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Abstract: Atherosclerosis is a chronic progressive condition in which the wall of the artery develops
abnormalities and causes thickening of the blood vessels. The development of atherosclerosis
is a complex process characterized by vascular inflammation and the growth of atherosclerotic
plaques that eventually lead to compromised blood flow. The endothelial to mesenchymal transition
(EndMT) is a phenomenon whereby endothelial cells lose their endothelial properties and acquire a
mesenchymal phenotype similar to myofibroblast and smooth muscle cells. This process is considered
a key contributor to the development and, importantly, the progression of atherosclerosis. Thus,
therapeutically targeting the EndMT will provide a broad strategy to attenuate the development
of atherosclerosis. Here, we review our current knowledge of EndMT in atherosclerosis including
several key pathways such as hypoxia, TGF-f3 signaling, inflammation, and environmental factors
during the development of atherosclerosis. In addition, we discuss several transgenic mouse models
for studying atherosclerosis. Taken together, rapidly accelerating knowledge and continued studies
promise further progress in preventing this common chronic disease.
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1. Introduction

Atherosclerosis is a major vascular disease that causes death and morbidity world-
wide [1]. In the United States, it is considered the major cause of cardiovascular diseases.
About 0.2% of the population dies of heart disease every year. That means that 25% of
cardiovascular disease deaths are derived from atherosclerosis. Coronary heart disease is
the leading cause of death in the Western world, killing over 0.1% of people annually. On
average, about 0.2% of Americans have a heart attack every year. Out of these, 71% have an
initial attack, and 29% have a recurrent attack. Around 75% of acute myocardial infarctions
occur from plaque rupture; the highest incidence of plaque rupture was observed in men
over 45 years, but rarely observed in women. Compared to women, men have a higher
prevalence of atherosclerosis due to the female sex hormones. Stroke from any cause repre-
sents the fifth leading cause of death and the major cause of serious long-term disability in
adults. It is reported that nearly 0.25% of people suffer from stroke every year in the US,
resulting in the death of about 18% of this population [2—4]. In addition, 0.01%—0.015% of
acute limb ischemia patients die due to atherosclerosis per year. Therefore, understanding
the pathogenesis, mechanism of development, and process of atherosclerosis will lead to
therapeutic improvements to reduce its occurrence.

Atherosclerosis is a chronic inflammatory process that leads to the thickening of the
intimal layer of large- and medium-sized arteries and results in the formation of plaques.
It occurs due to an imbalance between lipid breakdown and the immune response, leading
to a failure of inflammatory response resolution [5]. The risk factors of atherosclerosis
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include hypertension, hyperglycemia, obesity, hyperlipidemia, and smoking. An interplay
of these risk factors can lead to endothelial activation and dysfunction. Endothelial dys-
function plays an important role in the pathogenesis of atherosclerosis and is a predictor of
atherosclerotic risk [6-8]. Endothelial activation leads to oxidative stress, which promotes
the generation of reactive oxygen species (ROS) [9]. In addition, endothelial dysfunction
promotes the expression of inflammatory cytokines and cell adhesion molecules and in-
creases the permeability of the endothelium, promoting the transmigration of monocytes;
this is followed by an accumulation of macrophages and oxidized lipids in the intimal
space, which exacerbates the inflammatory process. Monocyte recruitment into the intimal
space and their differentiation into macrophages begins early in life and continues into
adulthood when there may be a well-defined manifestation of the condition [10-12]. In
addition, the inflammatory process is accompanied by vascular smooth muscle migration
and inflammation, intimal hyperplasia, fibrosis, and plaque formation [13].

Atherosclerotic plaques narrow the lumen of vessels, obstructing blood flow, making
organs susceptible to ischemia; additionally, plaques may rupture, leading to adverse
effects such as myocardial ischemia or infarction, renal ischemia, and ischemic stroke
due to the activated endothelial and smooth muscle cells, macrophages, lymphocytes,
and large amounts of extracellular matrix during the process [14-16]. The characteristics
of the cells present in atherosclerotic plaques likely are initiated by the activation of
endothelium with the expression of adhesion molecules. These, in turn, enable the adhesion
of mononuclear leukocytes, such as monocytes and T-cells, to the endothelium and, also,
their transmigration into the intima. The resulting lesions may contain other immune
cells, including rare dendritic cells (DCs), neutrophils and B-cells, and smooth muscle
cells. These cells transform the original phenotype into synthetic SMC and move into
the intima from the media [17]. Indeed, the typical feature of an atherosclerotic vessel is
chronic vascular wall inflammation, which can be considered as an unresolved vascular
inflammatory response [18].

The endothelial to mesenchymal transition (EndMT) is a process whereby endothe-
lial cells acquire a mesenchymal phenotype; this process plays a key role in vascular
inflammation in atherosclerosis [19,20]. Recently, the EndMT process has been reported
to be associated with additional pathophysiological processes in cardiovascular-related
diseases, including atherosclerosis [21,22]. During this process, the endothelial cells lose
their apical-to-basal membrane polarity and cell-to-cell adhesion and acquire a migratory,
fibroblast-like phenotype. Additionally, there is a suppression of endothelial cell mark-
ers including platelet endothelial cell adhesion molecule (PECAM), vascular endothelial
cadherin (VE-cadherin), vascular endothelial growth factor 2 receptor (VEGFR-2), and
endothelial nitric oxide synthase (eNOS). During EndMT there is also an upregulation of
the mesenchymal markers x-smooth muscle actin (x-SMA), neural cadherin (N-cadherin),
fibroblast-specific protein 1 (FSP1), fibronectin, vimentin, and type I and type III collagen
(COL 1/1II) [23-25] (Figure 1). While EndMT is a normal physiologic process involved in
cardiac embryogenesis/septate formation, pathologically its occurrence has been impli-
cated in the initiation, progression, and stabilization of atherosclerotic plaques [19,20,26].
Mesenchymal cells play important roles in this disease, including ones in proinflammatory
molecule secretion, collagen and metalloproteinase production for plaque calcification
and fibrous cap formation. In vivo endothelial cell lineage tracking systems provided
evidence that the endothelial cells undergoing EndMT are major contributors to the pool
of fibroblast-like cells seen in atherosclerotic plaques as there was co-expression of both
endothelial- and mesenchymal-specific markers, and the degree of EndMT correlated with
plaque instability [23,27]. Although prior studies have typically used constitutively active
systems, such as TielCre or Tie2Cre mice, these models have robust Cre recombination in
endothelial-derived cells due to the limitation of a majority of circulating leukocytes ex-
hibiting Cre recombination [28]. Later, a tamoxifen-inducible endothelial lineage-tracking
system SclCreERT; R26Rstop Yfp was used; the apolipoprotein E (apoE) homozygous knock-
out mice (ApoE_/ ~) mouse line has been validated and used to study EndMT in vivo [29].
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In this model, it was confirmed that EndMT-derived fibroblast-like cells are in intimal
atherosclerotic plaques and they also found collagen-matrix metalloproteinase (MMP)
production. Therefore, collagen-MMP can balance EndMT-derived fibroblast-like cells
and destabilize atherosclerotic lesions to enhance clinical disease progression. Further-
more, upon induction of EndMT, there is migration and proliferation of smooth muscle
cells through paracrine signaling and this contributes to neointimal hyperplasia, a feature
of early atherosclerosis [30]. EndMT is correlated with several risk factors during the
atherosclerosis process including hypoxia, TGF-f signaling, the inflammatory response,
and endothelial dysfunction.
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Figure 1. Schematic representation of the endothelial to mesenchymal transition during physiological and pathological

states. EndMT is accompanied by changes in morphology and cellular markers. There is decreased expression of endothelial
markers, PECAM, eNOS, VEGFR-2, VE-cadherin, and an increase in mesenchymal markers, «-SMA, N-cadherin, FSP1,
COL I/111, vimentin, and fibronectin.

2. Hypoxia and EndMT in Atherosclerosis

Atherosclerotic plaques contain a large number of hypoxic cells, and these cells
increase as the plaques enlarge. Hypoxia is a well-known promoter of inflammation
and EndMT [31-33]. During periods of hypoxia, there is an increase in the expression of
hypoxia-inducible factors (HIFs); these are transcription factors that respond to changing
levels of oxygen in the cell. Additionally, an impaired proteasomal degradation leads to
HIF accumulation in the nucleus [31]. Interestingly, atherosclerotic plaques have been
reported to express high levels of HIF mRNA, supporting the presence of a hypoxic
microenvironment [34]. Knockdown of HIF in human cardiac microvascular endothelial
cells increased their sensitivity to the parasympathetic neurotransmitter acetylcholine
(ACh), which significantly repressed hypoxia-induced EndMT [35].

Furthermore, hypoxia increases the level of netrin 1 (Ntnl) in macrophages present in
the plaques [36]. Nin1 protein belongs to the laminin-like family and regulates macrophage
trafficking via the Unc-5 netrin receptor B (UNC5B) in human atherosclerotic plaques [37].
Ntn1 serves as a cue in guiding the axons and the neurons to their target during embryo-
genesis. In atherosclerotic plaques, an increased level of Ntnl inhibits the emigration of
macrophages and promotes macrophage survival in the plaques, thereby exacerbating the
inflammatory response and the progression of atherosclerosis. Hypoxia-inducing factor-1a
(HIF-1x) is expressed in various cell types within atherosclerotic lesions and is associated
with lesional inflammation [36]. In addition, HIF-1« promotes the polarization of mono-
cytes to the proinflammatory M1 macrophage phenotype and increases their migration into
blood vessels, worsening atherosclerosis [38]. Interestingly, Smad2 and the EndMT-induced
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transcription factors, Snail, SLUG, COL1A1, and TWIST, are direct targets of HIF-1x, and
their nuclear levels are upregulated during periods of hypoxia. This suggests that hypoxia

may play a role in modulating the response of endothelial cells to EndMT-related signaling
pathways [22,39,40].

3. TGF-$3 Signaling and EndMT in Atherosclerosis

Transforming growth factor receptor 3 (TGF-f3) signaling is a known central inducer
of EndMT (Figure 2). A common feature of TGF-3 signaling and EndMT is the increased
expression of transcription factors, including Snail, Slug, Twist, LEF-1, ZEB1, and ZEB2,
which inhibit the expression of endothelial genes and/or activate expression of mesenchy-
mal genes [41]. Additionally, TGF-f is known to control cell proliferation, cell migration,
matrix synthesis, wound contraction, calcification, and the immune response, all major
components of the atherosclerotic process [42]. There are three isoforms of TGF-f (TGF-$31,
-B2, -3), and they exert similar functions, albeit there is variability in their expression
profiles. Upon binding of TGF-f to its ligands, there is recruitment and phosphoryla-
tion of several cytoplasmic factors, notably the Smad 2 and Smad 3 proteins, which then
bind with Smad4. The resulting transcription factor complex translocates into the nucleus
where it interacts with other transcription factors such as Snail, Twist, Snug, and Zebl1 to
modulate the expression of genes involved in EndMT. Additionally, the pathway can be
inhibited by the activity of the inhibitory Smad proteins Smad 6/Smad 7 [42,43]. Activation
of the Snail, Twist, and Zeb proteins decreases the expression of endothelial cell-to-cell
adhesion proteins, such as occludin, claudin, and cytokeratin, and upregulates mesenchy-
mal markers [44—46]. Interestingly, small interfering RNA (siRNA) knockdown of Snail
prevents TGF-f-mediated EndMT in human cutaneous microvascular endothelial cells
(HCMECs) [47].
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Figure 2. Schematic representation of the mediators of EndMT-induced atherosclerosis. The interplay
of hypoxic conditions, oxidative stress, inflammatory injury, and cardiovascular risk factors leads to
activation of the EndMT process and dysfunction of the endothelium. Disruption of FGF signaling
and upregulation of TGF-f3 signaling promote EndMT.
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TGF-f signaling is one of the primary drivers of atherosclerosis-associated vascular
inflammation [19,20,48]. The activation of TGF-{3, through a Smad2/3-dependent process,
promotes inflammation in vitro in cultured human endothelial cells by upregulating the
expression of proinflammatory cytokines and chemokines and their receptors, such as
CCL2 and CCR2, respectively, as well as adhesion molecules such as ICAM1 and VCAMI1.
However, TGF-f3 exhibited an anti-inflammatory effect on vascular smooth muscle cells.
One can safely say that the response to TGF-f3 is cell type-specific. In vivo knockout of
TGEF-f3 abrogated inflammation promoted atherosclerotic plaque regression and prevented
plaque development [48].

Crosstalk of other signaling pathways (Notch and Wnt) with the TGF-3 pathway is
also involved in the induction of EndMT. Both the Notch and Wnt pathways play crucial
roles during cardiac development [49-52]. Microarray studies revealed that the expression
of Notch signaling mediators, DLL4, Notch3, and Notch 4, and the Wnt signaling mediators
FZD2 and FZD8 were upregulated upon TGF-§3 treatment [53]. Endothelial 3-catenin null
mice were also found to have a markedly reduced TGF-f3-induced EndMT [52]. Treatment
of human coronary artery endothelial cells (HCAECs) with Notchl promoted EndMT, as
evidenced by the spindle-shaped appearance of the endothelial cells and upregulation of
EndMT markers. Furthermore, uniform plaque lesions were noted in in vivo studies [54].
The extent of atherosclerotic lesions is indirectly proportional to the expression of fibrob-
last growth factors (FGFs) (Figure 2). FGFs are angiogenic factors that help to maintain
endothelial function and integrity [55]. They suppress integrin 31, a major activator of
TGF- /Smad signaling, thereby slowing EndMT and atherosclerotic progression [56,57].
ApoE null mouse models with inducible endothelial-specific deletion of fibroblast growth
factor receptor substrate 2 (FRS2«), a key signaling mediator, developed early and more
extensive atherosclerotic lesions. In addition, there was a marked reduction in expression
of fibroblast growth factor receptor 1 (FGFR1) and an upregulation of phosphorylated
Smads, a marker of TGF-3/Smad pathway activation, in the coronary artery of patients
with coronary artery disease compared to patients without coronary artery disease [58].
Although one report found that the absence of endothelial FGFR promoted EndMT-induced
atherosclerosis [57], other studies demonstrated that the FGF signaling pathway enhances
the progression of atherosclerosis [59,60]. Thereby, therapeutic strategies targeting the
FGF signaling pathway, such as inhibition of fibroblast growth factor receptor signaling,
attenuated atherosclerosis in apolipoprotein E-deficient mice [61]. So far, no synthetic
drugs have been found to modulate FGF signaling in EndMT models in vivo. As noted,
TGF-B-driven EndMT is an important contributor to pulmonary fibrosis and pulmonary
hypertension. Thus, it might be expected that the local administration of FGF or activation
of FGF signaling might have benefits in these conditions [62]. Recent reports indicate that
inflammation/EndMT interaction plays a pivotal role in the development of atherosclerosis.

4. Inflammation and EndMT in Atherosclerosis

Hypoxia and oxidative stress lead to the induction of inflammation by activating
transcription factors. Various in vivo and in vitro studies in humans have shown that
the biomarkers of inflammation are associated with cardiovascular events provoked by
atherosclerotic plaques [63]. Multifunctional inflammatory cytokines are produced by
many inflammatory cells including blood leukocytes, macrophages, smooth muscle cells,
and platelets [64]. In vitro studies show that the exposure of primary endothelial cells
(ECs) with inflammatory cytokines, including IFN-y, TNF-«, and IL-1§3, leads to reduced
FGFR1 expression. Especially, there is evidence linking the NLRP3 inflammasome and
IL-1 cytokines with the pathogenesis of cardiovascular diseases [65]. Additionally, the
inflammasome is not only the main pathway for IL-1/3 generation in atherosclerosis
but also a target for primary and additional anti-IL-1-directed therapies in high-risk pa-
tients [66]. More recently, in vivo studies demonstrated that injection of miR-16 agomiR
into ApoE~/~ mice reduces the formation of atherosclerotic plaques and inhibits the proin-
flammatory cytokines, including IL-6, TNF-a, MCP-1, and IL-1, in the plasma and tissues,
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but promotes the secretion of anti-inflammatory factors, including IL-10 and TGF-f3. They
found that miR-16 might downregulate target program cell death 4 (PDCD4) to activate
p38 and ERK1/2 and inactivate the J]NK pathway [67]. However, these reports suggest that
inhibition of individual inflammatory cytokines is not enough to be effective in treating
atherosclerosis. Furthermore, subsequent studies reported that EndMT induction by in-
flammatory responses leads to pathological states, including tissue fibrosis, pulmonary
arterial hypertension, atherosclerosis and dysfunction of the vascular system [68,69]. Ma
et al. reported that inflammation reduced CD31 expression and increased «-SMA and
collagen I expression, which are important markers for cardiac EndMT. They also found
that inflammatory stress, including shear stress, oxidative stress and oxidized lipoproteins,
exacerbates the progression of cardiac fibrosis in high-fat-fed ApoE KO mice via EndMT,
suggesting EndMT and inflammation act synergistically to redistribute plasma lipids to
cardiac tissues and accelerate the progression of cardiac fibrosis [70]. EndMT has been
found to increase vascular inflammation by TAK1 and Twistl smf promoting the endothe-
lial expression of the inflammatory molecules VCAM-1 and ICAM-1, leading to vascular
dysfunction and atherosclerosis [22,71,72]. Sequentially, inflammatory signaling, such as
TGF-B1 and TGF-32, synergistically promote EndMT in an NF«kB-dependent pathway,
thus forming a positive regulatory loop for each other [22]. Therefore, these findings
suggest EndMT and the inflammation regulatory loop form a common pathological basis
for various vascular diseases [45,73].

Furthermore, in vivo studies have implicated numerous inflammatory mediators dur-
ing the initiation and continued development of atherosclerosis [74]. Initially described
during the development of cardiac atrioventricular valves, EndMT has now been iden-
tified in different pathologic states characterized by stress conditions, vascular injury,
and chronic inflammation [68]. Inflammatory signaling synergizes with the induction of
EndMT and inflammatory stress exacerbates cardiac fibrosis progression in high-fat-fed
ApoE KO mice [75]. More recently, a study reported that inhibition of miR-122 by regulat-
ing NPAS3-mediated EndMT prevents atherosclerotic lesion formation in ApoE~/~ mice;
this suggests that miR-122 may be a novel target for the treatment of EndMT-associated
diseases, including atherosclerosis [76]. Moreover, our collaborators found that C-reactive
protein (CRP) is a plasma protein produced by the inflamed liver co-localizes with LDL
at atherosclerotic lesions. Administering a mutant CRP to LDLr~/~ mice fed a high-fat
Western diet (WD) revealed that CRP regulates the development of atherosclerosis. An
appropriate inflammatory microenvironment at the site of LDL deposition is critical to pre-
vent atherosclerosis. The function of inflammation could be changed by the modification of
proteins’ structures, including CRP during the atherosclerotic process [77]. Despite current
treatments for atherosclerosis being available, much work still needs to be carried out to
reduce the cardiovascular risk that remains. Therefore, inhibiting both inflammation and
EndMT may provide a new method for treating atherosclerosis. In addition, chronic inflam-
mation can cause endothelium dysfunction, which is another critical element accounting
for atherosclerosis.

5. Endothelium Dysfunction and EndMT in Atherosclerosis

Endothelial cells are a monolayer that forms the inner cellular lining of the vascular
lumen. In straight sections of a blood vessel, vascular endothelial cells typically align
and elongate in the direction of fluid flow. The endothelium forms an interface between
circulating blood or lymph in the lumen and the rest of the vessel wall. This forms a
barrier between vessels and tissues that controls the flow of substances and fluid into
and out of a tissue. This barrier also controls the passage of materials and the transit of
white blood cells into and out of the bloodstream. Excessive or prolonged increases in
permeability of the endothelium, as in cases of chronic inflammation, may lead to tissue
swelling. Therefore, ECs play an important role in maintaining vascular homeostasis and
blood fluidity under various physiological processes. These cells can regulate vascular
tone, permeability, homeostasis, coagulation, angiogenesis, and inflammatory responses
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via their cell adhesion molecules, cytokines, and chemokines [78-80]. The multiple func-
tions of vascular endothelial cells are illustrated in Figure 3. Endothelium dysfunction
is reported to play an important role in atherosclerosis [8,81]. A recent study indicates
that the vascular endothelial function contributes to atherosclerosis in patients with non-
obstructive coronary artery disease [82]. MMPs are involved in vascular wall remodeling
and atherosclerosis development through inflammatory activation and subsequent en-
dothelium dysfunction [83]. Activation of endothelial MMP-2 can induce endothelial loss
of integrity and dysfunction [83]. Recruited vascular wall cells can remodel the surround-
ing extracellular matrix through MMPs that affect migration, proliferation, and apoptosis
of endothelial cells and vascular smooth muscle cells (VSMCs) [84].

White cells

trafficking

Angiogenesis

Coagulation Vascular
permeability

Vascular tone

Inflammation
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Figure 3. Schematic representation of the multiple functions of vascular endothelial cells.

When the vascular system is injured by abnormal conditions, such as angioplasty, stent,
diabetes, hypertension, or immune-mediated damage, the damage will result in endothelial
dysfunction [68,69]. However, the pathogenesis of atherosclerosis is very complicated and
includes endothelial dysfunction, inflammatory response, oxidative stress, smooth muscle
cell activation, and thrombosis. However, endothelial dysfunction was considered as the
initial factor in inducing atherosclerosis [85,86]. Experimental and clinical studies show
that ECs can be regenerated by bone marrow-derived circulating endothelial progenitor
cells (EPCs), which repair endothelial cell dysfunction and prevent atherosclerosis [82,87].
Moreover, many studies have revealed an association between endothelial dysfunction
and inflammatory stress in vascular biology. Under conditions of chronic inflammation,
sustained activation of ECs by a dysregulated cytokine release, such as interleukin 6 (IL-6),
tumor necrosis factor-a (TNF-«), IL-13, or an impaired endothelial-dependent immune
response can cause endothelial dysfunction [88]. In addition, the NLRP3 inflammasome
not only has a role as a critical sensor in the immune response but is also involved in
endothelial dysfunction and the pathogenesis of atherosclerosis. NLRP3 inflammasomes
regulate caspase-1 activation and pro-IL-18 processing in macrophages to initiate vascular
wall inflammatory responses, which can lead to the progression of atherosclerosis [89].
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Overexpression of adhesion molecules including ICAM-1 and VCAM-1 has demonstrated
that endothelial dysfunction is an early indicator of atherosclerosis [90].

Other mechanisms related to oxidative stress can induce endothelial damage indirectly
by reducing PPARYy activity or adiponectin levels. Other studies have shown a protective
role by inhibiting endothelial dysfunction via the activation of PPARy [91,92]. Xu et al.
reported that in rat microvascular EC culture, PPARY agonists reversed oxLDL-induced
endothelial dysfunction by stimulating AMP-activated protein kinase (AMPK), which is a
serine/threonine-protein kinase that upregulates the Akt/eNOS/NO pathway, enhancing
eNOS activity. Consequently, the PPARy/AMPK/eNOS pathway could be a target for the
treatment of atherosclerosis. In addition, AMPK has an important role in the prevention
of vascular oxidative injury and, hence, endothelial dysfunction since it is a negative
regulator of Nox. Some AMPK activators, such as statins, improve endothelial function
and have shown antiatherogenic properties. Moreover, the increasing importance of
adiponectin is related to the fact that its levels decrease in some cardiovascular diseases
such as obesity, type 2 diabetes, metabolic syndrome, or atherosclerosis. In ECs, adiponectin
can downregulate the expression of adhesion molecules such as ICAM-1, which promote
monocyte adhesion to the vascular endothelium, by inhibiting TNF-x-mediated activation
of NF-«kB. Moreover, high levels of adiponectin could protect against atherosclerosis [93].

Recent evidence suggests that EndMT plays a key role in the complex interactions
between inflammatory stress and endothelial dysfunction. Chronic stimulation of ECs
by various factors, including pro-inflammatory cytokines and hypoxia, cause ECs to de-
velop an imbalance of endothelial homeostasis, which results in endothelial dysfunction.
In vascular diseases, EndMT is a process by which ECs lose their markers and show
mesenchymal-like morphological changes and gain mesenchymal cell markers. In cardio-
vascular disease, EndMT is clearly a pathologic response, probably best viewed as the most
extreme phenomenon in the scope of endothelial activation. Therefore, conditions caus-
ing endothelial cell activation toward EndMT, including the expression of mesenchymal
genes, are detrimental. If this activation happens persistently, over time it may progress to
endothelial dysfunction and eventually to a morphological change in cells [94]. EndMT-
derived cells obtain migratory potential by losing endothelial markers, such as a cluster
of differentiation 31 (CD31) and VE-cadherin, which are important to the integrity of the
endothelial cobblestone monolayer [95,96]. At the same time, the mesenchymal mark-
ers, such as fibronectin, x-SMA, smooth muscle protein 22«, vimentin, and N-cadherin,
which are involved in an elongated cell phenotype, are upregulated during the EndMT
process [96]. The morphology of ECs during EndMT changes from a tight cobblestone
monolayer to elongated cells [97]. This phenomenon mainly occurs in various vascular
modeling-related diseases, such as pulmonary arterial hypertension (PAH), pulmonary
fibrosis, and atherosclerosis. Hence, knowing the pathways implicated in this pathological
process of atherosclerosis, including endothelial dysfunction, inflammatory response, and
EndMT, helps to develop drugs against incipient atherosclerosis. All of the above are inner
factors related to the development of atherosclerosis; however, the environment, as an
external factor involved in the formation of atherosclerosis, has been emphasized recently.

6. Environment Factors in Atherosclerosis

In addition to the genetic factors, environmental factors are also important in atheroscle-
rosis [98]. Cigarette smoking constitutes a major environmental risk factor for atheroscle-
rosis. Gene—environment interactions have also been demonstrated [99,100]. Indeed,
a synergistic effect between cigarette smoking and the carrier state of the ApoE epsilon4
allele increases the risk of atherosclerosis [101]. In addition to these factors, exposure to
some chemical substances such as metals, solvents, and persistent organic pollutants, in-
cluding pesticides, have been reported to be associated with hypertension, atherosclerosis,
and cardiovascular diseases [102-105]. Numerous studies have also reported a significant
association between imbalances in essential metals and cardiovascular disease risk as
metals can induce oxidative stress [106]. Mercury also has been reported to be a risk factor
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in atherosclerosis progression. Most recently, it was reported that mercury can induce
atherosclerosis indirectly since it can increase total cholesterol, triglycerides, and LDL
levels, and, meanwhile, decrease the HDL level [107]. Therefore, exposure to different
chemicals or biological agents may have a direct or inflammatory effect by affecting some
molecular mechanism of cardiovascular diseases. So far, we have discussed the aforemen-
tioned factors in EndMT and their contributions to atherosclerosis; next, we would like to
discuss the newly emerged animal models employed in the study of atherosclerosis.

7. Mouse Models for Atherosclerosis

The pathophysiology of human atherosclerosis is a complex process that is impacted
by several risk factors, including aging, hyperlipidemia, hypertension, and diabetes. Al-
though mouse models are relatively limited to the development of atherosclerosis due to
their significantly different lipid profile compared to humans, animal models are still very
useful tools to mimic human pathophysiology and study the process of atherosclerosis
development and the molecular mechanisms involved. Notably, transgenic and knockout
mouse models have proven useful for evaluating atherosclerosis and testing new atheroscle-
rotic drugs during the early stages of atherosclerosis. Several transgenic animal models
have been developed for atherosclerosis research over the last several decades. Different
animal models can be used depending on the purpose of the research and all of them have
advantages and disadvantages, as described in Table 1.

Table 1. The most commonly used mouse models employed in the study of atherosclerosis.

Advantages &

Model Characterization Lipid Change Plaque Development Disadvantages
Form atherosclerosis
ApoE Knockout of ApoE gene LDLT, HDL| Aortic plaques with ND
Close to human lipid
profile; Complex
LDLr/~ Knockout of LDLr gene LDL?t Fibrous plaques formation needs WD;
No automatic ruptured
plaques
Form atherosclerosis
with ND; plaque
ApoE~/~ LDLr/~ Knockout of both ApoE LDL?T Fibrosis plaque rupture rupture and/or
and LDLr genes .
thrombosis are not
observed
ApoE*3-Leiden A good model for
ApoE*3-Leiden.CETP mutation plus the HDLt Extensive . a}ge-related. study;
expression of human atherosclerosis Lesion formation needs
CETP gene WD
Aiﬁizi?giofgfsﬁtrﬁus Quick development of Fast formation of the
PCSK9-AAV iy . LDL?T b atherosclerotic lesion
gain-of-function PCSK9 atherosclerosis plaques with WD
mutant
ApoE~/~ with Infusion of angiotensin Atherosclerosis plaques Develops sgruﬁc;a nt
iotensin Il infusion I into ApoE~/~ mice LDLY rupture atherosclerotic lesions
angto p p with WD
ApoE™/" mice with Atherosclerosis plaques FaStljer:zls(')P‘;ﬁliint f
ApoE~/~Fbn1€10%G+/=  [hn1 gene mutation VLDL?t paq plaques; y
rupture advanced
(C1039G) .
atherosclerosis

Note: 1 Increase; | Decrease.



Int. ]. Transl. Med. 2021, 1

48

Currently, ApoE~/~ mice have been widely used to develop spontaneous hyper-
cholesterolemia and atherosclerosis. However, the LDL receptor knockout (LDLr /")
mice respond to high-fat feeding by developing hypercholesterolemia and atherosclerotic
lesions [108,109]. Using these knockout mice provides important information on the patho-
genesis of atherosclerosis. Although both knockout mice models are used to study the
mechanisms underlying the initiation and progression of atherosclerosis, their usage is
still limited due to the effect on inflammatory processes and lipoprotein metabolism. The
ApoE~/~ /LDLr~/~ model develops spontaneous atherosclerotic plaques without the
complications of plaque rupture and the resulting thrombosis, even on a normal chow
diet (ND) [110]. Recently, it was reported that adeno-associated-virus (AAV)-mediated
overexpression of proprotein convertase subtilisin/kexin type 9 (PCSK9) (PCSK9-AAV)
rapidly induced hyperlipidemia. There are no genetic modifications in these mice and
APOE and LDLR are expressed at normal levels. Additionally, this model requires less
time compared to conventional crossbreeding of ApoE~/~ and LDLr~/~ mice. However,
when using this method on C57BL6 wild-type mice, one needs to consider the possible
antiviral host immune response of the organism [111].

Although ApoE~/~/LDLr~/~ and PCSK9-AAV mice are valuable tools in atheroscle-
rosis research, many studies utilize ApoE3-Leiden mice. Apolipoprotein (Apo) E3-Leiden is
associated with a dominant genetic form of hyperlipidemia occurring in a large Dutch fam-
ily. ApoE3-Leiden mice were generated using a genomic 27 kb DNA construct, including
the ApoE gene, ApoC1 gene, and all regulatory elements isolated from the ApoE*3-Leiden
proband. These mice develop atherosclerotic lesions in the aorta and large vessels when
fed a WD. Remarkably, although these mice are less susceptible to atherosclerosis than
the ApoE-deficient mice, they have a human-like lipoprotein profile. Another advantage
is that ApoE3-Leiden mice have the ability to synthesize functional ApoE. Compared to
the ApoE~/~ and LDLr~/~ mouse models, the ApoE3-Leiden mice allow the study of the
effect of elevated plasma lipid levels without disturbing the inflammatory processes, [112].
Another suitable model is the ApoE*3-Leiden.CETP mouse. This model has increased
VLDL/LDL cholesterol in the plasma due to the expression of a human cholesteryl ester
transfer protein (CETP), a reduced peripheral cholesterol efflux, and advanced atherosclero-
sis [113]. Recently, a newly developed mouse model is the ApoE~/~ Fbn1€1039G+/~ mouse,
which is a validated model in pre-clinical studies to evaluate novel plaque-stabilizing
drugs [114]. Currently, these mice are considered as the most appropriate model to study
advanced atherosclerosis as these mice also form large plaques and are vulnerable to
atherosclerotic plaque rupture.

Another use of the ApoE~/~ model is to feed the mice with a high-fat diet for 4 weeks
with a subsequent infusion of angiotensin II for another 4 weeks. This modified model not
only promotes plaque destabilization and stimulates plaque rupture but also has sponta-
neous atherothrombosis compared to ApoE~/~ mice [115]. Therefore, the ApoE~/~ plus
angiotensin Il infusion model is also an alternative model to study advanced atheroscle-
rosis. Taken together, these mouse models continue to be very useful in identifying and
describing new triggers and mechanisms regulating the development of atherosclerosis.

8. Conclusions and Further Direction

Atherosclerosis is a major cause of mortality and morbidity worldwide with clinical
outcomes such as ischemic heart disease, ischemic stroke, renal ischemia, and peripheral
vascular disease. The accumulated evidence links EndMT to the initiation and progression
of atherosclerosis and plaque instability. Hence, therapies targeting EndMT, including the
signaling pathways, could provide an avenue to ameliorate the development of atheroscle-
rosis. For example, the TGF-3 and FGF signaling pathways can be harnessed as potential
targets; however, care should be taken as they are involved in multiple processes in cells
that could have unwarranted effects. It will be interesting to find out if inhibiting EndMT
would increase the efficacy in the management and treatment of atherosclerosis and the
possibility of uncovering new signaling molecules that play a role in EndMT-induced
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atherosclerosis. The new recent findings of EndMT-related signaling pathways in the
formation of atherosclerosis have energized efforts to discover therapeutically novel targets
other than triglycerides, or perhaps more specifically cholesterol-rich remnant lipoproteins,
for atherosclerosis treatment [116]. In addition, accumulating evidence implies that a
link between inflammatory pathways and the EndMT signaling pathway is an emerging
risk factor to the development of atherosclerosis and its complications. This has led to
numerous trials that target these pathways for atherosclerosis therapy. Currently, plenty of
clinical studies employ a monoclonal antibody that can neutralize IL-1 or weekly adminis-
tration of low-dose methotrexate in the treatment of atherosclerosis [117]. It is conceivable
that inhibiting EndMT-promoting factors, such as employing antibodies to TGF-{3 ligands
and receptors, will significantly improve the efficacy of atherosclerosis treatment. Ulti-
mately, the eventual elimination of atherosclerosis will definitely require multidisciplinary
cooperation among public health regulation, applied behavioral psychology, risk factor
modulations, improvement of existing therapies, and the development and validation of
novel therapeutic approaches.
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AMPK adenosine monophosphate-activated protein kinase
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a-SMA alpha-smooth muscle actin
ND normal diet
COL1A1 collagen type I alpha 1 chain
CD31 cluster of differentiation 31
CETP cholesteryl ester transfer protein
CRP C-reactive protein
DCs dendritic cells
EC endothelial cell
ECM extracellular matrix
EGF epidermal growth factor
EndMT endothelial to mesenchymal transition
EPC endothelial progenitor cell
eNOS endothelial nitric oxide synthase
ERK extracellular-signal-regulated kinases
FGF fibroblast growth factor
FGFR fibroblast growth factor receptor
FN fibronectin
FSP1 fibroblast-specific protein 1
HCAECs human coronary artery endothelial cells
HCMECs human cutaneous microvascular endothelial cells
HDL high-density lipoprotein

HIFs hypoxia-inducible factors



Int. ]. Transl. Med. 2021, 1 50
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ICAM intercellular adhesion molecule
IGF insulin-like growth factor
IL interleukin
LDL low-density lipoprotein
LDLr low-density lipoprotein receptor
MAPK mitogen-activated protein kinase
MMP matrix metalloproteinase
Ninl netrin 1
NLRP3 nucleotide-binding domain, leucine-rich-containing family, pyrin
domain-containing-3
PAH pulmonary arterial hypertension
PCSK9 proprotein convertase subtilisin/kexin type 9
PDCD4 programmed cell death 4
PECAM platelet-endothelial cell adhesion molecule
PDGF platelet-derived growth factor
PDR proliferative diabetic retinopathy
PGClx proliferator-activated receptor gamma coactivator 1-alpha TGF-f3
transforming growth factor-3
PPAR peroxisome proliferator-activated receptor
ROS reactive oxygen species
siRNA small interfering RNA
SLUG snail family zinc finger 2
SMC Smooth muscle cell
TGFpR1 transforming growth factor-f3 receptor 1
TNF-« tumor necrosis factor-c
TWIST bHLH transcription factor 1
UNC5B Unc-5 netrin receptor B
VCAM vascular cell adhesion molecule
VE-Cadherin  vascular endothelial-cadherin
VEGF vascular endothelial growth factor
VEGFR-2 vascular endothelial growth factor 2 receptor
VSMC vascular smooth muscle cell
WD Western diet
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