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Ferroptosis in AS progression: role of miRNA
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Abstract. — We review the relationship be-
tween miRNAs associated with ferroptosis and
the evolution of AS. Even though, more evidence
is asked to determine the role of miRNAs asso-
ciated with ferroptosis in the AS, this review will
help us understand the role of miRNAs in ferro-
ptosis and AS and may provide new insights for
probing new biomarkers for the diagnosis and
treatment of AS for the time to come.

This is a narrative essay. Using PubMed as
the main source, a literature search strategy was
randomly implemented to index Scopus articles.
No specific terminology is used.

Studies have shown that ferroptosis plays a
crucial role in the development of AS, and a large
amount of ferroptosis in cells can lead to the
progression of AS. MicroRNAs (MiRNAs) have
been proved to be taken part in the biological
course of ferroptosis and thus the process of AS
is affected. The exact regulatory mechanism be-
hind this appearance remains unclear. In order
to clarify this, a growing number of studies have
concentrated the regulatory role of miRNAs in
the process of generation and development of
ferroptosis, as well as the function of ferroptosis
in the progression of AS.

MiRNAs play a significant role in the process
of ferroptosis and are incredibly significant in
the occurrence, development, clinical diagno-
sis, treatment and prognosis evaluation of AS.

Key Words:
Atherosclerosis, Ferroptosis, MicroRNAs, Programmed
cell death (PCD).

Introduction

AS is a chronic inflammatory disease charac-
terized by the formation of lipid plaques on the
walls of large and medium-sized arteries'. It is
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caused by the accumulation of low-density lipo-
protein (LDL) under the subcutaneous skin, ac-
companied by the proliferation of smooth muscle
cells and fibrous matrix, gradually forming ath-
erosclerotic plaques®. AS is the main cause of in-
ternal vascular related death worldwide**. Under-
standing the underlying mechanisms fundamental
to the pathological development of AS is essential
for solving clinical problems and developing new
therapeutic strategies’.

Cell death plays a crucial role throughout life.
Apoptosis was the first mechanism discovered
in programmed cell death (PCD). Ferroptosis is
a new type of PCD, first proposed by Dixon et
al* in 2012, which relies on reactive oxygen spe-
cies (ROS) production and iron overload®. The
morphological characteristics of ferroptosis are
reduction or loss of the mitochondrial crest*, con-
densation of the mitochondrial membrane® and
rupture of the outer mitochondrial membrane’.
Biochemical features of ferroptosis are deficien-
cy depletion or inactivation of glutathione perox-
idase 4 (GPX4) activity, leading to intracellular
glutathione (GSH) depletion, iron accumulation
and lipid peroxidation®. The genetic characteris-
tics of ferroptosis are mainly manifested in iron
metabolism, lipid metabolism and amino acid
metabolism. As shown in Table I, ferroptosis is
significantly different from autophagy, apopto-
sis, pyroptosis and necroptosis in several aspects
(Table I).

Non-coding RNAs (ncRNAs) were once taken
for rubbish molecules, but because of their fun-
damental characteristics in gene expression and
translation regulation'®. Recently, there has been
considerable interest and new insights about this'
MicroRNAs (MiRNAs) are the major members of
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non-coding RNAs and play a crucial part in ge-
netic expression and physiological processes'>'°.
MiRNA is a kind of non-coding single stranded
RNA molecule with a length of 21-24 nucleotides
in cells, which is encoded by endogenous genes
and plays an important regulatory role. MiRNAs
were first discovered by Lee in Caenorhabditis el-
egans in 19937 and can regulate a variety of hu-
man metabolic pathways at the level of translation
and transcription'®. It has been reported that the
regulation method of miRNAs also exists in the
regulation of ferroptosis'e.

In recent years, ferroptosis has been found to
promote the occurrence and development of AS,
and miRNA plays an important role in regulating

Table I. Characteristics of the different types of PCD.

ferroptosis. This paper summarizes the regulato-
ry mechanism of ferroptosis and the relationship
between miRNA and ferroptosis, providing new
ideas for the study and future application of tar-
geted AS molecules.

Mechanisms of Ferroptosis

The regulatory mechanisms of ferroptosis are
complexed, referring a various of signal molecules
and metabolic pathways (Figure 1). In this review,
we summarize the vital function of iron metabo-
lism, lipid metabolism, and amino acid metabo-
lism in the pathogenesis of ferroptosis.

First author, year | RCD (year of discovery) | Morphological features | Biochemical features
Dixon et al* Ferroptosis (2012) Cell swelling, mitochondrial | Iron overload and lipid
contraction, dense peroxidation inhibit xCT,
mitochondrial membrane, decrease GSH and GPX4
reduced or missing
mitochondrial crest,
mitochondrial outer
membrane rupture, normal
nucleus, lack of chromatin
condensation
Degterev et al’ Necroptosis (2005) The cytoplasm and Pro-inflammatory response, [9]
organelles expanded rapidly, | ROS production, decreased
the plasma membrane ATP content,RIP1, RIP3 and
ruptured, and chromatin MLKL activation
moderately condensed
Cookson et al'? Pyroptosis (2001) The cells swell, forming Release of pro-inflammatory [10]
vesicles from the plasma cytokines, inflammatory
membrane and nuclear caspase
pyknosis
Kerr et al!! Apoptosis (1972) Cell shrinkage, plasma Caspase activation, [11]
membrane blistering, nuclear | phosphatidylserine
fragmentation, chromatin externalization, oligonucleic
condensation and DNA fragmentation
marginalization, pseudopodia
retraction, apoptotic bodies
formation, cytoskeleton
disintegration, no significant
changes in mitochondrial
structure
De Duve et al'? Autophagy (1966) Formation of autophagic Increased lysosomal [12]
vacuoles, bimembrane degradation and recovery
autophagosomes, lack of of damaged proteins and
changes in plasma organelles
membrane, and chromatin
aggregation, including
macroautophagy
microautophagy and
co-protein-mediated
autophagy
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Figure 1. Mechanisms of ferroptosis.

Iron Metabolism and Ferroptosis

Iron homeostasis is essential for many biolog-
ical processes and cellular viability. Ferropto-
sis is caused by excess iron, which leads to lipid
peroxidation and cell death. Although the exact
mechanism between iron metabolism and ferro-
ptosis remains to be fully elucidated, there is no
doubt that iron metabolism plays an important
role in ferroptosis. Erastin-induced death depends
on iron in cells rather than on other metal ions;
ROS accumulation and ferroptosis can be inhib-
ited by co-treatment with the iron chelating agent
deoxyamine'. Transferrin receptor 1 (TfR1) al-
lows Fe™ into cells. Then, in the endosome, the
six transmembrane epithelial antigens of the
prostate 3 (STEAP3) can be converted into Fe**
and released from endosomes via divalent Metal
Transporter 1 (DMT1). Fe** is stored in unstable
iron pools (LIP) and ferritin and is exported via
ferroportin-1 (FPNI). If the balance between iron
absorption, utilization, and circulation is inter-
rupted, free iron ions in the presence of hydrogen
peroxide (H,0)) may aggregate and catalyze the

Fenton reaction, leading to the formation of lip-
id peroxides and ultimately ferroptosis®. In this
process, silencing the gene encoding TfR 1 pre-
vented erastin-induced ferroptosis, while deletion
of FPNI increased cell sensitivity to ferroptosis?'.

Recent studies have found that several regula-
tory factors of iron metabolism are involved in
the course of ferroptosis. CDGSH iron - sulfur
domains 1 and 2 (CISD1 and 2) are regulatory
factors of iron in mitochondria. CISD1 inhibition
increases iron-mediated mitochondrial lipid per-
oxidation and contributes to erastin-induced fer-
roptosis*. CISD2 deficiency increases mitochon-
drial iron and lipid ROS levels and also promotes
sulfasalazine-induced ferroptosis*. Iron is a co-
factor included enzymes in many metabolic pro-
cesses; excess iron promotes mitochondrial ROS
production surplus and ferroptosis. Ferritin is a
highly conserved ferritin storage protein complex
composed of two subunits of heavy chain (FTH)
and light chain (FTL)*, which plays an important
role in iron metabolism by storing extracellular
iron®. In Hippo mutant cells, the increased ex-
pression of ferritin heavy chain can prevent ROS
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accumulation and inhibit ferroptosis, while the
loss of cardiac ferritin heavy chain can promote
cardiomyocyte death and heart failure through
ferroptosis®. Ferritin autophagy is an important
mechanism to hold intracellular iron balance. It
can cause ferroptosis by accelerating unstable iron
overload and lipid peroxidation?’. Commanding
iron levels in cells by obstructing ferritin autoph-
agy may be a new therapeutic target for inhibiting
ferroptosis in the future. Nuclear receptor Coact-
ivator 4 (NCOA4) is a cargo receptor for ferritin
degradation. It also maintains intracellular iron
homeostasis by stopping ferritin autophagy?®. The
silencing of NCOA4 can decrease the accumulation
of reactive iron and reactive oxygen species, there-
by inhibiting cell death?’. Heat shock protein beta-1
(HSPBI), a member of small heat shock proteins
(HSPs), is a class of functionally relevant stress
proteins and has the ability to inhibit iron uptake™®.
Upregulation of HSPBI inhibited erastin-induced
ferroptosis. HSPB1 phosphorylation guards’ cells
from ferroptosis by decreasing the production of
iron-dependent lipid ROS*. Hmox1 is an essential
enzyme for heme catabolism, which can decom-
pose heme into iron, biliverdin and carbon monox-
ide. Hmox1 knockout mice had iron amassing in
the liver and kidney, suggesting that Hmox1 was re-
ferred to iron metabolism. Dyshomeostasis of iron,
covering iron missing and iron accumulation, can
injure natural heart function and result in multifar-
ious cardiovascular diseases™.

Lipid Metabolism and Ferroptosis

Recent studies have shown that lipid peroxida-
tion metabolism has relations with the formation
of ferroptosis, which is involved in the build-
ing of membrane micelles and pores®. Now it is
deemed that the formation of lipid hydroperoxides
is concerned with the autooxidation and enzymat-
ic reactions catalyzed by lipoxygenase (LOXs),
but not to cyclooxygenases (COXs)**. At present,
studies on lipid peroxidation related to ferroptosis
mainly focus on enzyme-catalyzed lipid peroxi-
dation. The peroxidation of polyunsaturated fatty
acids (PUFAs) seems to be mainly regulated by
LOXs and GPX4 during ferroptosis®. LOXs is
an iron-containing non-heme dioxygenase, which
promotes free and esterification of PUFAs by di-
rectly catalyzing lipid peroxidation®, while GPX4
indirectly inhibits lipid peroxidation®®. LOX, espe-
cially 12/15-LOX, which plays a core role in lipid
peroxidation and ferroptosis*’. Phosphatidyleth-

8428

anolamine binding protein 1 (PEBP1) is a small
scaffold protein inhibitor of the protein kinase
cascade that forms complex with 15-LOx to pro-
mote ferroptosis®. In contrast to PUFAs, mono-
unsaturated fatty acids (MUFAs) play an anti-iron
role by inhibiting lipid peroxidation. A study has
shown that overexpression of stearoyl-CoA desat-
urasel (SCD1), an essential enzyme for MUFAs
biosynthesis, inhibits ferroptosis in ovarian cancer
cells¥. Friedmann Angeli et al* found that mul-
tiple LOXs were related to PUFA peroxidation,
and the accumulation of oxidized PUFAs could
lead to ferroptosis in cells when GPX4 was in-
hibited*'. In addition, typical inhibitors of ferro-
ptosis such as liproxstatin-1 (LIP-1), ferrostatin-1
(Fer-1), and inhibitors of LOXs such as vitamin E,
flavonoids inhibit ferroptosis by inhibiting LOXs
activity*’. Arachidonic and adrenoic acids are
groups of PUFAs, their metabolism is associated
with two important enzymes acyl-CoA synthetase
long-chain family member 4 (ACSL4) and lyso-
phosphatidylcholine acyltransferase 3 (LPCAT3),
both of which are involved in the long PUFAs en-
try into the lipid membrane. Several studies have
demonstrated that genetic and/or pharmacological
inhibition of ACSL4 and LPCAT3 can protect
cells from ferroptosis under certain circumstanc-
es®. PUFAs can be altered to PUFA-CoA under
the catalysis of acyl-CoA synthase. Arachidonic
acid (AA) is preferentially esterified by ACSL4,
and subsequently participates in the formation of
phospholipids, which are oxidized to form phos-
pholipid-ethanolamine, predisposing cells to fer-
roptosis*?.

Doll et al* emphasized that the inactivation of
ACSL4 gene and the pharmacological inhibition
of ACSL4 by using different thiazolidinediones
(TZDs) namely rosiglitazone (ROSI), pioglitazone
(PIO) and troglitazone (TRO) can effectively pre-
vent the occurrence of ferroptosis, because it hin-
ders the assembly and movement of PUFAs-OOH.
These results suggest that suppression of ACSL4
is a feasible treatment to stop ferroptosis-related
diseases.

Amino Acid Metabolism
and Ferroptosis

The Cystine-glutamate reverse transporter
system Xc~ is a heterodimer related to a disul-
fide bond consisting of a light chain XCT and a
heavy chain 4F2, namely, substrate specific sub-
unit SLC7A11 and regulatory subunit SLC3A2%.
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Its main function is to exchange cystine and glu-
tamate through cell membrane. Cysteine is trans-
ported from the outside of the cell through system
Xc™ to the inside of the cell. Once it is absorbed by
system Xc~ and transported into cells, it will be re-
duced to cysteine, which is an essential amino acid
for biosynthesis of glutathione (GSH) and inhibits
the uptake of cysteine, generating the accumula-
tion of lipid peroxidation products®.GSH is an
effective antioxidant with strong reducibility and
is mainly used for remove baleful lipid hydrogen
peroxide generated by cell metabolism while de-
creasing lipid hydrogen peroxide to innocent lipid
alcohols*®. GSH protects important cellular com-
ponents from ROS damage, including free radi-
cals, lipid peroxides, and heavy metals*’. GPX4
is a member of glutathione peroxidase (GPXs),
which is a GSH dependent antioxidant enzyme.
With two glutathione donors, GPX4 can reduce
the lipid hydroperoxides (PUFAs-OOH) into cor-
responding alcohols, thereby inhibiting oxidative
stress-induced ferroptosis*®. It is considered to be
a key regulator of ferroptosis*®. System Xc~ /GSH/
GPX4 axis is thought to be the main pathway re-
ferred to ferroptosis. Some studies®** analyzed
the compounds and genes involved in this amino
acid metabolic pathway.

Erastin is an RSL compound that inhibits sys-
tem Xc-, leading to depletion of GSH, which in
turn inhibits GPX4 activity and promotes lipid
ROS formation, leading to ferroptosis in cells™.
BRCATl-associated protein 1 (BAP1) and OTU
deubiquitinase, ubiquitin aldehyde-binding 1
(OTUBI) are also involved in ferroptosis by reg-
ulating xc~ expression®*. Like erastin, sorafenib
is a multikinase inhibitor approved for the treat-
ment of liver cancer® that lead to ferroptosis by
obstructing GSH synthesis*®. Buthiionine subfox-
imine (BSO), which has been researched as an
adjunctive therapy for cancer, causes ferroptosis
by lowering GSH levels. Tumor suppressor gene
p53 also plays a significant role in ferroptosis by
down-regulating the expression of SLC7AI1l and
inhibiting systemic Xc~, thereby affecting the ac-
tivity of GPX4 and contributing to increased lipid
peroxidation and ferroptosis in cells”. Ras-selec-
tive Lethal 3 (RSL3) was the first described GPX4
inhibitor®. RSL3 binds to the nucleophilic active
site of GPX4, effectively reducing the expression
level of GPX4* and directly inhibiting GPX4
without consuming GSH. DPI7 and DPI10 also
act directly on GPX4, thereby inactivating GPX4,
resulting in fatal ROS accumulation and induc-
ing ferroptosis. FIN56 consumes CoQ10 through

squalene synthase activity (SQS)-mevalonate
pathway, promotes GPX4 degradation®, and also
leads to ferroptosis®'.

In recent years, ferroptosis suppressor protein
1 (FSP1) has been considered as another effective
factor to protect cells from ferroptosis. Bersuker
et al® showed that a new ferroptosis inhibition
pathway closely concerned with FSP1 is parallel to
the typical GSH based GPX4 pathway. They also
found that FSP1 protects cells from ferroptosis in-
duced by GPX4-deficient cDNA in complementary
overexpression, and that CoQI10, called ubiquitin,
can be regenerated by NAD(P)H under the catalytic
activity of FSP1. CoQI0 scavenge small lipophilic
radicals such as ferostin-1 (Fer-1) and liproxstatin-1,
resulting in the prevention of ferroptosis.

Role of MiRNA in Ferroptosis
and AS Development

Function of MiRNA in Ferroptosis

MiRNA is a widely studied type of ncRNA,
which is an endogenous small RNA with a length
of 21-24 nucleotides and can be transferred be-
tween cells in a variety of ways (such as exo-
somes)®®. More than 1000 miRNAs have been
found in human tissue samples, and they are in-
volved in the regulation of more than 50% of
mammalian protein-coding genes®. It plays an
important role in the regulation of many cell func-
tions, including cell proliferation and cell death®.
MiRNAs play a key regulatory role in the devel-
opment and progression of disease by base pairing
with complementary sequences within the mRNA
molecule. MiRNAs function by binding to the 3
‘-untranslated region of the target mRNA and in-
hibiting its expression®. Several studies have illus-
trated a relationship between miRNAs and ferro-
ptosis Table II.

In particular, the accumulation of rich lipid
ROS in cells is the most vital factor in striking fer-
roptosis. In contrast, ncRNAs directly or indirect-
ly regulate lipid ROS-associated molecules, main-
taining dynamics of oxidation-reduction during
high levels of ROS production and reducing ROS
levels below toxicity thresholds to avoid triggering
ferroptosis®”. A group of miRNAs that regulate
post-transcriptional gene expression through RNA
silencing has been shown to be included in the
regulation of iron and ROS metabolism. MiR-9
inhibits ferroptosis by reducing the accumulation
of lipid ROS by inhibiting erastin-and RSL-3%.
MiR-148b and MiR-29b-1-5p promote ferroptosis
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by augmenting intracellular ROS levels®”. How-
ever, miR-155 and miR-378 can reduce intracellu-
lar ROS levels and inhibit ferroptosis process’ .
On the one hand, miR-365 and miR-125b, reduce
NRF?2 expression and on the other hand, increase
intracellular ROS production, thus promoting fer-
roptosis’>™,

In terms of lipid peroxidation, miRNAs regu-
late Xc- and GPX4, and a variety of miRNAs play
important roles in lipid metabolism. Glutathione
homeostasis is considered to be a key aspect in
the occurrence of ferroptosis. Recent studies have
emphasized the role of specific miRNAs in reg-
ulating intracellular GSH levels. As previous-
ly mentioned, SLC7AI1l is an important side in
protecting cells from ferroptosis because of the
enhanced antioxidant effect of cystine uptake of
cellular GSH metabolism”™. Therefore, it is explicit
that some miRNAs determine ferroptosis by in-
fluencing the expression of SLC7A11. MiR-k12-11

Table Il. Summary of miRNAs involved in ferroptosis.

was found to induce the expression of SLC7A11
and persist in oxidative stress environments by
inhibiting ferroptosis™. MiR-4715-3p inhibits fer-
roptosis by promoting the expression of GPX4"".
In endothelial cells, miR -17-92 directly inhibits
ACSLA4 expression and protects endothelial cells
from erastin-induced ferroptosis’™. MiR-9-5p can
inhibit glutamine metabolism and maintain RE-
DOX homeostasis and inhibit ferroptosis of cells”™.
MiR-133b plays a role in regulating intracellular
glutathione metabolism, leading to ferroptosis in
cells*. MiR-103a-3p can inhibit glutamate trans-
port, regulate glutamine metabolism, and inhibit
ferroptosis of cells®.MiR-122 regulates glutamine
metabolism and promotes ferroptosis in cells®>.
MiR-375 leads to ferroptosis by regulating cystine
metabolism®. MiR-27a promotes ferroptosis by
regulating intracellular glutathione®. MiR-214-3p
leads to ferroptosis by enhancing erastin-induced
lipid peroxidation®. Therefore, several molecular

First author, miRNAs Modulatory effect Influence Reference/
year to ferroptosis Expression
changes
Zhang et al® miR-9 Inhibit lipid peroxidation, iron accumulation and Suppression [65]
inhibits erastin- and RSL3-induced ferroptosis
Qu et al® miR-148b Increase intracellular ROS level Promotion [66]
De Blasio et al” | miR-29b-1-5p | Increase intracellular ROS level Promotion [67]
Gu et al® miR-155 Decrease intracellular ROS level Suppression [68]
Skrzypek et al® | miR-378 Decrease intracellular ROS generation Suppression [69]
Gao et al” miR-365 Decrease Nrf2 expression; Increase intracellular Promotion [70]
ROS generation
Chen et al”! miR-125 Increase intracellular ROS level Suppress Nrf2 Promotion [71]
expression
Qin et al™ miR-K12-11 | Induces SLC7A11 expression and inhibits ferropto- | Suppression [73]
sis induced by oxidative stress
Gomaa et al’™ miR-4715-3p | Overexpression confers resistance to ferroptosis by | Suppression [74]
promoting of GPX4
Xiao et al”® miR-17-92 Suppresses erastin-induced ferroptosis by repres- Suppression [75]
sion of ACSL4 expression
Wang J. et al’® miR-9-5p Inhibit glutamine metabolism and redox homeosta- | Suppression [76]
sis
Chen et al”’ miR-133b Modulate intracellular glutathione metabolism Promotion [77]
Niu et al”® miR-103a-3p | Inhibit transportation of glutamate Modulate gluta- | Suppression [78]
mine metabolism
Sengupta et” miR-122 Modulate glutamine metabolism Promotion [79]
Wu et al®® miR-375 Modulate cystine metabolism Promotion [80]
Drayton et al®! miR-27a Mediate regulation of intracellular glutathione Promotion [81]
Bai et al* miR-214-3p | Enhance erastin-induced lipid peroxidation Promotion [82]
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targets of glutathione metabolism may be known
to be closely involved in the pathogenesis of fer-
roptosis.

Regulation of AS Progression
by Ferroptosis

AS is a chronic progressive vascular disease
characterized by a lipid metabolism disorder®.
Endothelial injury, oxidative stress, inflammation,
and immune dysfunction can promote the occur-
rence and development of AS®¥. The formation
of AS plaque on the wall of the artery leads to
narrowing of the lumen®. Ferroptosis is a newly
discovered form of iron and lipid peroxidation
dependent cell death associated with the develop-
ment of AS. In addition, overexpression of GPX4
has been reported to reduce lipid peroxidation and
inhibit inflammation in the aorta of ApoE 7 defi-
cient mice, thereby alleviating atherosclerotic in-
jury. Since the main characteristic of ferroptosis
is overmuch lipid peroxidation, we have reason to
deem that ferroptosis may be involved in the oc-
currence and development of As. Upregulation of
GPX4 expression in vascular smooth muscle cells
can effectively block oxidative stress, enhance ar-
terial protection and delay the occurrence of AS.
GPX4 activators are expected to offer new solu-
tions for the treatment of atherosclerotic diseas-
es mediated by inflammation and lipid peroxida-
tion®. Recently, a study by Bai et al” verified the
potential impact of ferroptosis on AS. The results
showed that inhibition of ferroptosis inhibited lip-
id peroxidation in ApoE -/ mice and alleviated
AS damage induced by high fat diet. In addition,
ox-LDL leads to mitochondrial damage in mouse
aortic endothelial cells (MAECs) and down-regu-
lates the expressions of SLC7A11 and GPX4. Fer-
1 inhibits ox-LDL-induced lipid peroxidation and
endothelial dysfunction. They believed that ferro-
ptosis may be involved in the pathological process
of AS and may be the therapeutic target for AS*.
In another study, the expression of genes associ-
ated with ferroptosis was studied in human cor-
onary artery specimens. The results showed that
in the late stage of AS, lipid metabolism was sig-
nificantly enriched again and PTGS2, ACSL4 ex-
pression was up-regulated, GPX4 expression was
down-regulated. The severity of AS was positively
correlated with PTGS2 and ACSLA4, but negative-
ly correlated with GPX4°".

PUFA-OOH is a major source of lipid peroxides
that generate endothelial ROS to add, nitric oxide
(NO) to reduce, Chronic inflammation of macro-
phages, Foam cell formation, ultimately contrib-

uting to the formation of atherosclerotic lesions.
Beyond that, LDL peroxidation associated with
ferroptosis degradation in endothelial cells can
cause endothelial dysfunction and macrophage
activation. Prior to the discovery of ferroptosis,
GPX4 overexpression was reported to remove
additional ROS and phospholipid hydroperoxide
and markedly retard the progression of athero-
sclerotic plaques in ApoE” mice?. Iron catalyzed
free radical reactions lead to oxidation of LDL in
endothelial smooth muscle cells or macrophages,
which may be a risk factor for the development
of atherosclerotic lesions®. Ferroptosis and iron
accumulation caused by oxidized low-density li-
poprotein (OX-LDL) has been surveyed in mouse
aortic endothelial cells, which can be reversed by
ferroptosis inhibitors®. Transferrin, the prima-
ry plasma iron binding molecule, interacts with
transferrin receptor protein 1 (TFR1) to transfer
extracellular Fe** into cells, resulting in iron over-
load and increasing cell sensitivity to ferroptosis*.
Ferritin and low-density lipoprotein-cholesterol
levels were co-associated with the incidence of
cardiovascular disease and death. LPO and iron
deposition are important features of atherosclerot-
ic plaques”. There is ample evidence that ferro-
ptosis is related to the pathology of AS.

Role of MiRNA in AS Progression
via the Ferroptosis Pathway

In the context of the world, leading cause of
death is AS. In recent years, the study of AS has
shifted from macroscopical to microscopical, and
penetrated into effector cells, signal transduction,
molecules and other fields. Ferroptosis plays a piv-
otal role in endothelial cell injury and the progres-
sion of atherosclerosis’. But the exact mechanism
is still unclear. MiRNA is involved in the regula-
tion of metabolism and other important biological
processes and has potential application value in
the treatment of AS?’.

Liu et al”® showed that miR-132 is greatly ex-
pressed during the evolution of AS which is in-
volved in lipid metabolism in endothelial cells
and causes an abnormal increase of ROS in en-
dothelial cells®®. Mitochondrial dysfunction, such
as changes in mitochondrial membrane potential,
increased mitochondrial ROS, and opening of mi-
tochondrial membrane channels, further leads to
decreased intracellular GPX4 and increased oxi-
dase NOX4, inducing ferroptosis, and ultimately
promoting the development of AS. MiR-132 can
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promote the occurrence and development of AS
by inducing mitochondrial oxidative stress disor-
der and ferroptosis, which is expected to become a
therapeutic target of AS”.

A study by Xiao et al'” believes that ACSL4/
A20 mediates the deregulation of ferroptosis in
endothelial cells, and the miR17-92 /A20/ACSL4
axis is involved in ferroptosis in endothelial cells,
which is related to vascular diseases such as AS,
which may provide a theoretical basis for the devel-
opment of vascular diseases in the future. MiR17-
92 is a multifunctional oncogenic miRNA cluster
that plays an important role in tumor angiogenesis
and tissue development. Overexpression of Mir-
17-92 in human umbilical vein endothelial cells
promotes GPX4 and inhibits ROS production by
zinc lipoprotein (A20) -ACSL4 axis, which pro-
tects endothelial cells from erastin-induced ferro-
ptosis'®,

Conclusions

Cell death is indispensable for natural metab-
olism in the body. Ferroptosis is a function of a
newly discovered and unique form of programmed
cell death and is closely related to various physi-
ological processes and diseases, by iron relying
on lipid peroxide and excessive accumulation of
ROS, it plays a crucial role in the occurrence, pro-
gression and treatment of nervous system diseases,
ischemia reperfusion injury, kidney injury, tumor
development and other diseases. In recent years,
studies on the role of ferroptosis in cardiovascular
disease have attracted extensive attention. Under-
standing the molecular mechanisms of ferroptosis
has made substantial progress and how AS drives
sensitivity to ferroptosis, involving the expression
of multiple molecular and components of a sig-
naling pathway, of which iron metabolism, lipid
metabolism and amino acid metabolism are vital
regulatory mechanisms. Interventions targeting
ferroptosis could be the basis for new treatment
strategies for many diseases, including cardiovas-
cular disease. In addition, miRNAs are extensive
present in cells. In recent years, a great deal of
studies has shown that miRNAs play a significant
role in the process of ferroptosis and are great sig-
nificant in the occurrence, development of AS. At
the same time, exploring the regulation of miRNA
in iron deficiency induced by AS much progress
has been made.

In the past few years, more and more studies
have uncovered the regulatory mechanism be-
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tween AS and ferroptosis. However, the material
regulatory mechanism of miRNA in regulating
ferroptosis remains unclear and tissue specific ex-
pression of miRNAs and various off-target effects
are major challenges. The mechanism by which
miRNAs associated with ferroptosis regulate the
progression and growth of AS remains to be thor-
oughly understood. Further studies are needed in
the future and targeting these key miRNAs could
reveal new diagnostic biomarkers and precise
treatment regimens to inhibit the occurrence and
progression of AS, providing more insights for the
treatment of AS. Fundamental studies of miR-
NA, ferroptosis and AS are significant for their
ultimate clinical relevance. Experimental stud-
ies need to evolve existing strategies to provide
new treatment options for patients with AS. We
have reason to believe that as science advances,
the study of miRNA and ferroptosis will provide
a solid theoretical foundation for the occurrence
and development of AS.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Funding

This study was supported by 2022 Hunan Provincial Natural
Science Foundation (NO. 2022JJ30502 and 2022JJ30527),
2020 the Scientific Research Project of Hunan Provincial
Department of Education (No. 20B493), and 2018 Key Lab-
oratory of Biorheological Science and Technology (Chongg-
ing University), Ministry of Education Open fund (No.
CQKLBST-2018-010).

References

1) Hansson GK. Inflammation, atherosclerosis, and
coronary artery disease. N Engl J Med 2005; 352:
1685-1695.

2) ZhuY, Xian X, Wang Z, Bi Y, Chen Q, Han X, Tang
D, Chen R. Research Progress on the Relation-
ship between Atherosclerosis and Inflammation.
Biomolecules 2018; 8: 80.

3) 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.

4) Dixon SJ, Lemberg KM, Lamprecht MR, Skouta
R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ,
Cantley AM, Yang WS, Morrison B 3rd, Stockwell
BR. Ferroptosis: an iron-dependent form of nona-
poptotic cell death. Cell 2012; 149: 1060-1072.



Ferroptosis in AS progression: role of miRNA

10)

11)

12)
13)

14)

15)

16)

17)

18)

19)

Wang H, Liu C, Zhao Y, Gao G. Mitochondria Re-
gulation in Ferroptosis. Eur J Cel Biol 2020; 99:
151058.

Yagoda N, von Rechenberg M, Zaganjor E, Bauer
AJ, Yang WS, Fridman DJ, Wolpaw AJ, Smukste
I, Peltier JM, Boniface JJ, Smith R, Lessnick SL,
Sahasrabudhe S, Stockwell BR. RAS-RAF-MEK-de-
pendent oxidative cell death involving voltage-depen-
dent anion channels. Nature 2007; 447: 864-868.

Friedmann Angeli JP, Schneider M, Proneth B,
Tyurina YY, Tyurin VA, Hammond VJ, Herbach N,
Aichler M, Walch A, EggenhoferE, Basavarajappa
D, Radmark O, Kobayashi S, Seibt T, Beck H, Neff
F, Esposito |, Wanke R, Foérster H, Yefremova O,
Heinrichmeyer M, Bornkamm GW, Geissler EK,
Thomas SB, Stockwell BR, O’Donnell VB, Kagan
VE, Schick JA, Conrad M. Inactivation of the fer-
roptosis regulator Gpx4 triggers acute renal failu-
re in mice. Nat Cell Biol 2014; 16: 1180-1191.

Dixon SJ. Ferroptosis: Bug or feature? Immunol
Rev 2017; 77: 150-157.

Degterev A, Huang Z, Boyce M, Li Y, Jagtap P,
Mizushima N, Cuny GD, Mitchison TJ, Moskowitz
MA, Yuan J. Chemical inhibitor of nonapoptotic
cell death with therapeutic potential for ischemic
brain injury. Nat Chem Biol 2005; 1: 112-119.

Cookson BT, Brennan MA. Pro-inflammatory pro-
grammed cell death. Trends Microbiol 2001; 9:
113-114.

Kerr JF, Wyllie AH, Currie AR. Apoptosis: A basic bio-
logical phenomenon with wide-ranging implications
in tissue kinetics. Br J Cancer 1972; 26: 239-257.

De Duve C, Wattiaux R. Functions of lysosomes.
Annu Rev Physiol 1966; 28: 435-492.

Palazzo AF, Lee ES. Non-coding RNA: what is fun-
ctional and what is junk? Front Genet 2015; 6: 2.

Nigita G, Marceca GP, Tomasello L, Distefano R,
Calore F, Veneziano D, Romano G, Nana-Sinkam
SP, Acunzo M, Croce CM. ncRNA editing: functio-
nal characterization and computational resour-
ces. Methods Mol Biol 2019; 1912: 133-174.

Vafadar A, Shabaninejad Z, Movahedpour A,
Mohammadi S, Fathullahzadeh S, Mirzaei HR,
Namdar A, Savardashtaki A, Mirzaei H. Long
non-coding RNAs as epigenetic regulators in can-
cer. Curr Pharm Des 2019; 25: 3563-3577.

Mou Y, Wang J, Wu J, He D, Zhang C, Duan C, Li
B. Ferroptosis, a new form of cell death: opportu-
nities and challenges in cancer. J Hematol Oncol
2019; 12: 34.

Lee RC, Feinbaum RL, Ambros V. The C. elegans
heterochronic gene lin-4 encodes small RNAs
with antisense complementarity to lin-14. Cell
1993; 75: 843-854.

Wang J, Zhang L, Jiang W, Zhang R, Zhang B,
Silayiding A, Duan X. MicroRNA-135a promotes
proliferation, migration, invasion and induces che-
moresistance of endometrial cancer cells. Eur J
Obstet Gynecol Reprod Biol X 2019; 5: 100103.

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta
R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ,

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

Cantley AM, Yang WS, Morrison B 3rd, Stockwell
BR. Ferroptosis: an iron-dependent form of nona-
poptotic cell death. Cell 2012; 149: 1060-1072.

Gao M, Monian P, Quadri N, Ramasamy R, Jiang
X. Glutaminolysis and Transferrin Regulate Fer-
roptosis. Mol Cell. 2015; 59: 298-308.

Geng N, Shi BJ, Li SL, Zhong ZY, Li YC, Xua WL,
Zhou H, Cai JH. Knockdown of ferroportin accele-
rates erastin-induced ferroptosis in neuroblasto-
ma cells. Eur Rev Med Pharmacol Sci 2018; 22:
3826-3836.

Yuan H, Li X, Zhang X, Kang R, Tang D. CISD1
inhibits ferroptosis by protection against mito-
chondrial lipid peroxidation. Biochem Biophys
Res Commun 2016; 478: 838-844.

Kim EH, Shin D, Lee J, Jung AR, Roh JL. CISD2
inhibition overcomes resistance to sulfasalazi-
ne-induced ferroptotic cell death in head and neck
cancer. Cancer Lett 2018; 432: 180-190.

Zhang H, Zhabyeyev P, Wang S, Oudit GY. Role
of iron metabolism in heart failure: From iron defi-
ciency to iron overload. Biochim Biophys Acta Mol
Basis Dis 2019; 1865: 1925-1937.

Ganz T. Systemic iron homeostasis. Physiol Rev
2013; 93: 1721-1741.

Fang X, Cai Z, Wang H, Han D, Cheng Q, Zhang
P, Gao F, Yu Y, Song Z, Wu Q, An P, Huang S,
Pan J, Chen HZ, Chen J, Linkermann A, Min J,
Wang F. Loss of Cardiac Ferritin H Facilitates Car-
diomyopathy via Slc7al1-Mediated Ferroptosis.
Circ Res 2020; 127: 486-501.

Tang M, Chen Z, Wu D, Chen L. Ferritinophagy/
ferroptosis: iron-related newcomers in human di-
seases. J Cell Physiol 2018; 233: 9179-9190.
Mancias JD, Wang X, Gygi SP, Harper JW, Kim-
melman AC. Quantitative proteomics identifies
NCOA4 as the cargo receptor mediating ferriti-
nophagy. Nature 2014; 509: 105-109.

Liu J, Kuang F, Kroemer G, Klionsky DJ, Kang R,
Tang D. Autophagy-Dependent Ferroptosis: Ma-
chinery and Regulation. Cell Chem Biol 2020; 27:
420-435.

Chen H, Zheng C, Zhang Y, Chang YZ, Qian ZM,
Shen X. Heat shock protein 27 downregulates the
transferrin receptor 1-mediated iron uptake. Int J
Biochem Cell Biol 2006; 38: 1402-1416.

Sun X, Ou Z, Xie M, Kang R, Fan Y, Niu X, Wang H,
Cao L, Tang D. HSPB1 as a novel regulator of ferropto-
tic cancer cell death. Oncogene 2015; 34: 5617-5625.

Lakhal-Littleton S. Iron Deficiency as a Therapeu-
tic Target in Cardiovascular Disease. Pharmaceu-
ticals (Basel) 2019; 12: 125.

Agmon E, Solon J, Bassereau P, Stockwell BR.
Modeling the effects of lipid peroxidation during
ferroptosis on membrane properties. Sci Rep
2018; 8: 5155.

Yang WS, Kim KJ, Gaschler MM, Patel M, Shche-
pinov MS, Stockwell BR. Peroxidation of polyun-
saturated fatty acids by lipoxygenases drives
ferroptosis. Proc Natl Acad Sci USA 2016; 113:
E4966-E4975.

8433



Y. Zong, W. Li, R.-Y. Xu, L. He, D.-H. Wei, Z. Wang, G.-X. Wang, G.-H. Li

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

Kuhn H, Banthiya S, van Leyen K. Mammalian
lipoxygenases and their biological relevance. Bio-
chim Biophys Acta 2015; 1851: 308-330.

Seiler A, Schneider M, Forster H, Roth S, Wirth
EK, Culmsee C, Plesnila N, Kremmer E, Radm-
ark O, Wurst W, Bornkamm GW, Schweizer U,
Conrad M. Glutathione peroxidase 4 senses and
translates oxidative stress into 12/15-lipoxygena-
se dependent- and AlF-mediated cell death. Cell
Metab 2008; 8: 237-248.

Yang WS, Kim KJ, Gaschler MM, Patel M, Shche-
pinov MS, Stockwell BR. Peroxidation of polyun-
saturated fatty acids by lipoxygenases drives
ferroptosis. Proc Natl Acad Sci USA 2016; 113:
E4966-E4975.

Wenzel SE, Tyurina YY, Zhao J, St Croix CM, Dar
HH, Mao G, Tyurin VA, Anthonymuthu TS, Kapra-
lov AA, Amoscato AA, Mikulska-Ruminska K, Shri-
vastava IH, Kenny EM, Yang Q, Rosenbaum JC,
Sparvero LJ, Emlet DR, Wen X, Minami Y, Qu F,
Watkins SC, Holman TR, VanDemark AP, Kellum
JA, Bahar |, Bayir H, Kagan VE. PEBP1 Wardens
Ferroptosis by Enabling Lipoxygenase Generation
of Lipid Death Signals. Cell 2017; 171: 628-641.

Tesfay L, Paul BT, Konstorum A, Deng Z, Cox
AO, Lee J, Furdui CM, Hegde P, Torti FM, Torti
SV. Stearoyl-CoA Desaturase 1 Protects Ovarian
Cancer Cells from Ferroptotic Cell Death. Cancer
Res 2019; 79: 5355-5366.

Friedmann Angeli JP, Schneider M, Proneth B,
Tyurina YY, Tyurin VA, Hammond VJ, Herbach N,
Aichler M, Walch A, Eggenhofer E, Basavarajap-
pa D, Radmark O, Kobayashi S, Seibt T, Beck H,
Neff F, Esposito I, Wanke R, Férster H, Yefremo-
va O, Heinrichmeyer M, Bornkamm GW, Geissler
EK, Thomas SB, Stockwell BR, O’'Donnell VB,
Kagan VE, Schick JA, Conrad M. Inactivation of
the ferroptosis regulator Gpx4 triggers acute renal
failure in mice. Nat Cell Biol 2014; 16: 1180-1191.

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta
R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ,
Cantley AM, Yang WS, Morrison B 3rd, Stockwell
BR. Ferroptosis: an iron-dependent form of nona-
poptotic cell death. Cell 2012; 149: 1060-1072.

Golej DL, Askari B, Kramer F, Barnhart S, Viveka-
nandan-Giri A, Pennathur S, Bornfeldt KE. Long-
chain acyl-CoA synthetase 4 modulates prosta-
glandin E, release from human arterial smooth
muscle cells. J Lipid Res 2011; 52: 782-793.

Doll S, Proneth B, Tyurina YY, Panzilius E, Ko-
bayashi S, Ingold I, Irmler M, Beckers J, Aichler
M, Walch A, Prokisch H, Trimbach D, Mao G, Qu
F, Bayir H, Fullekrug J, Scheel CH, Wurst W, Schi-
ck JA, Kagan VE, Angeli JP, Conrad M. ACSL4
dictates ferroptosis sensitivity by shaping cellular
lipid composition. Nat Chem Biol 2017; 13: 91-98

Kajarabille N, Latunde-Dada GO. Programmed
Cell-Death by Ferroptosis: Antioxidants as Mitiga-
tors. Int J Mol Sci. 2019; 20: 4968.

Magtanong L, Ko PJ, Dixon SJ. Emerging roles for

lipids in non-apoptotic cell death. Cell Death Differ
2016; 23: 1099-1109.

8434

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

59)

Desideri E, Ciccarone F, Ciriolo MR. Targeting
Glutathione Metabolism: Partner in Crime in An-
ticancer Therapy. Nutrients. 2019; 11: 1926.

Pompella A, Corti A. Editorial: the changing faces
of glutathione, a cellular protagonist. Front Phar-
macol. 2015; 6: 98.

Lv H, Zhen C, Liu J, Yang P, Hu L, Shang P. Unra-
veling the Potential Role of Glutathione in Multiple
Forms of Cell Death in Cancer Therapy. Oxid Med
Cell Longev 2019; 2019: 3150145.

Yang WS, SriRamaratnam R, Welsch ME, Shi-
mada K, Skouta R, Viswanathan VS, Cheah JH,
Clemons PA, Shamiji AF, Clish CB, Brown LM,
Girotti AW, Cornish VW, Schreiber SL, Stockwell
BR. Regulation of ferroptotic cancer cell death by
GPX4. Cell 2014; 156: 317-331.

Du S, Shi H, Xiong L, Wang P, Shi Y. Canagliflozin
mitigates ferroptosis and improves myocardial oxi-
dative stress in mice with diabetic cardiomyopathy.
Front Endocrinol (Lausanne). 2022; 13: 1011669.

Zhou L, Yu P, Wang TT, Du YW, Chen Y, Li Z, He
ML, Feng L, Li HR, Han X, Ma H, Liu HB. Poly-
datin Attenuates Cisplatin-Induced Acute Kidney
Injury by Inhibiting Ferroptosis. Oxid Med Cell
Longev. 2022; 2022: 9947191.

Li FJ, Long HZ, Zhou ZW, Luo HY, Xu SG, Gao LC.
System Xc-/GSH/GPX4 axis: An important antioxi-
dant system for the ferroptosis in drug-resistant solid
tumor therapy. Front Pharmacol 2022; 13: 910292.

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta
R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ,
Cantley AM, Yang WS, Morrison B 3rd, Stockwell
BR. Ferroptosis: an iron-dependent form of nona-
poptotic cell death. Cell 2012; 149: 1060-1072.
Zhang Y, Shi J, Liu X, Feng L, Gong Z, Koppula P,
Sirohi K, Li X, Wei Y, Lee H, Zhuang L, Chen G, Xiao
ZD, Hung MC, Chen J, Huang P, Li W, Gan B. BAP1
links metabolic regulation of ferroptosis to tumour
suppression. Nat Cell Biol 2018; 20: 1181-1192.
Zhang L, Gong F, Zhang F, Ma J, Zhang P, Shen
J. Targeted therapy for human hepatic carcinoma
cells using folate-functionalized polymeric micel-
les loaded with superparamagnetic iron oxide and
sorafenib in vitro. Int J Nanomedicine 2013; 8:
1517-1524.

Lachaier E, Louandre C, Godin C, Saidak Z, Baert
M, Diouf M, Chauffert B, Galmiche A. Sorafenib
induces ferroptosis in human cancer cell lines
originating from different solid tumors. Anticancer
Res 2014; 34: 6417-6422.

Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H,
Baer R, Gu W. Ferroptosis as a p53-mediated activity
during tumour suppression. Nature 2015; 520: 57-62.

Seibt TM, Proneth B, Conrad M. Role of GPX4 in
ferroptosis and its pharmacological implication.
Free Radic Biol Med 2019; 133: 144-152.

Jelinek A, Heyder L, Daude M, Plessner M, Kripp-
ner S, Grosse R, Diederich WE, Culmsee C. Mi-
tochondrial rescue prevents glutathione peroxida-
se-dependent ferroptosis. Free Radic Biol Med
2018; 117: 45-57.



Ferroptosis in AS progression: role of miRNA

60)

61)

62)

63)

64)

65)

66)

67)

68)

69)

70)

71)

72)

73)

Belavgeni A, Meyer C, Stumpf J, Hugo C, Linker-
mann A. Ferroptosis and Necroptosis in the Kid-
ney. Cell Chem Biol 2020; 27: 448-462.

Shimada K, Skouta R, Kaplan A, Yang WS, Haya-
no M, Dixon SJ, Brown LM, Valenzuela CA, Wol-
paw AJ, Stockwell BR. Global survey of cell death
mechanisms reveals metabolic regulation of fer-
roptosis. Nat Chem Biol 2016; 12: 497-503.

Bebber CM, Miiller F, Prieto Clemente L, Weber J,
von Karstedt S. Ferroptosis in Cancer Cell Biolo-
gy. Cancers (Basel) 2020; 12: 164.

Hashemipour M, Boroumand H, Mollazadeh S,
Tajiknia V, Nourollahzadeh Z, Rohani Borj M,
Pourghadamyari H, Rahimian N, Hamblin MR,
Mirzaei H. Exosomal microRNAs and exosomal
long non-coding RNAs in gynecologic cancers.
Gynecol Oncol 2021; 161: 314-327.

Breving K, Esquela-Kerscher A. The complexities
of microRNA regulation: mirandering around the
rules. Int J Biochem Cell Biol 2010; 42: 1316-1329.

Saliminejad K, Khorram Khorshid HR, Soleymani
Fard S, Ghaffari SH. An overview of microRNAs:
Biology, functions, therapeutics, and analysis
methods. J Cell Physiol 2019; 234: 5451-5465.

Majidinia M, Karimian A, Alemi F, Yousefi B, Safa
A. Targeting miRNAs by polyphenols: Novel the-
rapeutic strategy for aging. Biochem Pharmacol
2020; 173: 113688.

Trachootham D, Alexandre J, Huang P. Targeting
cancer cells by ROS-mediated mechanisms: a ra-
dical therapeutic approach? Nat Rev Drug Discov
2009; 8: 579-591.

Zhang K, Wu L, Zhang P, Luo M, Du J, Gao T,
O’Connell D, Wang G, Wang H, Yang Y. miR-9
regulates ferroptosis by targeting glutamic-oxa-
loacetic transaminase GOT1 in melanoma. Mol
Carcinog 2018; 57: 1566-1576.

Qu J, Zhang L, Li L, Su Y. miR-148b Functions as
a Tumor Suppressor by Targeting Endoplasmic
Reticulum Metallo Protease 1 in Human Endome-
trial Cancer Cells. Oncol Res 2018; 27: 81-88.

De Blasio A, Di Fiore R, Pratelli G, Drago-Ferran-
te R, Saliba C, Baldacchino S, Grech G, Scerri
C, Vento R, Tesoriere G. A loop involving NRF2,
miR-29b-1-5p and AKT, regulates cell fate of
MDA-MB-231 triple-negative breast cancer cells.
J Cell Physiol 2020; 235: 629-637.

Gu S, Lai Y, Chen H, Liu Y, Zhang Z. miR-155
mediates arsenic trioxide resistance by activating
Nrf2 and suppressing apoptosis in lung cancer
cells. Sci Rep 2017; 7: 12155.

Gao M, Li C, Xu M, Liu Y, Cong M, Liu S. LncRNA
MT1DP Aggravates Cadmium-Induced Oxidative
Stress by Repressing the Function of Nrf2 and is
Dependent on Interaction with miR-365. Adv Sci
(Weinh) 2018; 5: 1800087.

Skrzypek K, Tertil M, Golda S, Ciesla M, We-
glarczyk K, Collet G, Guichard A, Kozakowska
M, Boczkowski J, Was H, Gil T, Kuzdzal J, Mu-
chova L, Vitek L, Loboda A, Jozkowicz A, Kieda
C, Dulak J. Interplay between heme oxygena-

74)

75)

76)

77)

78)

79)

80)

81)

82)

83)

84)

85)

se-1 and miR-378 affects non-small cell lung car-
cinoma growth, vascularization, and metastasis.
Antioxid Redox Signal 2013; 19: 644-660.

Chen YF, Wei YY, Yang CC, Liu CJ, Yeh LY, Chou
CH, Chang KW, Lin SC. miR-125b suppresses
oral oncogenicity by targeting the anti-oxidative
gene PRXL2A. Redox Biol. 2019; 22: 101140.

Liu XX, Li XJ, Zhang B, Liang YJ, Zhou CX, Cao
DX, He M, Chen GQ, He JR, Zhao Q. MicroR-
NA-26b is underexpressed in human breast can-
cer and induces cell apoptosis by targeting SL-
C7A11. FEBS Lett 2011; 585: 1363-1367.

[76] Qin Z, Freitas E, Sullivan R, Mohan S, Bace-
lieri R, Branch D, Romano M, Kearney P, Oates
J, Plaisance K, Renne R, Kaleeba J, Parsons C.
Upregulation of xCT by KSHV-encoded microR-
NAs facilitates KSHV dissemination and per-
sistence in an environment of oxidative stress.
PLoS Pathog 2010; 6: e1000742.

Gomaa A, Peng D, Chen Z, Soutto M, Abouelezz
K, Corvalan A, EI-Rifai W. Epigenetic regulation of
AURKA by miR-4715-3p in upper gastrointestinal
cancers. Sci Rep 2019; 9: 16970.

Xiao FJ, Zhang D, Wu Y, Jia QH, Zhang L, Li
YX, Yang YF, Wang H, Wu CT, Wang LS. miR-
NA-17-92 protects endothelial cells from era-
stin-induced ferroptosis through targeting the
A20-ACSL4 axis. Biochem Biophys Res Com-
mun 2019; 515: 448-454.

Wang J, Wang B, Ren H, Chen W. miR-9-5p
inhibits pancreatic cancer cell proliferation, in-
vasion and glutamine metabolism by targeting
GOT1. Biochem Biophys Res Commun 2019;
509: 241-248.

Chen S, Jiao JW, Sun KX, Zong ZH, Zhao Y. Mi-
croRNA-133b targets glutathione S-transferase
expression to increase ovarian cancer cell sensiti-
vity to chemotherapy drugs. Drug Des Devel Ther
2015; 9: 5225-5235.

Niu Y, Zhang J, Tong Y, Li J, Liu B. RETRACTED:
Physcion 8-O-3-glucopyranoside induced ferrop-
tosis via regulating miR-103a-3p/GLS2 axis in ga-
stric cancer. Life Sci 2019; 237: 116893.

Sengupta D, Cassel T, Teng KY, Aljuhani M,
Chowdhary VK, Hu P, Zhang X, Fan TW, Ghoshal
K. Regulation of hepatic glutamine metabolism by
miR-122. Mol Metab 2020; 34: 174-186.

Wu'Y, Sun X, Song B, Qiu X, Zhao J. MiR-375/SL-
C7A11 axis regulates oral squamous cell carcino-
ma proliferation and invasion. Cancer Med 2017,
6: 1686-1697.

Drayton RM, Dudziec E, Peter S, Bertz S, Hart-
mann A, Bryant HE, Catto JW. Reduced expres-
sion of mMiRNA-27a modulates cisplatin resistance
in bladder cancer by targeting the cystine/gluta-
mate exchanger SLC7A11. Clin Cancer Res 2014;
20: 1990-2000.

Bai T, Liang R, Zhu R, Wang W, Zhou L, Sun Y.
MicroRNA-214-3p enhances erastin-induced fer-
roptosis by targeting ATF4 in hepatoma cells. J
Cell Physiol 2020; 235: 5637-5648.

8435



Y. Zong, W. Li, R.-Y. Xu, L. He, D.-H. Wei, Z. Wang, G.-X. Wang, G.-H. Li

86)

87)

88)

89)

90)

91)

92)

93)

Weber C, Noels H. Atherosclerosis: current pa-
thogenesis and therapeutic options. Nat Med
2011; 17: 1410-1422.

Wolf D, Ley K. Immunity and Inflammation in
Atherosclerosis. Circ Res 2019; 124: 315-327.

Emini Veseli B, Perrotta P, De Meyer GRA, Roth
L, Van der Donckt C, Martinet W, De Meyer GRY.
Animal models of atherosclerosis. Eur J Pharma-
col 2017; 816: 3-13.

SunY, Chen P, Zhai B, Zhang M, Xiang Y, Fang J,
Xu S, Gao Y, Chen X, Sui X, Li G. The emerging
role of ferroptosis in inflammation. Biomed Phar-
macother 2020; 127: 110108.

Bai T, Li M, Liu Y, Qiao Z, Wang Z. Inhibition of
ferroptosis alleviates atherosclerosis through at-
tenuating lipid peroxidation and endothelial dy-
sfunction in mouse aortic endothelial cell. Free
Radic Biol Med 2020; 160: 92-102.

Zhou 'Y, Zhou H, Hua L, Hou C, Jia Q, Chen J, Zhang
S, Wang Y, He S, Jia E. Verification of ferroptosis
and pyroptosis and identification of PTGS2 as the
hub gene in human coronary artery atherosclerosis.
Free Radic Biol Med 2021; 171: 55-68.

Guo Z, Ran Q, Roberts LJ 2nd, Zhou L, Richard-
son A, Sharan C, Wu D, Yang H. Suppression of
atherogenesis by overexpression of glutathione
peroxidase-4 in apolipoprotein E-deficient mice.
Free Radic Biol Med 2008; 44: 343-352.

Shah SV, Alam MG. Role of iron in atherosclero-
sis. Am J Kidney Dis 2003; 41: S80-S83.

8436

94)

95)

96)

97)

98)

99)

Feng H, Schorpp K, Jin J, Yozwiak CE, Hoffstrom
BG, Decker AM, Rajbhandari P, Stokes ME,
Bender HG, Csuka JM, Upadhyayula PS, Canoll
P, Uchida K, Soni RK, Hadian K, Stockwell BR.
Transferrin Receptor Is a Specific Ferroptosis
Marker. Cell Rep 2020; 30: 3411-3423.

Martinet W, Coornaert |, Puylaert P, De Meyer GRY.
Macrophage Death as a Pharmacological Target in
Atherosclerosis. Front Pharmacol 2019; 10: 306.
Meng Z, Liang H, Zhao J, Gao J, Liu C, Ma X, Liu
J, Liang B, Jiao X, Cao J, Wang Y. HMOX1 upre-
gulation promotes ferroptosis in diabetic athero-
sclerosis. Life Sci 2021; 284: 119935.

Feinberg MW, Moore KJ. MicroRNA Regulation of
Atherosclerosis. Circ Res 2016; 118: 703-720.

Liu Z, Cao S, Chen Q, Fu F, Cheng M, Huang X.
MicroRNA-132 promotes atherosclerosis by indu-
cing mitochondrial oxidative stressmediated fer-
roptosis. Nan Fang Yi Ke Da Xue Xue Bao 2022;
42: 143-149.

Choe N, Kwon JS, Kim JR, Eom GH, Kim Y, Nam
Kl, Ahn Y, Kee HJ, Kook H. The microBRNA miR-
132 targets Lrrfip1 to block vascular smooth mu-
scle cell proliferation and neointimal hyperplasia.
Atherosclerosis 2013; 229: 348-355.

100) Xiao FJ, Zhang D, Wu Y, Jia QH, Zhang L, Li YX,

Yang YF, Wang H, Wu CT, Wang LS. miRNA-17-92
protects endothelial cells from erastin-induced fer-
roptosis through targeting the A20-ACSL4 axis. Bio-
chem Biophys Res Commun 2019; 515: 448-454.



