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Abstract: Atherosclerosis, a term derived from the Greek “athero” (atheroma) and “sclerosis” (hard-
ening), is a long-standing process that leads to the formation of atheromatous plaques in the arterial
wall, contributing to the development of atherosclerotic cardiovascular disease. The proliferation
and migration of vascular smooth muscle cells (VSMCs) and the switching of their phenotype play a
crucial role in the whole process. Retinoic acid (RA), a natural derivative of vitamin A, has been used
in the treatment of various inflammatory diseases and cell proliferation disorders. Numerous studies
have demonstrated that RA has an important inhibitory effect on the proliferation, migration, and
dedifferentiation of vascular smooth muscle cells, leading to a significant reduction in atherosclerotic
lesions. In this review article, we explore the effects of RA on the pathogenesis of atherosclerosis,
focusing on its regulatory action in VSMCs and its role in the phenotypic switching, proliferation, and
migration of VSMCs. Despite the potential impact that RA may have on the process of atherosclerosis,
further studies are required to examine its safety and efficacy in clinical practice.
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1. Introduction

Atherosclerosis, a complex disease that involves both inflammatory and non-inflammatory
mechanisms, remains the leading cause of death worldwide [1-3]. Development of
atherosclerotic plaques is characterized by the accumulation of monocytes, which later
differentiate into macrophages, T-cells, and mast cells; the infiltration of lipids in the arterial
wall; and a fibrous cap formed by vascular smooth muscle cells (VSMCs) and collagen [4].
In recent decades, many studies have proven the ability of VSMCs to differentiate into
various phenotypes, proliferate, and migrate in response to various stimuli, participating
in all stages of atherosclerosis [5,6]. More than 50% of foam cells originate from the cells
of the intimal SMCs and from endothelial cells [7]. Moreover, the activation of VSMCs in
response to endothelial injury after angioplasty is a major contributor to restenosis [8].

Retinoic acid (RA) promotes the signaling of specific nuclear receptors, which influence
gene expression capable of regulating cell proliferation and differentiation [9,10], and it
has been used in clinical practice as an anticancer agent [11,12]. Experimental studies have
shown that RA can significantly inhibit atherosclerotic lesions [13-15]. In addition, RA
inhibits both the proliferation and migration of VSMCs, as shown in in vitro cultures of
human arterial smooth muscle cells, and regulates their differentiation [16]. Recently, local
delivery of RA through a drug-eluting stent has been used in a rabbit iliac artery model [17].

In this review article, we discuss the role of RA in the phenotypic switching, prolifera-
tion, and migration of VSMCs.
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2. Methods

We conducted a literature search across two electronic databases: PubMed and
Cochrane Library. No date range was set. We used various combinations of the fol-
lowing keywords to analyze relevant articles: “retinoic acid” or “vitamin A” or “retinoid”
or “ATRA” or “RA” or “RAR” and “smooth muscle cell” or “smooth muscle” or “klf4” or
“cardiac” or “cardiovascular” or “restenosis” or “stenosis” or “atherosclerosis” or “prolifera-
tion” or “migration” or “aortic” or femoral” or “coronary” or “experimental.” Additionally,
reference lists of retrieved review articles were evaluated to identify potential additional
studies. We excluded non-English language publications.

3. Chemistry and Metabolism of Retinoids

Retinoids are a class of natural and synthetic compounds chemically related to all-
trans-retinol (vitamin A). Their molecules consist of four isoprenoid units joined in a
head-to-tail manner and can be formally derived from a monocyclic parent compound
containing five carbon—carbon double bonds and a functional group at the terminus of the
acyclic portion. Common retinoids with biological significance are retinol, retinaldehyde
(or retinal), retinoic acid, and retinyl esters. As a result of the presence of multiple double
bonds, retinol and its derivatives can exist in different geometric isomer forms. The major
naturally occurring isomers are the all-trans-ones, while other isomers are present in lower
concentrations but have distinct physiological roles (Figure 1) [18,19].

Figure 1. Chemical structure of biologically important carotenoids and retinoids. (A): 3-carotene,
(B) all-trans-retinol, (C) all-trans-retinaldehyde (retinal), (D) all-trans-retinoic acid, (E) 9-cis retinoic
acid, and (F) 13-cis retinoic acid.

Vitamin A is a nutrient essential for important physiological functions, including
vision, reproduction, immune function, growth, and development. The human body
cannot synthesize retinoids, and they need to be taken from food either as preformed
retinoids or in the form of molecules with provitamin A activity, particularly carotenoids.
As an overview, vitamin A is absorbed in the intestine and, through the lymphatic system,
passes to the general circulation in lipoproteins and reaches the target organs, where it
exerts its biological actions. Excess of vitamin A is stored mainly in the liver cells but also
in other cells, such as the fat cells.
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Several foods of plant origin contain carotenoids, pigments that are responsible for
the characteristic yellow, orange, red, and purple color of plants, fruits, and flowers. Some
carotenoids are provitamin A and can be converted to retinoids. A major nutritional
source of retinoids is the orange plant carotenoid (3-carotene. In the intestinal epithelial
cells, B-carotene is converted to retinaldehyde (also known as retinal) by beta-carotene
15,15’-monooxygenase 1 (BCMO1) with the cleavage of the central carbon double bond.
Retinaldehyde can then either be oxidized to retinoic acid by retinaldehyde dehydrogenase
enzymes or be reduced by retinaldehyde reductases to give retinol and, finally, retinyl esters.
These esters then follow the metabolic fate of the preformed retinoids that are absorbed
by food, as described below. Any non-converted (3-carotene is released into the lymphatic
system from the basolateral side of the enterocytes and, via the mesenteric lymph, enters
the general circulation in the form of chylomicron lipoproteins.

Foods of animal origin, such as liver, meat, fish, eggs, dairy products, and fortified
foods such as cereals, are sources of retinol and retinyl esters. In the intestine, retinyl esters
undergo hydrolysis of retinol and fatty acids before they can be absorbed by the apical
membrane of the enterocytes. The main enzymes involved in this hydrolysis are retinyl
ester hydrolases (REHs). Retinol in the enterocytes can be oxidized to all-trans-retinoic acid
but predominantly binds to cellular retinol-binding protein-2 (CRBP2) and is re-esterified
mainly by lecithin-retinol acyltransferase (LRAT) and partially by other enzymes. The
newly formed retinyl esters exit the enterocytes from the basolateral membrane and enter
the circulation via the mesenteric lymph in the form of chylomicrons [20-22].

The chylomicrons containing the retinyl esters and carotenoids are secreted into the
lymphatic system, and finally, they enter the general circulation and are delivered to the
liver or to the target organs and their respective cells. The liver is the major site for retinol
metabolism and storage. The hepatocytes uptake the chylomicrons containing retinyl
esters and hydrolyze the esters to retinol, which is bound to CRBP1. Subsequently, retinol
can be either released in the circulation bound to retinol binding protein 4 (RBP4) and
transthyretin (TTR) or transferred to hepatic stellate cells and stored in the form of retinyl
esters. The human body does not possess the ability to synthesize vitamin A, but unlike
other vitamins, vitamin A can be stored. The liver stores more than two-thirds of the total
vitamin A, mainly in the form of retinyl palmitate [20,22,23].

The catabolism of retinoids begins with cytochrome P450 cyp26-catalyzed hydroxyla-
tion of all-trans-retinoic acid (ATRA) and oxidation to 4-oxo-retinoic acid. Further oxidation
produces shorter-chain degradation products that are excreted via the biliary or the renal
tract [23].

4. Mode of Action of Retinoids

Vitamins have genomic and non-genomic effects on various tissues [24]. The active
form of vitamin A is retinoic acid (RA). RA is the natural endogenous agonist of the retinoid
nuclear receptors and acts by inducing transcription and activating or suppressing the
expression of various genes. There are two families of retinoid nuclear receptors: the
retinoic acid receptors (RARs) and the retinoid X receptors (RXRs). Each family has three
isotypes, namely a, b, and c. All-trans-retinoic acid binds only to RARs, while 9-cis-retinoic
acid binds to both RARs and RXRs. The RXRs can form dimers with other receptors, such
as the thyroid hormone and vitamin D receptors, and indirectly affect the action of these
receptors [22,25].

The target cells uptake RBP4-bound all-trans-retinol with the vitamin A receptor,
stimulated by retinoic acid 6 (STRA6). Subsequently, retinol is bound to CRBP1 and
undergoes oxidation in two steps, first to retinaldehyde and finally to all-trans-, 9-cis, and
13-cis retinoic acid. After binding with cellular retinoic acid binding protein (CRABP),
RA is transferred into the nucleus and binds to the RAR or RXR, causing conformational
changes that activate these receptors. After activation, RAR/RXR heterodimers or RXR-
RXR/RAR-RAR homodimers can be formed and bind to a promoter region known as the
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retinoic acid response element (RARE). This starts a sequence that results in an increase or
decrease in the expression of specific genes (Figure 2) [20-23,26,27].
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Figure 2. Metabolism and mode of action of retinoids. In the intestine, retinyl esters (RE) undergo
hydrolysis to retinol (ROL) and fatty acids before they can be absorbed by the enterocytes. Retinol in
the enterocytes can be oxidized to all-trans-retinoic acid (RA) but predominantly binds to cellular
retinol-binding protein-2 (CRBP2) and is re-esterified mainly by lecithin-retinol acyltransferase
(LRAT). The retinyl esters enter the circulation via the mesenteric lymph in the form of chylomicrons.

In the intestinal epithelial cells, 3-carotene is converted to retinaldehyde (RAL) by beta-carotene
15,15"-monooxygenase 1 (BCMO1). Retinaldehyde can then either be oxidized to retinoic acid (RA) or
reduced to give retinol and, finally, retinyl esters. The chylomicrons containing the retinyl esters and
carotenoids are secreted into the general circulation via the lymphatic system and are delivered to
the liver or to the target organs and their respective cells. The hepatocytes uptake the chylomicrons
containing retinyl esters and, using retinly ester hydrolases (REH), hydrolyze the esters to retinol,
which is bound to CRBP1. Subsequently, retinol can be either released in the circulation bound to
RBP4 and transthyretin (TTR) or transferred to hepatic stellate cells and stored in the form of retinyl
esters. The target cells uptake RBP4-bound all-trans-retinol with the vitamin A receptor, stimulated
by retinoic acid 6 (STRA6). Subsequently, retinol is bound to CRBP1 and undergoes oxidation in two
steps: first to retinaldehyde by aldehyde dehydrogenase (ALDH) and finally to retinoic acid. After
binding with cellular retinoic acid-binding protein (CRABP), RA is transferred into the nucleus and
binds to retinoic acid receptors (RARs) and the retinoid X receptors (RXRs), causing conformational
changes that activate these receptors. After activation, RAR/RXR heterodimers or RXR-RXR/RAR-
RAR homodimers can be formed and bind to a promoter region known as the retinoic acid response
element (RARE), resulting finally in an increase or decrease in the expression of specific genes. The
catabolism of retinoids begins with cytochrome P450 cyp26-catalyzed hydroxylation of ATRA.

5. RA and VSMCs

As we described above, under normal conditions, VSMCs exhibit a contractile pheno-
type that regulates normal vascular tone. In response to endothelial injury and vascular
microenvironment changes, VSMCs display phenotypic plasticity, allowing them to dif-
ferentiate into various cellular phenotypes, a state known as synthetic phenotypes. This
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phenotypic switching is well-known to play a central role in the process of atherosclero-
sis [5].

The retinoid receptors and the retinoid binding proteins are expressed in the heart
both in the development of the embryo and in the adult [26]. A large number of in vivo
and in vitro experiments have shown that RA has a pleiotropic effect that influences the
migration, proliferation, and phenotypic switching of VSMCs.

Moreover, local and systemic delivery of RA can reduce the development of atheroscle-
rotic plaques and effectively inhibit restenosis after vascular injury [17].

5.1. RA and VSMCs Proliferation

The proliferation of intimal VSMCs is essential for the development of neointimal
mass and atherosclerotic plaque. Four decades ago, Peclo et al. applied RA at concen-
trations 10~° to 10~7 M to cultured SMCs isolated from rat aortic tunica media, which
enhanced the proliferation of VSMCs and increased the expression of L1 antigen, a specific
surface antigen of SMCs [28]. Their results were not supported by later studies. Neuville
et al. examined the effect of ATRA on inhibiting intimal formation. They showed that
ATRA inhibits both medial and intimal thickening (IT) of SMC proliferation in vitro, with
a more rapid effect on IT, likely due to its ability to metabolize retinoids induced by the
presence of cellular retinol-binding protein-1 (CRBP-1). Furthermore, they demonstrated
that ATRA and a RAR-a agonist resulted in a 76% reduction in IT and a 33% increase
in lumen diameter without affecting medial SMCs after endothelial injury in rat carotid
arteries [29]. Tran-Lundmark et al. showed that ATRA upregulates perlecan expression,
a large heparan sulfate proteoglycan that acts as an important regulator for SMC growth,
depending on the expression of its heparan-sulfate chain. More specifically, ATRA de-
creases the phosphorylation of phosphatase and tensin homolog (PTEN) and the levels of
phosphorylated active protein kinase B (Akt) in wild-type cells, which promotes cell cycle
arrest by antagonizing growth factor receptor- and integrin-stimulated signaling [30]. In
addition, Streb et al. demonstrated that retinoids block the proliferation of VSMCs by the
transcription of a specific A-kinase anchoring protein 12 (AKAP12) isoform (AKAP12f3) in
vascular SMC, a protein known for its tumor suppressive properties via PKA- mediated
signaling [31]. Recently, it was found that direct activation of AMPK and inhibition of
mTOR signaling by dose-dependent ATRA may inhibit neointimal hyperplasia and sup-
press VSMC proliferation and migration [32,33]. Moreover, a 72 h incubation of human
SMC in 1 uM ATRA induced the expression of specific RA-target genes (RBP1, STRAS,
CYP26B1, CRABP1, and RAR), which inhibited cell proliferation. The activation of these
genes participates in RA transport, uptake, conversion, and delivery to nuclear receptors,
leading to the accumulation of RA derivatives [34].

Many studies have examined Kruppel-like factors (KLFs), a group of transcription fac-
tors that regulate cell growth, proliferation, and differentiation. KLF5 is a well-established
pro-proliferative regulator, significantly expressed in adult VSMCs after vascular injury,
enhancing the activation of various stimulator factors [35]. In in vitro SMC cultures, KLF5
was markedly increased in specimens with SMC outgrowth compared to the no outgrowth
group (89 vs. 20%, p < 0.01), while earlier restenosis occurred in specimens with out-
growth [36]. Importantly, in KLF5(+/—) mice, less arterial wall stenosis was observed after
vascular injury compared to wild types. They also demonstrated that KLF5 physically
binds to RARa, promoting KLF5 transcriptional activity and neointimal formation [37].
Based on these results, Zhang et al. examined the effect of Am80, a synthetic RARa-specific
agonist, both in vitro and in vivo. Co-immunoprecipitation analysis showed that Am80
successfully suppresses the interaction between KLF5 and RARa at cellular and tissue
levels through KLF5 dephosphorylation in VSMCs, induced by the activation of PI3/Akt
and p38 mitogen-activated protein kinase (MAPK) signaling pathways [38]. Additionally,
Yu et al. examined the effect of oral administration of 10 mg/kg/day ATRA in a rabbit
autogenous vein graft model after 2,4- and 8-week administration. ATRA treatment re-
sulted in (1) a decrease in intima-media thickening of vein grafts and reduced expression
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of Kiel 67 (Ki67) protein, (2) inhibition of the growth activity of human umbilical vein
smooth muscle cells (HUVSMCs) in a dose-dependent manner, probably mediated by
retinoblastoma (RB) tumor suppressor protein E2F transcription factor (RB/E2F) (Rb-E2F)
pathway, and (3) reduction in KLF5-RARa interaction and inhibition of the inducible NO
synthase (iNO) expression, which is responsible for the activation of KLF5-downstream
genes [39]. These findings indicate that KLF5-RARa interaction plays a crucial role in
endothelial response to vascular injury, and RARa agonists may be used as potential drugs
against neointima formation through KLF5 suppression. Moreover, KLF4 affects neointima
formation by suppressing RARa expression and inhibiting PI3K/ERK signaling in cultured
VSMC after synthetic Am80 administration [40].

Several studies have shown the effect of RA on various mitotic factors, inhibiting
the proliferation of SMCs. Miano et al. demonstrated the expression of retinoid receptors
in rat aortic SMC and the inhibition of SMC growth by the growth-inhibitory action of
platelet-derived growth factor-BB by ATRA after 12 h of administration [41]. RA exhibits
a stimulatory effect on elastin synthesis, with maximum stimulation of 2.8-fold at the
concentration of 10~® M for 24-48 h treatment and an increase in elastin mRNA levels,
leading to the inhibition of cell proliferation [42]. Physiologically relevant concentrations of
ATRA (ICsp, 10 nM for serotonin, and ICsy, 1 uM for serum) inhibited serotonin- and serum-
induced VSMC proliferation in primary canine aortic VSMCs [43]. A 12 h exposure to ATRA
reduced angiotensin I-receptor (AT;-R) gene expression in cultures VSMCs of rats’ thoracic
aorta at both mRNA and protein levels. AT1-R was downregulated by ATRA through de
novo protein synthesis dependent on the RAR/RXR heterodimer [44]. ATRA has the ability
to suppress mitogenesis and extracellular signal-regulated protein kinase (ERK) activity in
rat aortic cultured smooth cells mediated by endothelin stimulation, leading to a reduction
in cell number in cultures, in contrast to the stimulatory effect induced when administered
alone [45]. Finally, pretreatment with ATRA inhibited DNA synthesis mediated by basic
fibroblast growth factor in a dose-dependent manner [46]. Although the mechanism of RA
action on VSMC proliferation is not fully understood, there have been reports that RA acts
by targeting cell cycle-related genes, such as cyclins and cyclin-dependent kinases (Cdks),
which are essential for entering the cell cycle and for the subsequent progression to the G1
phase [46,47].

In summary, the above studies have clearly demonstrated an inhibitory effect on VSMC
proliferation, either by affecting various mitogenic factors or by stimulating quiescent SMCs
(Table 1).

Table 1. Experimental models of the effects of RA on the proliferation of VSMCs.

First Author
(Year)

Agent, Dose

of Administration Main Results Other Results

Experimental Model

e Enhancement of
proliferation of SMC

o Delay of the exit of cells
from the proliferative cycle

o Higher saturation density of
the culture

Peclo M.M (1987) [28] Cultured rat aortic SMC RA1075-107" M o Increased expression of L1

® Medial and intimal
thickening inhibition
e Proliferation inhibition by
Cultured aortic media and 107 final concentration, the presence of CRBP-1
intimal thickening rat SMC, 0.5 mg/kg o Increased migration and ® Reduced the intimal hyperplasia
angioplasty of rat carotid intraperitoneally /day for tissue-type plasminogen in the carotid artery in vivo
artery and thoracic aorta 14 days of RA activator activity
o Decreased o-smooth muscle
actin in SMC cultured from
the IT

Neuville P. (1999) [29]

® Regulation of SMC growth o Activation and phosphorylation
Tran-Lundmark K. (2015) [30] Murine SMC cultures 2 ug/mL ATRA through upregulation of of PTEN and Akt in wild-type and
perlecan expression mutant SMCs

Rat pulmonary artery SMC,
rat aortic SMC, human
coronary artery SMC, adult
male mice model

o Attenuation of SMC growth
through inducible expression
of AKAP123 via
PKA-mediated signaling

In vitro: 2 x 107° of RA,
13-cis RA
In vivo: 10 mg/kg ATRA

Streb JW. (2011) [31]
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Table 1. Cont.

First Author
(Year)

Experimental Model

Agent, Dose
of Administration

Main Results

Other Results

ZhangJ. (2019) [32]

Common carotid artery
ligation mouse model

10 mg/kg and 20 mg/kg of

RA for 21 days

o Inhibition of

neointima hyperplasia

® Suppression of SMC
proliferation and migration
through direct activation of
AMPK and inhibition of
mTOR signaling

o Alteration of expression of
proliferation-related in proteins
(Cyclin D1, Cyclin D3, Cyclin A2,
CDK4, CDK6)

Kim EJ. (2014) [33]

Human aortic SMC rat A7r5
Balloon injury rats

RORa, cholesterol sulfate

e Activation of
AMPK-mTOR-56K1
signaling pathway

e Suppression of neointima
formation after ballon injury

® Modulate the expression of
cell-cycle-regulating factors and
induces G1 arrest

Bilbija D. (2014) [34]

Human SMC

1 uM ATRA

e Inhibition of proliferation
through expression of
RA-target genes (RBP1,
STRA6, CYP26B1, CRABP1
and RARf)

Zhang X. (2009) [38]

thoracic aorta VSMC
rat model

2 pmol/LAm80

e Suppression of interaction
between KLF5-RARa through
dephosphorylation in VSMCs

o Induction of RARa expression

Ballon injury rats 1mg/kg/d induced by the activation of o Inhibition of KLF5
jury PI3/ Akt and p38 MAPK
signaling pathways
® Decrease in
intima-media thickening,
rabbit autogenous vein ® Reduced expression of Ki67 ® Reduction in
Yu'Y. (2021) [39] £ 8 del 10 mg/kg/day ATRA inhibition of the growth KLF5-RARa interaction
graft mode activity of HUVSMCs o Inhibition of the iNO expression
mediated by the
Rb-E2F pathway
o Suppression of RARa P . .
Zheng B. (2009) [40] Rat aortic VSMC 10 uM Am80, Am50 expression and inhibition of ;ggéfz?ahﬁl:litc}; %roggg}t?{%%by
PI3K/ERK signaling y
Mi ) . 6 ¢ inhibition o f SMC grow?h by Expression of retinoid receptors
iano JM. (1996) [41] Rat aortic SMC 2 x 107° mol/L the growth-inhibitory action

of PDGF-BB

in rat aortic SMC

Hayashi A. (1995) [42]

Chick embryos aortas SMC

107° RA

o Inhibition of cell
proliferation through an
increase in elastin
mRNA levels

Pakala R. (2000) [43]

Canine aortic SCM

RARy-specific agonist

o Inhibition of serotonin- and
serum-induced
VSMC proliferation

e 1-10 nM ATRA inhibited serum-
and 5-HT-induced *[H]thymidine
incorporation and cell number

e Downregulation of AT;-R
mRNA through de novo

Takeda K. (2000) [44] Rat thoracic aorta SMC 1 mmol/L ATRA . . ® Reduced AT;-R gene expression
protein synthesis-dependent
on the RAR/RXR heterodimer
« Suppress mitogenesis and e Stimulates mitogenesis without
Chen S. (1998) [45] Rat aortic SMC ARTA, RXR, ERK activity mediated by changing ERK activity
RAR-selective agonist N . o Coincident activation of
endothelin stimulation .
p21 expression
e Inhibition of DNA synthesis Suppression of the bRb kinase
Kosaka C. (2001) [46] Rat aortic SMC 1 mmol/1 ATRA mediated by basic fibroblast upp p
activities of Cdks
growth factor
o Antiproliferative activity by o .
Wakino S. (2001) [47] H SMC TTNBP, ATRA, regulation of G; /S cell cycle 't.InhI}Dltt.l on Off Dll\iAl st}_lgthg mzlby
akino S. uman coronary AGN4204, 9cRA via inhibition of stimulation of platelet-derive

Rb phosphorylation

growth factor and insulin

9cRA: 9-cis stereoisomer, AKAP123: A-Kinase Anchoring Protein 12, AMPK: adenosine monophosphate-
dependent protein kinase, AT;-R: angiotensin 1 receptor, ATRA: all-trans retinoic acid, CDK4: cyclin-dependent
kinase 4, CDK6: cyclin-dependent kinase 6, Cdks: cyclin-dependent Kinase, CRABP1: cellular retinoic acid
binding protein 1, CRBP-1: cellular retinol-binding protein-1, CYP26B1: cytochrome P450, family 26, subfamily B,
polypeptide 1, ERK: extracellular signal-regulated kinase, 5-HT: 5-hydroxytryptamine, HUVSMCs: human umbili-
cal vein smooth muscle cells, iNO: inducible NO synthase, KLF5: kriippel-like factor 5, MAPK: mitogen-activated
protein kinase, mRNA: messenger RNA, mTOR: mammalian target of rapamycin, PDGF-BB: platelet-derived
growth factor-BB, PDGFRf3: platelet-derived growth factor receptor 3, PI3K: phosphatidylinositol 3-kinase, PKA:
protein kinase A, pRb: retinoblastoma protein, RBP1: retinol binding protein 1, RORa: retinoid-related orphan
receptor A, RXR: retinoic X receptor, SMC: smooth muscle cell, STRA6: stimulated by retinoic acid gene 6, RA:
retinoic acid, RARw: retinoic acid receptor o, RAR: retinoic acid receptor 3, RARy: retinoic acid receptor y.
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5.2. RA and Migration

Migration of VSMCs is an essential step for neointima formation, primarily involving
the degradation of extracellular matrix components regulated by matrix metalloproteinases
(MMPs) or plasminogen activator (PA) systems [29].

RA downregulates the production of proMMP-1 in human aortic SMCs in a dose-
independent manner through suppression of platelet-derived growth factor, suggesting
that RA may contribute to the inhibition of VSMC migration [48]. Axel et al. examined the
continuous and single-dose ATRA incubation in mono- and transfilter co-cultures of human
arterial smooth muscle cells (haSMC). A counting assay after 7-day haSMC monoculture
incubation resulted in an ICs( of 0.22 uM and an ICnax of 10.0 uM, with greater than 60%
growth inhibition compared to control groups at a maximum concentration of 10.0 uM.
In transfilter co-cultures induced by growth factors, non-stop administration of ATRA for
14 days resulted in reduced cell numbers on both filter sides with a greater effect on prolif-
eration on the endothelial side at doses >/= 0.1 uM, while lower doses >/= 0.001 uM were
effective for migration inhibition. Moreover, ATRA administration in monocultures showed
a reduction in MMP-2 expression in unstimulated haSMC and in MMP-9 after >/=12 h of
stimulation with phorbol ester. The researchers concluded on the migration and prolifera-
tion inhibitory effects of both non-stop and single-dose use of ATRA [16].

In another experimental model, oral administration of ATRA was examined in a mouse
model of Kawasaki disease. Coronary stenosis and vasculitis were achieved by intraperi-
toneal injection of Lactobacillus casei cell wall extract into 5-week-old male C57BL/6 ] mice.
Two weeks later, oral ATRA at a dose of 30 mg/kg for 5 days per week for 14 weeks was
administered, while the control group received corn oil alone. The elastin break score of
external and internal elastin lumina was reduced, and MMP-9 protein was significantly
suppressed in LCWE-induced mice. Coronary stenosis and inflammatory scores were also
lower in the ATRA-treated group. Furthermore, human coronary artery smooth muscle
cells were stimulated by platelet-derived growth factor subunit B homodimer (PDGF-BB),
resulting in an augmentation of their area coverage by migration cells. Treatment with
0.1, 1.0, and 10 nM ATRA for 72 h showed a reduction in migration activity, with the
most significant result of 49% in the group that received 10 nM ATRA. ELISA analysis
showed significantly decreased total MMP-9 activity in the ATRA /PDGF-BB group, while
no change was observed in the PDGF-BB group [49]. Similarly, Johst et al. observed a
decrease in migrated cells in all haSMC groups incubated with RA compared to control
groups, associated with reduced production of tenascin, as documented by immunostain-
ing and downregulation of p44/p42 MAPKs. Tenascin is a matrix protein that promotes
the transition from contractile VSMC to a motile phenotype, leading to a destabilization
of cell-extracellular matrix interaction [50]. Although contradictory findings have been
reported, indicating an increase in RA-induced migration [29], the above findings suggest
that ATRA may play a role in the inhibition of VSMC migration (Table 2).

Table 2. Experimental models of the effects of RA on the migration of VSMCs.

Agent, Dose

First Author (Year) Experimental Model L . Main Results Other Results
of Administration
e Downregulation of the
Kato S. (1993) [48] human aortic SMCs production of proMMP-1 after
treatment with PDGF
. e Migration and proliferation ® Decrease in mRNA
mono- and transfilter inhibition through reduction expression of the
Axel D. (2000) [16] co-cultures of human 0.01 nM=10.0 mM atRA O MMP.S ang & 1p :
arteries SMC n ~cand glycoproteins . .
MMP-9 expression thrombospondin-1, fibronectin
® Reduction in elastin break y Lower coronary stenosis and
score of external and internal inflammatory scores
S ) Male mouse model of 30 mg/kg ATRA, - . o Augmentation of their area
uganuma E. (2021) [49] S A . elastin lumina . .
Kawasaki disease oral administration coverage by migration cells

® Suppression of

MMP-9 protein after stimulation by

platelet-derived PDGF-BB
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Table 2. Cont.
First Author (Year) Experimental Model Ager}t, 'Dose. Main Results Other Results
of Administration

o Decrease in migrated cells

. iated with reduced o Increased G1-phase
human aortic 106M,10 7 M,and 108~ 2Ssociate - pha
Johst U. (2003) [50] A . production of tenascin and e Stronger expression
SMC ATRA, cis RA downregulation of of oc-actin
p44/p42 MAPKs
Cultured aortic media and 10~ final concentration, o Increased mieration and e Reduced the intimal
. intimal thickening rat SMC, 0.5 mg/kg . gra . .
Neuville P. (1999) [29] : . . . tissue-type plasminogen hyperplasia in the carotid
angioplasty of rat carotid intraperitoneally /day for activator activit artery in vivo
artery and thoracic aorta 14 days of RA ¥ y

MAPKSs: mitogen-activated protein kinases, MMP 2: matrix metalloproteinase-2, MMP 9: matrix metalloproteinase
9, PDGE: platelet-derived growth factor, PDGF-BB: platelet-derived growth factor-BB.

5.3. RA and Differentiation

Phenotypic switching refers to the process whereby medial VSMC differentiate, pro-
liferate, and migrate in response to various atherogenic stimuli. The transition of VSMC
from the contractile type to the synthetic type contributes to the stability of atherogenic
plaques by increasing the thickness of the protective fibrous cap [51]. Recently, Pan et al.
demonstrated a transition of VSMC to an intermediate state known as SEM cells (stem cell,
endothelial cell, monocyte) in an SMC-lineage tracing murine model, similar to those found
in human atherosclerotic carotid arteries. SEM cells can differentiate into macrophage-like,
fibroblast-like cells or revert to the initial SMC phenotype. The researchers administered
ATRA, as an activator of RA signaling, to ROSA26%Greenl/+. 1 dly—/—, M]/hll-CreERT2 mice.
They observed a ~40% reduction in the proportion of ZsGreen1*LY6A*LY6C1* SEM cells
among total ZsGreenl™* cells, while there was an increase in ZsGreenl™ cells in the protec-
tive fibrous cap. RN Ascope analysis of vascular cell adhesion molecule-1 (Vcam1)-Vcam1 in
atherosclerotic BCA sections showed a ~70% decrease in Vcam1-stained SEM cells. These
findings strongly suggest that ATRA treatment can attenuate SEM cell transition and
suppress their dedifferentiation toward more differentiated SMC-derived cell types in
atherosclerosis [52].

Under normal conditions, x-smooth muscle actin mRNA and protein synthesis present
low concentrations in actively proliferating SMC [53]. ATRA has been shown to stimulate
smooth muscle actin mRNA expression and myosin heavy chain (MHC) in haSMC, pro-
moting a non-activated, fully differentiated phenotype that enhances the stabilization of
atherosclerotic plaques [16,29].

Similarly, in vivo studies demonstrated an increase in smooth alpha-actin expression
and myosin heavy chain following oral or local delivery of ATRA (Table 3), speculating the
preservation of SMC ‘mature’ contractile phenotype [54-56].

Table 3. Experimental models of the effects of RA on the dedifferentiation of VSMCs.

First Author (Year)

Experimental Model

Agent, Dose

of Administration Main Results Other Results

Pan H. (2020) [52]

ROSA267Creent/s, Iy~
Myh11-CreER™ mice

e Attenuation of SEM
cells transition
® Suppression of
10 uM ATRA for 72 h SMC dedifferentiation
e Reduction in
atherosclerotic burden,
o Promoted fibrous cap stability.

® Decrease in mRNA

mono- and transfilter e Enhanced a-smooth muscle expression of the
Axel D. (2001) [16] co-cultures of human 0.01 nM-10.0 mM ATRA actin and heavy chain gl}I/)coproteins
arteries SMC yosin expression thrombospondin-1, fibronectin
Cultured aortic media and 10~° final concentration, e Reduced the intimal
Neuville P. (1999) [29] intimal thickening rat SMC, 0.5 mg/kg e Decreased a-smooth muscle hyperplasia in the carotid
cuviie angioplasty of rat carotid intraperitoneally/day for actin in SMC cultured from the IT yperpasia © caro

artery and thoracic aorta 14 days of RA

artery in vivo
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Table 3. Cont.

First Author (Year) Experimental Model

Agent, Dose
of Administration

Main Results

Other Results

Balloon angioplasty on
rabbits with focal
femoral atherosclerosis

Wiegman PJ. (2000) [54]

25 mg ATRA for the 3 days
before and for 28 days after
balloon injury

® More a-actin and
desmin immunostaining

o Larger lumen area, internal
elastic lamina, and external
elastic lamina areas

Right carotid artery of rabbits
after induction of a
fibromuscular plaque

Herdeg C. (2002) [55]

10 mL, 10 uM ATRA, local
delivery with
double-balloon catheter

e More intense a-actin
staining pattern

® Reduced early neointimal
proliferation and extent
of stenosis

Transgenic mouse carrying

Colbert M. (1996) [56] lacZ transgene

e Inducing and maintaining
smooth muscle differentiation in
the developing ductus arteriosus
e Promote the expression of the
adult vascular phenotype

o Appearance of smooth
muscle myosin heavy
chain isoform

Haller H. (1995) [57] VSMC of rat aortas

10~ mol/L ATRA for 12 and
48 h

o Inhibition of differentiation
through increase in PKC-a
expression and PKC activity

o Elevated expression of PKC
and PKC-a in differentiated
cultured SMC

rat aortic (A7r5)

Gollasch M. (1998) [58] VSMC cultures

1078 M ATRA for 48 h

o Increase in the number of
functional Ca?* channel

e L-type Ca?* channel is a
novel marker for
differentiation of VSMC

o Correlation of L-type Ca®*
«l-subunits expression with
alpha-SMA and SM-MHC
expression

Rogers M. (2024) [59] human coronary artery SMC

1 umol/L ATRA, 1 pmol/L
9-cis RA

o Inhibition of SMC differentiation
into osteoblast-like phenotype

VSMC of thoracic aorta of

Wang C. (2008) [60] male rats

5,10 or 20 mM of ATRA

o Inhibition of proliferation and
migration of VSMCs through
upregulation of KLF4,
differentiation marker genes
(SM22a, alpha-SMA) and KLF4
target genes p53

e Downregulation of SMemb

VSMC of thoracic aorta of

Meng E. (2009) [61] male rats

10 uM ATRA

© Induction of HDAC2
phosphorylation mediated by JNK
signaling leading to the increase in
KLF4 acetylation

e Inhibition of the interaction
between KLF4 and HDAC2

VSMC of thoracic aorta of

Yu K. (2011) [62] ol rats

5,10, or 20 mM ATRA

o Activation of SM22« expression
o Stimulation of KLF4 acetylation
by induction of

KLF4 phosphorylation

VSMC of thoracic aorta of

ShiJ. (2012) [63] nalo rats

10 uM ATRA

® RARx mediated
ATRA-KLF4 expression

Wei S. (2018) [51] VSMC of thoracic aorta of rats

0, 5,10, 20 umol/L ATRA

o Suppression of dedifferentiation
through RAR« induced ZFP580
expression via the

PI3K/ Akt pathways

alpha-SMA: alpha-smooth muscle actin, ATRA: all-trans retinoic acid, HDAC2: histone deacetylase 2, IT: intima
thickening, KLF4: kriippel-like factor 4, PKC: protein kinase-C, SM22a: SMC: smooth muscle cell, SMemb:
myosin heavy chain-B, SM-MHC: smooth muscle myosin heavy chain, PI3K: phosphatidylinositol 3-kinase, RAR«:
retinoic acid receptor &, VSMC: vascular smooth muscle cell.

Haller et al. proved an elevated expression of PKC and PKC-a in differentiated cultured
SMC from rat aortas compared to dedifferentiated cells, which were characterized by o-
actin and desmin expression in immunostaining and Western blot analysis. Subsequently,
they incubated the cultures with retinoic acid and observed an increase in PKC-a expression
and PKC activity, indicating an inhibitory action of RA on SMC dedifferentiation [57].
Another SMC differentiation marker is L-type Ca®*. In rat aortic (A7r5) SMC cultures, a
decrease in the number of functional Ca2* channels was observed in dedifferentiated cells,
which was reversed after RA application [58]. Rogers et al. used human coronary artery
SMC and showed that ATRA can inhibit the differentiation of SMC into an osteoblast-like
phenotype through various mechanisms. Initially, they assessed changes in the osteogenic
transcriptional program after ATRA application by measuring the mRNA levels of three
transcriptional factors involved in the process of vascular calcification such as Runt-related
transcription factor 2 (RUNX2), Msh homeobox 2 (MSX2), and SRY-box transcription factor
9 (SOX9) factors. Among the identified mechanisms are activation of RAR-a, regulation of
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tissue non-specific alkaline phosphatase, ATRA signaling gene expression, and an increase
in Gla protein, all of which contribute to suppressing SMC calcification [59].

Another Kruppel-like factor, KLF4, has been shown to play a critical role in VSMC
differentiation [40]. Wang et al. demonstrated that ATRA upregulates KLF4 and leads to
an increase in the expression of differentiation marker genes (SM22a, alpha-SMA) while
reducing the expression of dedifferentiation markers (SMemb) [60]. Various molecular
mechanisms have been proposed for ATRA-mediated stimulation of KLF4 protein, in-
cluding acetylation, phosphorylation [61,62], and transcriptional regulation of the Klf4
gene through functional interaction of RARa with KLF4, Sp1, and YB1 bound to GC boxes
in the Klf4 promoter [61]. A novel factor similar to that of KLFs, ZFP580, was found to
be induced by ATRA binding to RARa via the PI3K/Akt pathway. ZFP580 suppresses
dedifferentiation, as evidenced by decreased expression of the dedifferentiation marker
SMemb and the increased expression of SM22a and SMa-actin [51].

The action of RA on VSMCs is summarized graphically in Figure 3.

-VSMC
proliferation

Mitogenic || Quiescent +
= factors SMCs

Retinoic

acid

MMP1 . -
- MMP2 _ pa4/pa2 — SEM cells _ Dedifferentiation
MAPKs markers
MMP9
-VSMC _VMC
migration dedifferentiation

Figure 3. Action of retinoic acid on vascular smooth muscle cells (VSMCs). MMP = matrix metallopro-
teinase, MAPK = mitogen-activated protein kinase. SEM cells = stem cell, endothelial cell, monocyte.

6. Future Directions and Conclusions

During the last decades, experimental in vitro and in vivo studies have shown that RA
plays a role in both atherosclerotic processes and response to vascular injury. Experimental
models have consistently demonstrated RA’s regulatory effect on VSMC proliferation, mi-
gration, and phenotypic switching, resulting in the inhibition and suppression of atheroscle-
rotic plaque formation. It could be postulated that the next step in the research process
could be human studies, especially in patients who underwent percutaneous coronary
interventions with drug-eluting stents or drug-coated balloons. However, we still have a
way to go before this target. The experimental models used in these studies (non-coronary
arteries in rabbits and mice or rats) have some severe limitations [64]. It is known that
the results of these models should be considered carefully, notably when the neointimal
thickening was the “target” of the investigated therapy in arterial injury models [65]. On the
other hand, porcine coronary arteries and their SMCs may be a more suitable experimental
model regarding the properties of SMCs [66].

Moreover, the doses of RA used in experiments (usually > 5 mg/kg/day) are im-
possible to be used in clinical cardiology since even much lower doses used in acute
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promyelocytic leukemia (proximate 1.5 mg/kg/d for 1'/2 to 3 months) are associated with
common adverse effects and severe complications [11,67].

During the last two decades, local delivery of retinoids has been used through double-
balloon catheters, porous polymeric membranes, vascular grafts, and stents [17,55,68,69].

However, the aforementioned limitations about the experimental models (and dose
used) continued to exist.

It would be interesting to examine the local delivery of RA through a drug-eluting
stent or balloon in a swine coronary artery experimental model. Till now, no retinoic drug-
coated balloon has been tested in any experimental model. Moreover, devices for local
delivery of retinoids must be compared with commercially used devices with paclitaxel
and limus-family drugs (stents or balloons) regarding cytotoxicity and their effects on
VSMC proliferation and regarding the time needed for dual antiplatelet therapy after
the intervention.

In conclusion, RA signaling plays a role in the atherosclerotic progress. Various
experimental models show a relatively common finding: the reduction in neointimal
hyperplasia and stenosis or restenosis rate after injury and graft or stent placement in
non-coronary arteries of rabbits, mice, or rats. These data indicate the need for further
investigation of the usefulness of RA-related devices (stents or balloons) in the treatment of
human coronary and peripheral lesions.
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Abbreviations

ACVD = Atherosclerotic cardiovascular disease. AKAP12 = A-kinase anchoring protein 12.
ALDH = Aldehyde dehydrogenase. Akt = protein kinase B. AT1-R = Angiotensin I- receptor.
ATRA = All-trans-retinoic acid. BCMOI1 = b-carotene 15,15-monooxygenase-1. Cdks = Cyclin-
dependent kinases. CRABPs = Cellular retinoic acid-binding protein. CRBP = Cellular retinol-
binding protein. Cyp26 = Cytochrome P450 26. ERK = Extracellular signal-regulated kinase.
HASMC = Human aortic smooth muscle cell. HDAC = Histone deacetylase. IT = Intimal thick-
ening. Ki67 = Kiel 67 protein. KLF5 = Kriieppel-like factor 5. LDLR = Low-density lipoprotein
receptor. LRAT = Lecithin—retinol acyltransferase. MAPK = Mitogen-activated protein kinase.
MMP = Matrix metalloproteinase. mRNA = Messenger ribonucleic acid. mTOR = Mammalian target
of rapamycin. PDGF-BB = Platelet-derived growth factor subunit B. PI3K = Phosphatidylinositol
kinase-3. PTEN = phosphatase and tensin homolog. RA = Retinoic acid. RAL = Retinaldehyde
(retinal). RAR = Retinoic acid receptors. RARE = Retinoic acid response element. RB/E2F pathway
= Retinoblastoma (RB) tumor suppressor protein E2F transcription factor pathway. RBP = Retinol-
binding protein. RE = Retinyl esters. REH = Retinyl ester hydrolase. ROL = Retinol (vitamin A).
RORa = Retinoid-related orphan receptor A. RXR = Retinoid X receptors. SMC = Smooth muscle cell.
STRAG6 = Vitamin A receptor stimulated by retinoic acid 6. TTR = Transthyretin. VCAM-1 = Vascular
cell adhesion molecule. VSMCs = Vascular smooth muscle cells. ZFP = Zinc finger protein.
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