin, V.S.; Tumanovska, L.V.; Korol, M.O.; Surova, O.V.; Moibenko, O.O. Cardioprotective effect
of 5-lipoxygenase gene (ALOX5) silencing in ischemia-reperfusion. Acta Biochim. Pol. 2009, 56, 687–694. [CrossRef]

51. Lisovyı̆, O.O.; Nahibin, V.S.; Surova, O.V.; Tumanovs’ka, L.V.; Dosenko, B.; Moı̆benko, O.O. SiRNA-mediated silencing of
5-lipoxygenase gene (ALOX5) reduces necrosis of neonatal cardiomyocytes in anoxia-reoxygenation. Fiziol. Zh. (1994) 2009, 55,
37–43.

52. Dwyer, J.H.; Allayee, H.; Dwyer, K.M.; Fan, J.; Wu, H.; Mar, R.; Lusis, A.J.; Mehrabian, M. Arachidonate 5-Lipoxygenase Promoter
Genotype, Dietary Arachidonic Acid, and Atherosclerosis. N. Engl. J. Med. 2004, 350, 29–37. [CrossRef] [PubMed]

53. Carlson, C.S.; Heagerty, P.J.; Nord, A.S.; Pritchard, D.K.; Ranchalis, J.; Boguch, J.M.; Duan, H.; Hatsukami, T.S.; Schwartz, S.M.;
Rieder, M.J.; et al. TagSNP evaluation for the association of 42 inflammation loci and vascular disease: Evidence of IL6, FGB,
ALOX5, NFKBIA, and IL4R loci effects. Hum. Genet. 2007, 121, 65–75. [CrossRef] [PubMed]

54. Tsai, M.Y.; Cao, J.; Steffen, B.T.; Weir, N.L.; Rich, S.S.; Liang, S.; Guan, W. 5-Lipoxygenase Gene Variants Are Not Associated with
Atherosclerosis or Incident Coronary Heart Disease in the Multi-Ethnic Study of Atherosclerosis Cohort. J. Am. Heart Assoc. 2016,
5, e002814. [CrossRef] [PubMed]

55. Maznyczka, A.; Braund, P.; Mangino, M.; Samani, N.J. Arachidonate 5-lipoxygenase (5-LO) promoter genotype and risk of
myocardial infarction: A case-control study. Atherosclerosis 2008, 199, 328–332. [CrossRef]

56. González, P.; Reguero, J.R.; Lozano, I.; Morís, C.; Coto, E. A functional Sp1/Egr1-tandem repeat polymorphism in the
5-lipoxygenase gene is not associated with myocardial infarction. Int. J. Immunogenet. 2007, 34, 127–130. [CrossRef]

57. Stephensen, C.B.; Armstrong, P.; Newman, J.W.; Pedersen, T.L.; Legault, J.; Schuster, G.U.; Kelley, D.; Vikman, S.; Hartiala, J.;
Nassir, R.; et al. ALOX5 gene variants affect eicosanoid production and response to fish oil supplementation. J. Lipid Res. 2011, 52,
991–1003. [CrossRef]

58. Simopoulos, A.P. The omega-6/omega-3 fatty acid ratio, genetic variation, and cardiovascular disease. Asia Pac. J. Clin. Nutr.
2008, 17 (Suppl. 1), 131–134.

59. Gammelmark, A.; Lundbye-Christensen, S.; Tjønneland, A.; Schmidt, E.B.; Overvad, K.; Nielsen, M.S. Interactions between
5-Lipoxygenase Polymorphisms and Adipose Tissue Contents of Arachidonic and Eicosapentaenoic Acids Do Not Affect Risk of
Myocardial Infarction in Middle-Aged Men and Women in a Danish Case-Cohort Study. J. Nutr. 2017, 147, 1340–1347. [CrossRef]

60. Helgadottir, A.; Manolescu, A.; Thorleifsson, G.; Gretarsdottir, S.; Jonsdottir, H.; Thorsteinsdottir, U.; Samani, N.J.; Gudmundsson, G.;
Grant, S.F.; Thorgeirsson, G.; et al. The gene encoding 5-lipoxygenase activating protein confers risk of myocardial infarction and
stroke. Nat. Genet. 2004, 36, 233–239. [CrossRef]

61. Helgadottir, A.; Gretarsdottir, S.; St Clair, D.; Manolescu, A.; Cheung, J.; Thorleifsson, G.; Pasdar, A.; Grant, S.F.A.; Whalley, L.J.;
Hakonarson, H.; et al. Association between the gene encoding 5-lipoxygenase-activating protein and stroke replicated in a
Scottish population. Am. J. Hum. Genet. 2005, 76, 505–509. [CrossRef]

62. Kajimoto, K.; Shioji, K.; Ishida, C.; Iwanaga, Y.; Kokubo, Y.; Tomoike, H.; Miyazaki, S.-i.; Nonogi, H.; Goto, Y.; Iwai, N. Validation
of the Association Between the Gene Encoding 5-Lipoxygenase-Activating Protein and Myocardial Infarction in a Japanese
Population. Circ. J. 2005, 69, 1029–1034. [CrossRef] [PubMed]

63. Lehmann, C.; Homann, J.; Ball, A.K.; Blocher, R.; Kleinschmidt, T.K.; Basavarajappa, D.; Angioni, C.; Ferreiros, N.; Hafner, A.K.;
Radmark, O.; et al. Lipoxin and resolvin biosynthesis is dependent on 5-lipoxygenase activating protein. FASEB J. 2015, 29,
5029–5043. [CrossRef] [PubMed]

64. Girelli, D.; Martinelli, N.; Trabetti, E.; Olivieri, O.; Cavallari, U.; Malerba, G.; Busti, F.; Friso, S.; Pizzolo, F.; Pignatti, P.F.; et al.
ALOX5AP gene variants and risk of coronary artery disease: An angiography-based study. Eur. J. Hum. Genet. 2007, 15, 959–966.
[CrossRef]

65. Linsel-Nitschke, P.; Götz, A.; Medack, A.; König, I.R.; Bruse, P.; Lieb, W.; Mayer, B.; Stark, K.; Hengstenberg, C.; Fischer, M.; et al.
Genetic variation in the arachidonate 5-lipoxygenase-activating protein (ALOX5AP) is associated with myocardial infarction in
the German population. Clin. Sci. 2008, 115, 309–315. [CrossRef] [PubMed]

66. Van der Net, J.B.; Versmissen, J.; Oosterveer, D.M.; Defesche, J.C.; Yazdanpanah, M.; Aouizerat, B.E.; Steyerberg, E.W.; Malloy, M.J.;
Pullinger, C.R.; Kane, J.P.; et al. Arachidonate 5-lipoxygenase-activating protein (ALOX5AP) gene and coronary heart disease risk
in familial hypercholesterolemia. Atherosclerosis 2009, 203, 472–478. [CrossRef] [PubMed]

http://doi.org/10.1016/S0092-8674(00)81574-3
http://doi.org/10.1016/S0014-5793(00)01364-8
http://doi.org/10.1016/j.plipres.2018.11.001
http://doi.org/10.1074/jbc.M109.000901
http://doi.org/10.1007/s00395-013-0367-8
http://doi.org/10.1016/j.ejphar.2007.05.040
http://www.ncbi.nlm.nih.gov/pubmed/17586489
http://doi.org/10.18388/abp.2009_2503
http://doi.org/10.1056/NEJMoa025079
http://www.ncbi.nlm.nih.gov/pubmed/14702425
http://doi.org/10.1007/s00439-006-0289-8
http://www.ncbi.nlm.nih.gov/pubmed/17115186
http://doi.org/10.1161/JAHA.115.002814
http://www.ncbi.nlm.nih.gov/pubmed/27025886
http://doi.org/10.1016/j.atherosclerosis.2007.11.027
http://doi.org/10.1111/j.1744-313X.2007.00671.x
http://doi.org/10.1194/jlr.P012864
http://doi.org/10.3945/jn.117.247569
http://doi.org/10.1038/ng1311
http://doi.org/10.1086/428066
http://doi.org/10.1253/circj.69.1029
http://www.ncbi.nlm.nih.gov/pubmed/16127181
http://doi.org/10.1096/fj.15-275487
http://www.ncbi.nlm.nih.gov/pubmed/26289316
http://doi.org/10.1038/sj.ejhg.5201854
http://doi.org/10.1042/CS20070468
http://www.ncbi.nlm.nih.gov/pubmed/18318662
http://doi.org/10.1016/j.atherosclerosis.2008.07.025
http://www.ncbi.nlm.nih.gov/pubmed/18775537


Genes 2022, 13, 1474 15 of 20

67. Fan, Y.; Chen, H.; Li, A.; Shi, Y.; Zhang, Y.; Feng, Q.; Sun, Y.; Zheng, H.; He, Y. A promoter polymorphism (rs17222919, -1316T/G)
of ALOX5AP gene is associated with decreased risk of ischemic stroke in two independent Chinese populations. PLoS ONE 2015,
10, e0122393. [CrossRef]

68. Zheng, J.H.; Ning, G.L.; Xu, W.H.; Wu, X.C.; Ma, X.C. Lack of association between ALOX5AP genetic polymorphisms and risk of
ischemic stroke: Evidence from meta-analyses. Neuropsychiatr. Dis. Treat. 2019, 15, 357–367. [CrossRef] [PubMed]

69. Zhang, R.; Guo, X.; Li, X.; Liu, W.; Peng, Y.; Han, X.; Tian, J.; Sun, L.; Liu, Y. Arachidonate 5-lipoxygenase-activating protein
(ALOX5AP) gene rs4073259 polymorphism not associated with ischemic stroke in the northeastern Chinese Han population. Clin.
Neurol. Neurosurg. 2014, 119, 64–69. [CrossRef]

70. Li, K.L.; Chen, C.Y.; Xu, M.; Zhu, X.Q.; Yang, X.J. ALOX5AP rs10507391 polymorphism and the risk of ischemic stroke in
Caucasians: An update meta-analysis. Cell. Mol. Biol. 2017, 63, 137–140. [CrossRef]

71. Zee, R.Y.; Cheng, S.; Hegener, H.H.; Erlich, H.A.; Ridker, P.M. Genetic variants of arachidonate 5-lipoxygenase-activating protein,
and risk of incident myocardial infarction and ischemic stroke: A nested case-control approach. Stroke 2006, 37, 2007–2011.
[CrossRef]

72. Zintzaras, E.; Rodopoulou, P.; Sakellaridis, N. Variants of the arachidonate 5-lipoxygenase-activating protein (ALOX5AP) gene
and risk of stroke: A HuGE gene-disease association review and meta-analysis. Am. J. Epidemiol. 2009, 169, 523–532. [CrossRef]
[PubMed]

73. Helgadottir, A.; Manolescu, A.; Helgason, A.; Thorleifsson, G.; Thorsteinsdottir, U.; Gudbjartsson, D.F.; Gretarsdottir, S.;
Magnusson, K.P.; Gudmundsson, G.; Hicks, A.; et al. A variant of the gene encoding leukotriene A4 hydrolase confers ethnicity-
specific risk of myocardial infarction. Nat. Genet. 2006, 38, 68–74. [CrossRef] [PubMed]

74. Nair, J.; Shanker, J.; Arvind, P.; Jambunathan, S.; Kakkar, V.V. Association of Leukotriene Gene Variants and Plasma LTB4 Levels
with Coronary Artery Disease in Asian Indians. ISRN Vasc. Med. 2013, 2013, 985743. [CrossRef]

75. Wu, Y.; Li, S.; Liu, K.; Tang, X.; Fang, K.; Li, N.; Li, J.; Wu, T.; Chen, D.; Hu, Y. Study on the association between leukotriene A4
hydrolase gene polymorphism and ischemic stroke. Zhonghua Liu Xing Bing Xue Za Zhi 2015, 36, 786–789.

76. Snodgrass, R.G.; Brüne, B. Regulation and Functions of 15-Lipoxygenases in Human Macrophages. Front. Pharmacol. 2019, 10, 719.
[CrossRef]

77. Zhu, D.; Ran, Y. Role of 15-lipoxygenase/15-hydroxyeicosatetraenoic acid in hypoxia-induced pulmonary hypertension. J. Physiol.
Sci. 2012, 62, 163–172. [CrossRef]

78. Wittwer, J.; Hersberger, M. The two faces of the 15-lipoxygenase in atherosclerosis. Prostaglandins Leukot. Essent. Fat. Acids 2007,
77, 67–77. [CrossRef]

79. Hutchins, P.M.; Murphy, R.C. Cholesteryl ester acyl oxidation and remodeling in murine macrophages: Formation of oxidized
phosphatidylcholine. J. Lipid Res. 2012, 53, 1588–1597. [CrossRef]

80. Bender, G.; Schexnaydre, E.E.; Murphy, R.C.; Uhlson, C.; Newcomer, M.E. Membrane-dependent Activities of Human 15-LOX-2
and Its Murine Counterpart: Implications for Murine Models of Atherosclerosis. J. Biol. Chem. 2016, 291, 19413–19424. [CrossRef]

81. Tian, R.; Zuo, X.; Jaoude, J.; Mao, F.; Colby, J.; Shureiqi, I. ALOX15 as a suppressor of inflammation and cancer: Lost in the link.
Prostaglandins Other Lipid Mediat. 2017, 132, 77–83. [CrossRef]

82. Hersberger, M.; Müller, M.; Marti-Jaun, J.; Heid, I.M.; Coassin, S.; Young, T.F.; Waechter, V.; Hengstenberg, C.; Meisinger, C.;
Peters, A.; et al. No association of two functional polymorphisms in human ALOX15 with myocardial infarction. Atherosclerosis
2009, 205, 192–196. [CrossRef] [PubMed]

83. Wittwer, J.; Bayer, M.; Mosandl, A.; Muntwyler, J.; Hersberger, M. The c.-292C>T promoter polymorphism increases reticulocyte-
type 15-lipoxygenase-1 activity and could be atheroprotective. Clin. Chem. Lab. Med. 2007, 45, 487–492. [CrossRef] [PubMed]

84. Wuest, S.J.; Horn, T.; Marti-Jaun, J.; Kühn, H.; Hersberger, M. Association of polymorphisms in the ALOX15B gene with coronary
artery disease. Clin. Biochem. 2014, 47, 349–355. [CrossRef] [PubMed]

85. Magnusson, L.U.; Lundqvist, A.; Karlsson, M.N.; Skålén, K.; Levin, M.; Wiklund, O.; Borén, J.; Hultén, L.M. Arachidonate
15-Lipoxygenase Type B Knockdown Leads to Reduced Lipid Accumulation and Inflammation in Atherosclerosis. PLoS ONE
2012, 7, e43142. [CrossRef]

86. Snodgrass, R.G.; Zezina, E.; Namgaladze, D.; Gupta, S.; Angioni, C.; Geisslinger, G.; Lütjohann, D.; Brüne, B. A Novel Function
for 15-Lipoxygenases in Cholesterol Homeostasis and CCL17 Production in Human Macrophages. Front. Immunol. 2018, 9, 1906.
[CrossRef]

87. Weibel, G.L.; Joshi, M.R.; Alexander, E.T.; Zhu, P.; Blair, I.A.; Rothblat, G.H. Overexpression of Human 15(S)-Lipoxygenase-1
in RAW Macrophages Leads to Increased Cholesterol Mobilization and Reverse Cholesterol Transport. Arterioscler. Thromb.
Vasc. Biol. 2009, 29, 837–842. [CrossRef]

88. Burdon, K.P.; Rudock, M.E.; Lehtinen, A.B.; Langefeld, C.D.; Bowden, D.W.; Register, T.C.; Liu, Y.; Freedman, B.I.; Carr, J.J.;
Hedrick, C.C.; et al. Human Lipoxygenase Pathway Gene Variation and Association with Markers of Subclinical Atherosclerosis
in the Diabetes Heart Study. Mediat. Inflamm. 2010, 2010, 170153. [CrossRef]

89. Liu, D.; Liu, L.; Song, Z.; Hu, Z.; Liu, J.; Hou, D. Genetic Variations of Oxidative Stress Related Genes ALOX5, ALOX5AP and
MPO Modulate Ischemic Stroke Susceptibility Through Main Effects and Epistatic Interactions in a Chinese Population. Cell.
Physiol. Biochem. 2017, 43, 1588–1602. [CrossRef]

http://doi.org/10.1371/journal.pone.0122393
http://doi.org/10.2147/NDT.S182674
http://www.ncbi.nlm.nih.gov/pubmed/30774347
http://doi.org/10.1016/j.clineuro.2014.01.004
http://doi.org/10.14715/cmb/2017.63.10.22
http://doi.org/10.1161/01.STR.0000229905.25080.01
http://doi.org/10.1093/aje/kwn368
http://www.ncbi.nlm.nih.gov/pubmed/19126581
http://doi.org/10.1038/ng1692
http://www.ncbi.nlm.nih.gov/pubmed/16282974
http://doi.org/10.1155/2013/985743
http://doi.org/10.3389/fphar.2019.00719
http://doi.org/10.1007/s12576-012-0196-9
http://doi.org/10.1016/j.plefa.2007.08.001
http://doi.org/10.1194/jlr.M026799
http://doi.org/10.1074/jbc.M116.741454
http://doi.org/10.1016/j.prostaglandins.2017.01.002
http://doi.org/10.1016/j.atherosclerosis.2008.11.017
http://www.ncbi.nlm.nih.gov/pubmed/19131063
http://doi.org/10.1515/CCLM.2007.103
http://www.ncbi.nlm.nih.gov/pubmed/17439326
http://doi.org/10.1016/j.clinbiochem.2013.12.013
http://www.ncbi.nlm.nih.gov/pubmed/24373925
http://doi.org/10.1371/journal.pone.0043142
http://doi.org/10.3389/fimmu.2018.01906
http://doi.org/10.1161/ATVBAHA.109.186163
http://doi.org/10.1155/2010/170153
http://doi.org/10.1159/000482023


Genes 2022, 13, 1474 16 of 20

90. Van der Laan, S.W.; Foroughi Asl, H.; van den Borne, P.; van Setten, J.; van der Perk, M.E.; van de Weg, S.M.; Schoneveld, A.H.;
de Kleijn, D.P.; Michoel, T.; Björkegren, J.L.; et al. Variants in ALOX5, ALOX5AP and LTA4H are not associated with atherosclerotic
plaque phenotypes: The Athero-Express Genomics Study. Atherosclerosis 2015, 239, 528–538. [CrossRef]

91. Szabo, T.M.; Frigy, A.; Nagy, E.E. Targeting Mediators of Inflammation in Heart Failure: A Short Synthesis of Experimental and
Clinical Results. Int. J. Mol. Sci. 2021, 22, 13053. [CrossRef]

92. Keshavarz-Bahaghighat, H.; Darwesh, A.M.; Sosnowski, D.K.; Seubert, J.M. Mitochondrial Dysfunction and Inflammaging in
Heart Failure: Novel Roles of CYP-Derived Epoxylipids. Cells 2020, 9, 1565. [CrossRef] [PubMed]

93. Nazarewicz, R.R.; Zenebe, W.J.; Parihar, A.; Parihar, M.S.; Vaccaro, M.; Rink, C.; Sen, C.K.; Ghafourifar, P.
12(S)-hydroperoxyeicosatetraenoic acid (12-HETE) increases mitochondrial nitric oxide by increasing intramitochondrial
calcium. Arch. Biochem. Biophys. 2007, 468, 114–120. [CrossRef] [PubMed]

94. Quintana, L.F.; Guzmán, B.; Collado, S.; Clària, J.; Poch, E. A coding polymorphism in the 12-lipoxygenase gene is associated to
essential hypertension and urinary 12(S)-HETE. Kidney Int. 2006, 69, 526–530. [CrossRef] [PubMed]

95. Zheng, Z.; Li, Y.; Jin, G.; Huang, T.; Zou, M.; Duan, S. The biological role of arachidonic acid 12-lipoxygenase (ALOX12) in various
human diseases. Biomed. Pharmacother. 2020, 129, 110354. [CrossRef]

96. Natarajan, R.; Gerrity, R.G.; Gu, J.L.; Lanting, L.; Thomas, L.; Nadler, J.L. Role of 12-lipoxygenase and oxidant stress in
hyperglycaemia-induced acceleration of atherosclerosis in a diabetic pig model. Diabetologia 2002, 45, 125–133. [CrossRef]

97. Yvan-Charvet, L.; Wang, N.; Tall, A.R. Role of HDL, ABCA1, and ABCG1 transporters in cholesterol efflux and immune responses.
Arterioscler. Thromb. Vasc. Biol. 2010, 30, 139–143. [CrossRef]

98. Attie, A.D.; Kastelein, J.P.; Hayden, M.R. Pivotal role of ABCA1 in reverse cholesterol transport influencing HDL levels and
susceptibility to atherosclerosis. J. Lipid Res. 2001, 42, 1717–1726. [CrossRef]

99. Yin, K.; Liao, D.-f.; Tang, C.-k. ATP-Binding Membrane Cassette Transporter A1 (ABCA1): A Possible Link between Inflammation
and Reverse Cholesterol Transport. Mol. Med. 2010, 16, 438–449. [CrossRef]

100. He, P.; Gelissen, I.C.; Ammit, A.J. Regulation of ATP binding cassette transporter A1 (ABCA1) expression: Cholesterol-dependent
and—Independent signaling pathways with relevance to inflammatory lung disease. Respir. Res. 2020, 21, 250. [CrossRef]

101. Matsuo, M. ABCA1 and ABCG1 as potential therapeutic targets for the prevention of atherosclerosis. J. Pharmacol. Sci. 2022, 148,
197–203. [CrossRef]

102. Wang, D.; Yang, Y.; Lei, Y.; Tzvetkov, N.T.; Liu, X.; Yeung, A.W.K.; Xu, S.; Atanasov, A.G. Targeting Foam Cell Formation in
Atherosclerosis: Therapeutic Potential of Natural Products. Pharmacol. Rev. 2019, 71, 596–670. [CrossRef]

103. Chistiakov, D.A.; Bobryshev, Y.V.; Orekhov, A.N. Macrophage-mediated cholesterol handling in atherosclerosis. J. Cell. Mol. Med.
2016, 20, 17–28. [CrossRef]

104. Kruth, H.S. Fluid-phase pinocytosis of LDL by macrophages: A novel target to reduce macrophage cholesterol accumulation in
atherosclerotic lesions. Curr. Pharm. Des. 2013, 19, 5865–5872. [CrossRef]

105. De Villiers, W.J.; Smart, E.J. Macrophage scavenger receptors and foam cell formation. J. Leukoc. Biol. 1999, 66, 740–746. [CrossRef]
106. Armesilla, A.L.; Vega, M.A. Structural organization of the gene for human CD36 glycoprotein. J. Biol. Chem. 1994, 269, 18985–18991.

[CrossRef]
107. Sukhorukov, V.N.; Khotina, V.A.; Chegodaev, Y.S.; Ivanova, E.; Sobenin, I.A.; Orekhov, A.N. Lipid Metabolism in Macrophages:

Focus on Atherosclerosis. Biomedicines 2020, 8, 262. [CrossRef]
108. Iatan, I.; Alrasadi, K.; Ruel, I.; Alwaili, K.; Genest, J. Effect of ABCA1 mutations on risk for myocardial infarction. Curr. Atheroscler.

Rep. 2008, 10, 413–426. [CrossRef]
109. Qian, H.; Zhao, X.; Cao, P.; Lei, J.; Yan, N.; Gong, X. Structure of the human lipid exporter ABCA1. Cell 2017, 169, 1228–1239.e10.

[CrossRef]
110. Chai, A.B.; Ammit, A.J.; Gelissen, I.C. Examining the role of ABC lipid transporters in pulmonary lipid homeostasis and

inflammation. Respir. Res. 2017, 18, 41. [CrossRef]
111. Abdel-Razek, O.; Sadananda, S.N.; Li, X.; Cermakova, L.; Frohlich, J.; Brunham, L.R. Increased prevalence of clinical and

subclinical atherosclerosis in patients with damaging mutations in ABCA1 or APOA1. J. Clin. Lipidol. 2018, 12, 116–121.
[CrossRef]

112. Song, J.; Jiang, X.; Cao, Y.; Juan, J.; Wu, T.; Hu, Y. Interaction between an ATP-Binding Cassette A1 (ABCA1) Variant and Egg
Consumption for the Risk of Ischemic Stroke and Carotid Atherosclerosis: A Family-Based Study in the Chinese Population. J.
Atheroscler. Thromb. 2019, 26, 835–845. [CrossRef]

113. Cenarro, A.; Artieda, M.; Castillo, S.; Mozas, P.; Reyes, G.; Tejedor, D.; Alonso, R.; Mata, P.; Pocoví, M.; Civeira, F. A common
variant in the ABCA1 gene is associated with a lower risk for premature coronary heart disease in familial hypercholesterolaemia.
J. Med. Genet. 2003, 40, 163–168. [CrossRef]

114. Ghaznavi, H.; Aali, E.; Soltanpour, M.S. Association Study of the ATP—Binding Cassette Transporter A1 (ABCA1) Rs2230806
Genetic Variation with Lipid Profile and Coronary Artery Disease Risk in an Iranian Population. Open Access Maced. J. Med. Sci.
2018, 6, 274–279. [CrossRef]

115. Ceccanti, M.; Cambieri, C.; Frasca, V.; Onesti, E.; Biasiotta, A.; Giordano, C.; Bruno, S.M.; Testino, G.; Lucarelli, M.; Arca, M.; et al.
A Novel Mutation in ABCA1 Gene Causing Tangier Disease in an Italian Family with Uncommon Neurological Presentation.
Front. Neurol. 2016, 7, 185. [CrossRef]

http://doi.org/10.1016/j.atherosclerosis.2015.01.018
http://doi.org/10.3390/ijms222313053
http://doi.org/10.3390/cells9071565
http://www.ncbi.nlm.nih.gov/pubmed/32604981
http://doi.org/10.1016/j.abb.2007.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17963719
http://doi.org/10.1038/sj.ki.5000147
http://www.ncbi.nlm.nih.gov/pubmed/16514435
http://doi.org/10.1016/j.biopha.2020.110354
http://doi.org/10.1007/s125-002-8253-x
http://doi.org/10.1161/ATVBAHA.108.179283
http://doi.org/10.1016/S0022-2275(20)31498-X
http://doi.org/10.2119/molmed.2010.00004
http://doi.org/10.1186/s12931-020-01515-9
http://doi.org/10.1016/j.jphs.2021.11.005
http://doi.org/10.1124/pr.118.017178
http://doi.org/10.1111/jcmm.12689
http://doi.org/10.2174/1381612811319330005
http://doi.org/10.1002/jlb.66.5.740
http://doi.org/10.1016/S0021-9258(17)32263-9
http://doi.org/10.3390/biomedicines8080262
http://doi.org/10.1007/s11883-008-0064-5
http://doi.org/10.1016/j.cell.2017.05.020
http://doi.org/10.1186/s12931-017-0526-9
http://doi.org/10.1016/j.jacl.2017.10.010
http://doi.org/10.5551/jat.46615
http://doi.org/10.1136/jmg.40.3.163
http://doi.org/10.3889/oamjms.2018.063
http://doi.org/10.3389/fneur.2016.00185


Genes 2022, 13, 1474 17 of 20

116. Dash, R.; Ali, M.C.; Rana, M.L.; Munni, Y.A.; Barua, L.; Jahan, I.; Haque, M.F.; Hannan, M.A.; Moon, I.S. Computational SNP
Analysis and Molecular Simulation Revealed the Most Deleterious Missense Variants in the NBD1 Domain of Human ABCA1
Transporter. Int. J. Mol. Sci. 2020, 21, 7606. [CrossRef]

117. MacLeod, M.J.; De Lange, R.P.; Breen, G.; Meiklejohn, D.; Lemmon, H.; Clair, D.S. Lack of association between apolipoprotein E
genoype and ischaemic stroke in a Scottish population. Eur. J. Clin. Investig. 2001, 31, 570–573. [CrossRef]

118. Karimian, M.; Momeni, A.; Farmohammadi, A.; Behjati, M.; Jafari, M.; Raygan, F. Common gene polymorphism in ATP-binding
cassette transporter A1 and coronary artery disease: A genetic association study and a structural analysis. J. Cell. Biochem. 2020,
121, 3345–3357. [CrossRef]

119. Wang, F.; Ji, Y.; Chen, X.; Song, Y.; Huang, S.; Zhou, C.; Huang, C.; Chen, Z.; Zhang, L.; Ge, J. ABCA1 variants rs2230806 (R219K),
rs4149313 (M8831I), and rs9282541 (R230C) are associated with susceptibility to coronary heart disease. J. Clin. Lab. Anal. 2019, 33,
e22896. [CrossRef]

120. Porchay, I.; Péan, F.; Bellili, N.; Royer, B.; Cogneau, J.; Chesnier, M.C.; Caradec, A.; Tichet, J.; Balkau, B.; Marre, M.; et al. ABCA1
single nucleotide polymorphisms on high-density lipoprotein-cholesterol and overweight: The D.E.S.I.R. study. Obesity 2006, 14,
1874–1879. [CrossRef]

121. Mokuno, J.; Hishida, A.; Morita, E.; Sasakabe, T.; Hattori, Y.; Suma, S.; Okada, R.; Kawai, S.; Naito, M.; Wakai, K. ATP-binding
cassette transporter A1 (ABCA1) R219K (G1051A, rs2230806) polymorphism and serum high-density lipoprotein cholesterol
levels in a large Japanese population: Cross-sectional data from the Daiko Study. Endocr. J. 2015, 62, 543–549. [CrossRef]

122. Shi, Z.; Tian, Y.; Zhao, Z.; Wu, Y.; Hu, X.; Li, J.; Chen, Q.; Wang, Y.; An, C.; Zhang, K. Association between the ABCA1 (R219K)
polymorphism and lipid profiles: A meta-analysis. Sci. Rep. 2021, 11, 21718. [CrossRef]

123. Li, J.; Wang, L.-F.; Li, Z.-Q.; Pan, W. Effect of r219k polymorphism of the abca1 gene on the lipid-lowering effect of pravastatin in
chinese patients with coronary heart disease. Clin. Exp. Pharmacol. Physiol. 2009, 36, 567–570. [CrossRef]

124. Akao, H.; Polisecki, E.; Schaefer, E.J.; Trompet, S.; Robertson, M.; Ford, I.; Jukema, J.W.; de Craen, A.J.M.; Packard, C.; Buckley, B.M.;
et al. ABCA1 gene variation and heart disease risk reduction in the elderly during pravastatin treatment. Atherosclerosis 2014, 235,
176–181. [CrossRef]

125. Benton, J.L.; Ding, J.; Tsai, M.Y.; Shea, S.; Rotter, J.I.; Burke, G.L.; Post, W. Associations between two common polymorphisms in
the ABCA1 gene and subclinical atherosclerosis: Multi-Ethnic Study of Atherosclerosis (MESA). Atherosclerosis 2007, 193, 352–360.
[CrossRef]

126. Brunham, L.R.; Singaraja, R.R.; Hayden, M.R. Variations on a gene: Rare and common variants in ABCA1 and their impact on
HDL cholesterol levels and atherosclerosis. Annu. Rev. Nutr. 2006, 26, 105–129. [CrossRef]

127. Louwe, M.C.; Lammers, B.; Frias, M.A.; Foks, A.C.; de Leeuw, L.R.; Hildebrand, R.B.; Kuiper, J.; Smit, J.W.A.; Van Berkel, T.J.C.;
James, R.W.; et al. Abca1 deficiency protects the heart against myocardial infarction-induced injury. Atherosclerosis 2016, 251,
159–163. [CrossRef]

128. Yvan-Charvet, L.; Welch, C.; Pagler, T.A.; Ranalletta, M.; Lamkanfi, M.; Han, S.; Ishibashi, M.; Li, R.; Wang, N.; Tall, A.R. Increased
inflammatory gene expression in ABC transporter-deficient macrophages: Free cholesterol accumulation, increased signaling via
toll-like receptors, and neutrophil infiltration of atherosclerotic lesions. Circulation 2008, 118, 1837–1847. [CrossRef]

129. Ma, L.; Dong, F.; Zaid, M.; Kumar, A.; Zha, X. ABCA1 protein enhances Toll-like receptor 4 (TLR4)-stimulated interleukin-10
(IL-10) secretion through protein kinase A (PKA) activation. J. Biol. Chem. 2012, 287, 40502–40512. [CrossRef]

130. Ruysschaert, J.-M.; Lonez, C. Role of lipid microdomains in TLR-mediated signalling. Biochim. Biophys. Acta (BBA)-Biomembr.
2015, 1848, 1860–1867. [CrossRef]

131. An, F.; Liu, C.; Wang, X.; Li, T.; Fu, H.; Bao, B.; Cong, H.; Zhao, J. Effect of ABCA1 promoter methylation on premature coronary
artery disease and its relationship with inflammation. BMC Cardiovasc. Disord. 2021, 21, 78. [CrossRef]

132. Guay, S.-P.; Légaré, C.; Houde, A.-A.; Mathieu, P.; Bossé, Y.; Bouchard, L. Acetylsalicylic acid, aging and coronary artery disease
are associated with ABCA1 DNA methylation in men. Clin. Epigenet. 2014, 6, 14. [CrossRef] [PubMed]

133. Uebbing, S.; Kreiß, M.; Scholl, F.; Häfner, A.-K.; Sürün, D.; Garscha, U.; Werz, O.; Basavarajappa, D.; Samuelsson, B.; Rådmark, O.;
et al. Modulation of microRNA processing by 5-lipoxygenase. FASEB J. 2021, 35, e21193. [CrossRef] [PubMed]

134. Saul, M.J.; Emmerich, A.C.; Steinhilber, D.; Suess, B. Regulation of Eicosanoid Pathways by MicroRNAs. Front. Pharmacol. 2019,
10, 824. [CrossRef] [PubMed]

135. Baek, D.; Villén, J.; Shin, C.; Camargo, F.D.; Gygi, S.P.; Bartel, D.P. The impact of microRNAs on protein output. Nature 2008,
455, 64–71. [CrossRef]

136. Busch, S.; Auth, E.; Scholl, F.; Huenecke, S.; Koehl, U.; Suess, B.; Steinhilber, D. 5-lipoxygenase is a direct target of miR-19a-3p and
miR-125b-5p. J. Immunol. 2015, 194, 1646–1653. [CrossRef]

137. Araujo, N.N.F.d.; Lin-Wang, H.T.; Germano, J.d.F.; Farsky, P.S.; Feldman, A.; Rossi, F.H.; Izukawa, N.M.; Higuchi, M.d.L.; Savioli
Neto, F.; Hirata, M.H.; et al. Dysregulation of microRNAs and target genes networks in human abdominal aortic aneurysm
tissues. PLoS ONE 2019, 14, e0222782. [CrossRef]

138. Wang, W.; Wang, Y.; Piao, H.; Li, B.; Zhu, Z.; Li, D.; Wang, T.; Liu, K. Bioinformatics Analysis Reveals MicroRNA-193a-3p
Regulates ACTG2 to Control Phenotype Switch in Human Vascular Smooth Muscle Cells. Front. Genet. 2021, 11, 572707.
[CrossRef]

139. Li, D.; Yang, P.; Xiong, Q.; Song, X.; Yang, X.; Liu, L.; Yuan, W.; Rui, Y.C. MicroRNA-125a/b-5p inhibits endothelin-1 expression in
vascular endothelial cells. J. Hypertens. 2010, 28, 1646–1654. [CrossRef]

http://doi.org/10.3390/ijms21207606
http://doi.org/10.1046/j.1365-2362.2001.00851.x
http://doi.org/10.1002/jcb.29606
http://doi.org/10.1002/jcla.22896
http://doi.org/10.1038/oby.2006.217
http://doi.org/10.1507/endocrj.EJ14-0577
http://doi.org/10.1038/s41598-021-00961-9
http://doi.org/10.1111/j.1440-1681.2008.05119.x
http://doi.org/10.1016/j.atherosclerosis.2014.04.030
http://doi.org/10.1016/j.atherosclerosis.2006.06.024
http://doi.org/10.1146/annurev.nutr.26.061505.111214
http://doi.org/10.1016/j.atherosclerosis.2016.06.023
http://doi.org/10.1161/CIRCULATIONAHA.108.793869
http://doi.org/10.1074/jbc.M112.413245
http://doi.org/10.1016/j.bbamem.2015.03.014
http://doi.org/10.1186/s12872-021-01894-x
http://doi.org/10.1186/1868-7083-6-14
http://www.ncbi.nlm.nih.gov/pubmed/25093045
http://doi.org/10.1096/fj.202002108R
http://www.ncbi.nlm.nih.gov/pubmed/33205517
http://doi.org/10.3389/fphar.2019.00824
http://www.ncbi.nlm.nih.gov/pubmed/31379585
http://doi.org/10.1038/nature07242
http://doi.org/10.4049/jimmunol.1402163
http://doi.org/10.1371/journal.pone.0222782
http://doi.org/10.3389/fgene.2020.572707
http://doi.org/10.1097/HJH.0b013e32833a4922


Genes 2022, 13, 1474 18 of 20

140. Jia, K.; Shi, P.; Han, X.; Chen, T.; Tang, H.; Wang, J. Diagnostic value of miR-30d-5p and miR-125b-5p in acute myocardial
infarction. Mol. Med. Rep. 2016, 14, 184–194. [CrossRef]

141. Recchiuti, A.; Krishnamoorthy, S.; Fredman, G.; Chiang, N.; Serhan, C.N. MicroRNAs in resolution of acute inflammation:
Identification of novel resolvin D1-miRNA circuits. FASEB J. 2011, 25, 544–560. [CrossRef]

142. Ochs, M.J.; Steinhilber, D.; Suess, B. MicroRNA Involved in Inflammation: Control of Eicosanoid Pathway. Front. Pharmacol. 2011,
2, 39. [CrossRef] [PubMed]

143. Fredman, G.; Li, Y.; Dalli, J.; Chiang, N.; Serhan, C.N. Self-limited versus delayed resolution of acute inflammation: Temporal
regulation of pro-resolving mediators and microRNA. Sci. Rep. 2012, 2, 639. [CrossRef] [PubMed]

144. Krishnamoorthy, S.; Recchiuti, A.; Chiang, N.; Fredman, G.; Serhan, C.N. Resolvin D1 receptor stereoselectivity and regulation of
inflammation and proresolving microRNAs. Am. J. Pathol. 2012, 180, 2018–2027. [CrossRef]

145. Dincbas-Renqvist, V.; Pépin, G.; Rakonjac, M.; Plante, I.; Ouellet, D.L.; Hermansson, A.; Goulet, I.; Doucet, J.; Samuelsson, B.;
Rådmark, O.; et al. Human Dicer C-terminus functions as a 5-lipoxygenase binding domain. Biochim. Biophys. Acta 2009, 1789,
99–108. [CrossRef]

146. Rådmark, O.; Werz, O.; Steinhilber, D.; Samuelsson, B. 5-Lipoxygenase: Regulation of expression and enzyme activity. Trends
Biochem. Sci. 2007, 32, 332–341. [CrossRef] [PubMed]

147. Lin, Z.; Ge, J.; Wang, Z.; Ren, J.; Wang, X.; Xiong, H.; Gao, J.; Zhang, Y.; Zhang, Q. Let-7e modulates the inflammatory response in
vascular endothelial cells through ceRNA crosstalk. Sci. Rep. 2017, 7, 42498. [CrossRef]

148. Pan, Q.; Ma, C.; Wang, Y.; Wang, J.; Zheng, J.; Du, D.; Liao, X.; Chen, Y.; Chen, Y.; Bihl, J.; et al. Microvesicles-mediated
communication between endothelial cells modulates, endothelial survival, and angiogenic function via transferring of miR-125a-
5p. J. Cell. Biochem. 2019, 120, 3160–3172. [CrossRef]

149. Pan, Q.; Liao, X.; Liu, H.; Wang, Y.; Chen, Y.; Zhao, B.; Lazartigues, E.; Yang, Y.; Ma, X. MicroRNA-125a-5p alleviates the
deleterious effects of ox-LDL on multiple functions of human brain microvessel endothelial cells. Am. J. Physiol. Cell Physiol. 2017,
312, C119–C130. [CrossRef]

150. Wang, J.; Wu, Q.; Yu, J.; Cao, X.; Xu, Z. miR-125a-5p inhibits the expression of NLRP3 by targeting CCL4 in human vascular
smooth muscle cells treated with ox-LDL. Exp. Ther. Med. 2019, 18, 1645–1652. [CrossRef]

151. Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J. MicroRNAs bind to
Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110–E2116. [CrossRef]

152. Gañán-Gómez, I.; Wei, Y.; Yang, H.; Pierce, S.; Bueso-Ramos, C.; Calin, G.; Boyano-Adánez, M.d.C.; García-Manero, G. Overexpres-
sion of miR-125a in Myelodysplastic Syndrome CD34+ Cells Modulates NF-κB Activation and Enhances Erythroid Differentiation
Arrest. PLoS ONE 2014, 9, e93404. [CrossRef] [PubMed]

153. Hao, L.; Wang, X.G.; Cheng, J.D.; You, S.Z.; Ma, S.H.; Zhong, X.; Quan, L.; Luo, B. The up-regulation of endothelin-1 and
down-regulation of miRNA-125a-5p, -155, and -199a/b-3p in human atherosclerotic coronary artery. Cardiovasc. Pathol. 2014, 23,
217–223. [CrossRef] [PubMed]

154. Iacona, J.R.; Monteleone, N.J.; Lutz, C.S. miR-146a suppresses 5-lipoxygenase activating protein (FLAP) expression and
Leukotriene B4 production in lung cancer cells. Oncotarget 2018, 9, 26751–26769. [CrossRef] [PubMed]

155. Ramkaran, P.; Khan, S.; Phulukdaree, A.; Moodley, D.; Chuturgoon, A.A. miR-146a Polymorphism Influences Levels of miR-146a,
IRAK-1, and TRAF-6 in Young Patients with Coronary Artery Disease. Cell Biochem. Biophys. 2014, 68, 259–266. [CrossRef]

156. Sung, J.H.; Kim, S.H.; Yang, W.I.; Kim, W.J.; Moon, J.Y.; Kim, I.J.; Cha, D.H.; Cho, S.Y.; Kim, J.O.; Kim, K.A.; et al. miRNA
polymorphisms (miR-146a, miR-149, miR-196a2 and miR-499) are associated with the risk of coronary artery disease. Mol. Med.
Rep. 2016, 14, 2328–2342. [CrossRef]

157. Gonsalves, C.S.; Kalra, V.K. Hypoxia-mediated expression of 5-lipoxygenase-activating protein involves HIF-1alpha and NF-
kappaB and microRNAs 135a and 199a-5p. J. Immunol. 2010, 184, 3878–3888. [CrossRef]

158. 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. [CrossRef]

159. 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. [CrossRef]

160. Horie, T.; Baba, O.; Kuwabara, Y.; Chujo, Y.; Watanabe, S.; Kinoshita, M.; Horiguchi, M.; Nakamura, T.; Chonabayashi, K.;
Hishizawa, M.; et al. MicroRNA-33 deficiency reduces the progression of atherosclerotic plaque in ApoE−/− mice. J. Am. Heart
Assoc. 2012, 1, e003376. [CrossRef]

161. 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. Investig.
2011, 121, 2921–2931. [CrossRef]

162. Rayner, K.J.; Esau, C.C.; Hussain, F.N.; McDaniel, A.L.; Marshall, S.M.; van Gils, J.M.; Ray, T.D.; Sheedy, F.J.; Goedeke, L.; Liu,
X.; et al. Inhibition of miR-33a/b in non-human primates raises plasma HDL and lowers VLDL triglycerides. Nature 2011, 478,
404–407. [CrossRef] [PubMed]

163. Rottiers, V.; Obad, S.; Petri, A.; McGarrah, R.; Lindholm, M.W.; Black, J.C.; Sinha, S.; Goody, R.J.; Lawrence, M.S.; de Lemos, A.S.;
et al. Pharmacological inhibition of a microRNA family in nonhuman primates by a seed-targeting 8-mer antimiR. Sci. Transl.
Med. 2013, 5, 212ra162. [CrossRef] [PubMed]

http://doi.org/10.3892/mmr.2016.5246
http://doi.org/10.1096/fj.10-169599
http://doi.org/10.3389/fphar.2011.00039
http://www.ncbi.nlm.nih.gov/pubmed/21811464
http://doi.org/10.1038/srep00639
http://www.ncbi.nlm.nih.gov/pubmed/22957142
http://doi.org/10.1016/j.ajpath.2012.01.028
http://doi.org/10.1016/j.bbagrm.2008.10.002
http://doi.org/10.1016/j.tibs.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17576065
http://doi.org/10.1038/srep42498
http://doi.org/10.1002/jcb.27581
http://doi.org/10.1152/ajpcell.00296.2016
http://doi.org/10.3892/etm.2019.7717
http://doi.org/10.1073/pnas.1209414109
http://doi.org/10.1371/journal.pone.0093404
http://www.ncbi.nlm.nih.gov/pubmed/24690917
http://doi.org/10.1016/j.carpath.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24877885
http://doi.org/10.18632/oncotarget.25482
http://www.ncbi.nlm.nih.gov/pubmed/29928483
http://doi.org/10.1007/s12013-013-9704-7
http://doi.org/10.3892/mmr.2016.5495
http://doi.org/10.4049/jimmunol.0902594
http://doi.org/10.1126/science.1189123
http://doi.org/10.1126/science.1189862
http://doi.org/10.1161/JAHA.112.003376
http://doi.org/10.1172/JCI57275
http://doi.org/10.1038/nature10486
http://www.ncbi.nlm.nih.gov/pubmed/22012398
http://doi.org/10.1126/scitranslmed.3006840
http://www.ncbi.nlm.nih.gov/pubmed/24259050


Genes 2022, 13, 1474 19 of 20

164. 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. [CrossRef] [PubMed]

165. Wang, Z.; Zhang, J.; Zhang, S.; Yan, S.; Wang, Z.; Wang, C.; Zhang, X. MiR-30e and miR-92a are related to atherosclerosis by
targeting ABCA1. Mol. Med. Rep. 2019, 19, 3298–3304. [CrossRef]

166. Bonauer, A.; Carmona, G.; Iwasaki, M.; Mione, M.; Koyanagi, M.; Fischer, A.; Burchfield, J.; Fox, H.; Doebele, C.; Ohtani, K.;
et al. MicroRNA-92a Controls Angiogenesis and Functional Recovery of Ischemic Tissues in Mice. Science 2009, 324, 1710–1713.
[CrossRef]

167. Wang, W.Y.; Zheng, Y.S.; Li, Z.G.; Cui, Y.M.; Jiang, J.C. MiR-92a contributes to the cardiovascular disease development in diabetes
mellitus through NF-κB and downstream inflammatory pathways. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 3070–3079. [CrossRef]

168. Fang, Y.; Davies, P.F. Site-specific microRNA-92a regulation of Kruppel-like factors 4 and 2 in atherosusceptible endothelium.
Arterioscler. Thromb. Vasc. Biol. 2012, 32, 979–987. [CrossRef]

169. SenBanerjee, S.; Lin, Z.; Atkins, G.B.; Greif, D.M.; Rao, R.M.; Kumar, A.; Feinberg, M.W.; Chen, Z.; Simon, D.I.; Luscinskas, F.W.;
et al. KLF2 Is a novel transcriptional regulator of endothelial proinflammatory activation. J. Exp. Med. 2004, 199, 1305–1315.
[CrossRef]

170. Hamik, A.; Lin, Z.; Kumar, A.; Balcells, M.; Sinha, S.; Katz, J.; Feinberg, M.W.; Gerzsten, R.E.; Edelman, E.R.; Jain, M.K.
Kruppel-like factor 4 regulates endothelial inflammation. J. Biol. Chem. 2007, 282, 13769–13779. [CrossRef]

171. Villarreal, G., Jr.; Zhang, Y.; Larman, H.B.; Gracia-Sancho, J.; Koo, A.; García-Cardeña, G. Defining the regulation of KLF4
expression and its downstream transcriptional targets in vascular endothelial cells. Biochem. Biophys. Res. Commun. 2010, 391,
984–989. [CrossRef]

172. Dekker, R.J.; Boon, R.A.; Rondaij, M.G.; Kragt, A.; Volger, O.L.; Elderkamp, Y.W.; Meijers, J.C.; Voorberg, J.; Pannekoek, H.;
Horrevoets, A.J. KLF2 provokes a gene expression pattern that establishes functional quiescent differentiation of the endothelium.
Blood 2006, 107, 4354–4363. [CrossRef] [PubMed]

173. Lin, Z.; Kumar, A.; SenBanerjee, S.; Staniszewski, K.; Parmar, K.; Vaughan, D.E.; Gimbrone, M.A., Jr.; Balasubramanian, V.;
García-Cardeña, G.; Jain, M.K. Kruppel-like factor 2 (KLF2) regulates endothelial thrombotic function. Circ. Res. 2005, 96, e48–e57.
[CrossRef] [PubMed]

174. Chang, Y.-J.; Li, Y.-S.; Wu, C.-C.; Wang, K.-C.; Huang, T.-C.; Chen, Z.; Chien, S. Extracellular MicroRNA-92a Mediates Endothelial
Cell–Macrophage Communication. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 2492–2504. [CrossRef]

175. Niculescu, L.S.; Simionescu, N.; Sanda, G.M.; Carnuta, M.G.; Stancu, C.S.; Popescu, A.C.; Popescu, M.R.; Vlad, A.; Dimulescu,
D.R.; Simionescu, M.; et al. MiR-486 and miR-92a Identified in Circulating HDL Discriminate between Stable and Vulnerable
Coronary Artery Disease Patients. PLoS ONE 2015, 10, e0140958. [CrossRef]

176. Liu, Y.; Li, Q.; Hosen, M.R.; Zietzer, A.; Flender, A.; Levermann, P.; Schmitz, T.; Frühwald, D.; Goody, P.; Nickenig, G.; et al.
Atherosclerotic Conditions Promote the Packaging of Functional MicroRNA-92a-3p Into Endothelial Microvesicles. Circ. Res.
2019, 124, 575–587. [CrossRef]

177. Loyer, X.; Potteaux, S.; Vion, A.C.; Guérin, C.L.; Boulkroun, S.; Rautou, P.E.; Ramkhelawon, B.; Esposito, B.; Dalloz, M.; Paul, J.L.;
et al. Inhibition of microRNA-92a prevents endothelial dysfunction and atherosclerosis in mice. Circ. Res. 2014, 114, 434–443.
[CrossRef]

178. 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. [CrossRef] [PubMed]

179. Tsuda, S.; Shinohara, M.; Oshita, T.; Nagao, M.; Tanaka, N.; Mori, T.; Hara, T.; Irino, Y.; Toh, R.; Ishida, T.; et al. Novel mechanism
of regulation of the 5-lipoxygenase/leukotriene B(4) pathway by high-density lipoprotein in macrophages. Sci. Rep. 2017, 7,
12989. [CrossRef]

180. Kung, J.T.Y.; Colognori, D.; Lee, J.T. Long noncoding RNAs: Past, present, and future. Genetics 2013, 193, 651–669. [CrossRef]
181. Rinn, J.L.; Chang, H.Y. Genome regulation by long noncoding RNAs. Annu. Rev. Biochem. 2012, 81, 145–166. [CrossRef]
182. Kornienko, A.E.; Guenzl, P.M.; Barlow, D.P.; Pauler, F.M. Gene regulation by the act of long non-coding RNA transcription.

BMC Biol. 2013, 11, 59. [CrossRef] [PubMed]
183. Mercer, T.R.; Mattick, J.S. Structure and function of long noncoding RNAs in epigenetic regulation. Nat. Struct. Mol. Biol. 2013, 20,

300–307. [CrossRef]
184. Lu, Y.; Meng, X.; Wang, L.; Wang, X. Analysis of long non-coding RNA expression profiles identifies functional lncRNAs

associated with the progression of acute coronary syndromes. Exp. Ther. Med. 2018, 15, 1376–1384. [CrossRef]
185. Chen, H.; Huang, S.; Guan, F.; Han, S.; Ye, F.; Li, X.; You, L. Targeting Circulating lncRNA ENST00000538705.1 Relieves Acute

Coronary Syndrome via Modulating ALOX15. Dis. Markers 2022, 2022, 8208471. [CrossRef] [PubMed]
186. Meng, Q.; Sun, Z.; Gu, H.; Luo, J.; Wang, J.; Wang, C.; Han, S. Expression profiles of long noncoding RNAs and messenger RNAs

in the border zone of myocardial infarction in rats. Cell. Mol. Biol. Lett. 2019, 24, 63. [CrossRef] [PubMed]
187. Zhang, S.; Li, L.; Wang, J.; Zhang, T.; Ye, T.; Wang, S.; Xing, D.; Chen, W. Recent advances in the regulation of ABCA1 and ABCG1

by lncRNAs. Clin. Chim. Acta 2021, 516, 100–110. [CrossRef]
188. Cai, C.; Zhu, H.; Ning, X.; Li, L.; Yang, B.; Chen, S.; Wang, L.; Lu, X.; Gu, D. LncRNA ENST00000602558.1 regulates ABCG1

expression and cholesterol efflux from vascular smooth muscle cells through a p65-dependent pathway. Atherosclerosis 2019, 285,
31–39. [CrossRef]

http://doi.org/10.1371/journal.pone.0094997
http://www.ncbi.nlm.nih.gov/pubmed/24733347
http://doi.org/10.3892/mmr.2019.9983
http://doi.org/10.1126/science.1174381
http://doi.org/10.26355/eurrev_201904_17589
http://doi.org/10.1161/ATVBAHA.111.244053
http://doi.org/10.1084/jem.20031132
http://doi.org/10.1074/jbc.M700078200
http://doi.org/10.1016/j.bbrc.2009.12.002
http://doi.org/10.1182/blood-2005-08-3465
http://www.ncbi.nlm.nih.gov/pubmed/16455954
http://doi.org/10.1161/01.RES.0000159707.05637.a1
http://www.ncbi.nlm.nih.gov/pubmed/15718498
http://doi.org/10.1161/ATVBAHA.119.312707
http://doi.org/10.1371/journal.pone.0140958
http://doi.org/10.1161/CIRCRESAHA.118.314010
http://doi.org/10.1161/CIRCRESAHA.114.302213
http://doi.org/10.1038/ncb2210
http://www.ncbi.nlm.nih.gov/pubmed/21423178
http://doi.org/10.1038/s41598-017-13154-0
http://doi.org/10.1534/genetics.112.146704
http://doi.org/10.1146/annurev-biochem-051410-092902
http://doi.org/10.1186/1741-7007-11-59
http://www.ncbi.nlm.nih.gov/pubmed/23721193
http://doi.org/10.1038/nsmb.2480
http://doi.org/10.3892/etm.2017.5573
http://doi.org/10.1155/2022/8208471
http://www.ncbi.nlm.nih.gov/pubmed/35571613
http://doi.org/10.1186/s11658-019-0185-6
http://www.ncbi.nlm.nih.gov/pubmed/31827539
http://doi.org/10.1016/j.cca.2021.01.019
http://doi.org/10.1016/j.atherosclerosis.2019.04.204


Genes 2022, 13, 1474 20 of 20

189. Yang, L.; Li, T. LncRNA TUG1 regulates ApoM to promote atherosclerosis progression through miR-92a/FXR1 axis. J. Cell.
Mol. Med. 2020, 24, 8836–8848. [CrossRef]

190. Li, Y.; Shen, S.; Ding, S.; Wang, L. LincRNA DYN-LRB2-2 upregulates cholesterol efflux by decreasing TLR2 expression in
macrophages. J. Cell. Biochem. 2018, 119, 1911–1921. [CrossRef]

191. Liu, L.; Tan, L.; Yao, J.; Yang, L. Long non-coding RNA MALAT1 regulates cholesterol accumulation in ox-LDL-induced
macrophages via the microRNA-17-5p/ABCA1 axis. Mol. Med. Rep. 2020, 21, 1761–1770. [CrossRef]

192. Zhao, Z.W.; Zhang, M.; Liao, L.X.; Zou, J.; Wang, G.; Wan, X.J.; Zhou, L.; Li, H.; Qin, Y.S.; Yu, X.H.; et al. Long non-coding RNA
PCA3 inhibits lipid accumulation and atherosclerosis through the miR-140-5p/RFX7/ABCA1 axis. Biochim. Biophys. Acta Mol.
Cell Biol. Lipids 2021, 1866, 158904. [CrossRef] [PubMed]

193. Panda, A.C. Circular RNAs Act as miRNA Sponges. Adv. Exp. Med. Biol 2018, 1087, 67–79. [CrossRef] [PubMed]
194. Fang, Y. Circular RNAs as novel biomarkers with regulatory potency in human diseases. Future Sci. OA 2018, 4, FSO314.

[CrossRef] [PubMed]
195. Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.; Gregersen, L.H.; Munschauer, M.;

et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 2013, 495, 333–338. [CrossRef] [PubMed]
196. Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA circles function as

efficient microRNA sponges. Nature 2013, 495, 384–388. [CrossRef]
197. Pan, R.-Y.; Zhao, C.-H.; Yuan, J.-X.; Zhang, Y.-J.; Jin, J.-L.; Gu, M.-F.; Mao, Z.-Y.; Sun, H.-J.; Jia, Q.-W.; Ji, M.-Y.; et al. Circular RNA

profile in coronary artery disease. Am. J. Transl. Res. 2019, 11, 7115–7125.
198. Xu, F.; Shen, L.; Chen, H.; Wang, R.; Zang, T.; Qian, J.; Ge, J. circDENND1B Participates in the Antiatherosclerotic Effect of IL-1β

Monoclonal Antibody in Mouse by Promoting Cholesterol Efflux via miR-17-5p/Abca1 Axis. Front. Cell Dev. Biol. 2021, 9, 652032.
[CrossRef]

199. Yang, Z.; Liang, X.; Yang, L. Circular RNA circ_0001445 alleviates the ox-LDL-induced endothelial injury in human primary
aortic endothelial cells through regulating ABCG1 via acting as a sponge of miR-208b-5p. Gen. Thorac. Cardiovasc. Surg. 2022, 70,
779–792. [CrossRef]

200. Zhang, C.; Chen, K.; Wei, R.; Fan, G.; Cai, X.; Xu, L.; Cen, B.; Wang, J.; Xie, H.; Zheng, S.; et al. The circFASN/miR-33a pathway
participates in tacrolimus-induced dysregulation of hepatic triglyceride homeostasis. Signal Transduct. Target. Ther. 2020, 5, 23.
[CrossRef]

201. Ochs, M.J.; Sorg, B.L.; Pufahl, L.; Grez, M.; Suess, B.; Steinhilber, D. Post-transcriptional regulation of 5-lipoxygenase mRNA
expression via alternative splicing and nonsense-mediated mRNA decay. PLoS ONE 2012, 7, e31363. [CrossRef]

202. Boudreau, L.H.; Bertin, J.; Robichaud, P.P.; Laflamme, M.; Ouellette, R.J.; Flamand, N.; Surette, M.E. Novel 5-lipoxygenase
isoforms affect the biosynthesis of 5-lipoxygenase products. FASEB J. 2011, 25, 1097–1105. [CrossRef] [PubMed]

http://doi.org/10.1111/jcmm.15521
http://doi.org/10.1002/jcb.26352
http://doi.org/10.3892/mmr.2020.10987
http://doi.org/10.1016/j.bbalip.2021.158904
http://www.ncbi.nlm.nih.gov/pubmed/33578049
http://doi.org/10.1007/978-981-13-1426-1_6
http://www.ncbi.nlm.nih.gov/pubmed/30259358
http://doi.org/10.4155/fsoa-2018-0036
http://www.ncbi.nlm.nih.gov/pubmed/30112184
http://doi.org/10.1038/nature11928
http://www.ncbi.nlm.nih.gov/pubmed/23446348
http://doi.org/10.1038/nature11993
http://doi.org/10.3389/fcell.2021.652032
http://doi.org/10.1007/s11748-022-01799-2
http://doi.org/10.1038/s41392-020-0105-2
http://doi.org/10.1371/journal.pone.0031363
http://doi.org/10.1096/fj.10-173856
http://www.ncbi.nlm.nih.gov/pubmed/21098726

	Introduction 
	Genetic Contribution of the Lipoxygenase Pathway 
	Genetic Contribution to Reverse Cholesterol Transport 
	Role of microRNAs 
	The Significance of Long Non-Coding RNAs 
	The Significance of circRNAs 
	Conclusions 
	References

