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Abstract: Cardiovascular complications are associated with advanced atherosclerosis. Although
atherosclerosis is still regarded as an incurable disease, at least in its more advanced stages, the
discovery of endothelial progenitor cells (EPCs), with their ability to replace old and injured cells and
differentiate into healthy and functional mature endothelial cells, has shifted our view of atheroscle-
rosis as an incurable disease, and merged traditional theories of atherosclerosis pathogenesis with
evolving concepts of vascular biology. EPC alterations are involved in the pathogenesis of vascular
abnormalities in atherosclerosis, but many questions remain unanswered. Many currently available
drugs that impact cardiovascular morbidity and mortality have shown a positive effect on EPC
biology. This review examines the role of endothelial progenitor cells in atherosclerosis development,
and the impact standard antilipemic drugs, including statins, fibrates, and ezetimibe, as well as more
novel treatments such as proprotein convertase subtilisin/kexin type 9 (PCSK9) modulating agents
and angiopoietin-like proteins (Angtpl3) inhibitors have on EPC biology.

Keywords: endothelial progenitor cells; statins; fibrates; PCSK9 inhibitors; angiopoietein-like protein
inhibitors; LDL apheresis

1. Introduction

Atherosclerosis is a vascular disease caused by the build-up of plaques in the innermost
layers of arteries, leading to arterial wall thickening and hardening, and narrowing of the
arterial lumina [1]. Non-modifiable risk factors of atherosclerosis include advanced age
and male sex, while modifiable risk factors, including arterial hypertension, diabetes,
obesity, physical inactivity, smoking, and hypercholesterolemia, are globally addressed
in cardiovascular prevention programs. Other important risk factors, including chronic
kidney disease, familial hypercholesterolemia, various endocrine disorders or a previous
history of cardiovascular events, may require a more specific intervention [2,3].

The initial event in the pathogenesis of atherosclerosis is endothelial injury and dys-
function, followed by mononuclear adhesion and migration into the arterial subendothelial
space [1,4]. Furthermore, oxidative stress and insulin resistance stimulate the overpro-
duction of proinflammatory cytokines and other inflammatory mediators resulting in a
state of virtually permanent low-grade inflammation. Smooth muscle cells migrate to the
arterial intima, differentiate into fibroblasts, and produce matrix molecules like elastin and
collagen, eventually leading to plaque growth and formation of the fibrous caps. Fibrous
caps may rupture, exposing the underlying extremely thrombogenic core. Such events
prompt further thrombus formation and release of more inflammatory mediators, resulting
in arterial stenosis or occlusion [1]. This leads to end organ damage, and depending on the
anatomic site of the injured vessel, presents as myocardial infarction, ischemic stroke, or
critical limb ischemia [5–7].

In general, atherosclerosis is still viewed as an irreversible process, strongly linked to
aging. Advanced atherosclerotic lesions both in humans and animals consist of necrosis,
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calcification, and fibrosis, making lesion regression and possible dissolution unlikely [8],
despite various conservative and invasive treatment options.

The discovery of endothelial progenitor cells (EPCs) at the end of the twentieth century
provided new insights to the pathophysiology of atherosclerosis and offered new prospects
in treatment. Due to the unique characteristics of these cell lines, the idea that atherosclerosis
regression was possible emerged. These myeloid derived cells are capable of virtually
endless division and differentiation into healthy and functional endothelial cells at the site
of vessel injury, repairing the vessel wall, and promoting neovascularization [9,10]. This
review focuses on the role of endothelial progenitor cells in atherosclerosis, and the impact
standard as well as novel lipid-lowering treatments have on EPC-related vascular repair.

2. Endothelium Biology and Function

The endothelium was once seen as a simple barrier between the blood and the vascular
wall to prevent blood extravasation. It is now perceived as a metabolically active tissue
important for healthy vessel function. The human endothelium exceeds the size of many
organs, with a surface area of more than 800 m2, and weight of approximately 1500 g. More
than 250 biologically active substances are produced and secreted by endothelial cells,
some responsible for vascular tone regulation, cell adhesion, thromboresistance, smooth
muscle cell proliferation, and inflammation. In addition, anticoagulant, antiplatelet and
fibrinolytic factors are synthesized in these cells. Thus, the endothelium is a large endocrine
and paracrine organ interplaying with virtually all other tissues and organs [11,12].

Vasoconstriction and vasorelaxation are important features of the endothelium, respon-
sible for optimal blood supply to end organs and tissues, maintaining cell respiration and
other metabolic demands. The endothelium itself produces vasoactive molecules affecting
vascular tone locally, interplaying with circulating vasoactive mediators [13,14].

One of the most important vasoactive substances released by the endothelium is
nitric oxide (NO). NO was first identified and named after its vasorelaxant properties as
endothelium-derived relaxing factor. It is synthesized in endothelial cells from L-arginine
in the presence of endothelial NO synthase and several cofactors. Once released, NO acts
locally by penetrating smooth muscle cells in the vascular wall leading to guanylate cyclase
activation and cyclic guanosine monophopsphate (cGMP)-mediated vasodilatation [15].
NO also inhibits the synthesis of vascular cell adhesion molecule-1 (VCAM-1) and monocyte
chemoattractant protein-1 (MCP-1), resulting in decreased expression of nuclear factor κB
(NFκB), which action is further impeded by oxidative phosphorylation in mitochondria
and S-nitrosylation of cysteine residues of NFκB. NF-κB target genes in endothelial cells
are vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 and E–
selectin. These substances are responsible for extravasation and are linked to inflammation,
thus aggravating endothelial dysfunction [16].

Guanylate cyclase activation leading to vasodilation can also be achieved by other
distinct signaling molecules like bradykinin, adenosine, vascular endothelial growth factor
(during hypoxia), serotonin (during platelet aggregation), prostaglandins, C-type natri-
uretic peptide, and gaseous molecules like carbon monoxide (CO), and hydrogen sulfide
(H2S) [16,17]. Other important molecules involved in vasomotion synthesized in endothe-
lial cells are endothelin, vasoconstricting prostanoids, prostacyclin, and angiotensin con-
vertase at the endothelial cell surface. Prostacyclin, in addition, blocks platelet thrombus
formation and hinders clotting [16,18]. Vasomotion is also mediated by intercellular potas-
sium ion accumulation due to endothelium–derived hyperpolarizing factor, changing
vascular electric conductivity and enhancing propagation of electrical signals along blood
vessels affecting gap junctions and smooth muscle cells in the arterial wall [14].

The anticoagulant properties of the endothelium are linked to the synthesis of throm-
bomodulin and heparin sulfate proteoglycan, and the secretion of tissue factor pathway
inhibitor. All these substances interfere with the coagulation cascade, inhibiting thrombus
formation and/or enhancing fibrinolysis [19].
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3. Pathophysiology of Atherosclerosis

The hallmark of atherosclerosis is the progressive build-up of atherosclerotic plaques.
Plaques develop slowly through a complex series of cellular events within the arterial wall,
influenced by a variety of local vascular circulating factors. Plaques typically develop in
the arterial intima, although atherosclerotic changes may involve all three layers of the
arterial wall [1,20].

There are two basic theories on atherosclerosis development, the response-to-injury
theory and the response to retention theory. Both theories see endothelial injury as an
early event preceding other developments [1]. In the response-to-injury hypothesis, the
initial injury due to mechanical or chemical factors leads to endothelial dysfunction and
allows inflammatory cells to penetrate the arterial wall, followed by fat accumulation
and proliferation of smooth muscle cells [21]. Not only are major arteries involved, but
vasa vasorum, blood vessels supplying oxygen and nutrients to the artery wall of mother
arteries may also be affected [21]. In the response-to-retention theory, lipoprotein retention
in response to predisposing mechanical strain and cytokines in the vessels’ extracellular
matrix is the triggering event further resulting in atherogenesis [22]. Following endothelial
injury, fat is accumulated in deeper regions of the subendothelial layer, forming lipid pools,
rich in proteoglycans and hyaluronan, covered with a layer of vascular smooth muscle
cells [1,23].

Nonetheless, plaques develop in regions with nonlaminar blood flow, as in artery
arches, branches, or curvatures. Blood flow alterations are detected by endothelial cells’
blood flow sensing organelles, primary cilia, leading to a myriad of functional and struc-
tural alterations. In these microlocations endothelial cell lining exhibits different, cuboidal
morphology compared to regions with laminar blood flow, where the cells are commonly
aligned in the direction of blood flow [24]. On the molecular level, this phenotype of
endothelial cells shows epigenetic changes due to altered DNA methylation, with acti-
vated pro-inflammatory NF-κB pathways, as well as suppressed protective factors like
Kruppel-like factor 4 (KLF4), and impaired production of NO [24,25]. At the same time, the
endothelial barrier is more permeable to lipoproteins, making it vulnerable to low density
lipoprotein (LDL) accumulation and cell migration [1]. Endothelial cells in nonaffected re-
gions express a more anti-inflammatory and anti-thrombotic phenotype and are organized
differently [26].

Inflammatory cells and fatty deposits interplay in a vicious way, with fat causing
further mononuclear cell migration and activation into monocyte-derived macrophages in
the vessels’ intima, and pro-inflammatory cells aggravate endothelial dysfunction allowing
easier fat accumulation [1]. The most important contributing factor is oxidized lipoprotein
particles in the vessel wall, originating from LDL particles in blood plasma. A complex
set of biochemical reactions regulates the oxidation of LDL, involving enzymes such as
lipoprotein associated phospholipase A2 (Lp-LpA2), and free radicals produced through
oxidative stress in the endothelium. The entire process is accelerated by low levels of
high-density lipoprotein (HDL), which removes excess cholesterol from peripheral tissues
and carries it back to the liver. Activated macrophages secrete pro-inflammatory mediators
like tumor necrosis factor alpha (TNFα), interleukin-1 (IL-1), and interleukin-6 (IL-6) [20,27].
At this stage, endothelial cells secrete less NO and more vasoconstrictive cytokines like
endothelin 1 and molecules like VCAM, ICAM, and monocyte chemotactic protein 1 (MCP-
1). These vasoconstrictive and adhesive molecules further enhance the adherence and
migration of monocytes to the injured vessel wall [1,20]. Monocyte derived macrophages
then ingest cholesterol, resulting in foam cell formation. As the process progresses, these
cells create fatty streaks, visible on the artery wall in early atherosclerosis. This process
is still reversible, as fatty streaks can disappear under certain conditions. Foam cells may
become apoptotic, enhancing inflammation locally [28].

Another event is the migration of smooth muscle cells from the artery’s muscle layer
into the vascular intima due to cytokines secreted by the damaged endothelial lining
and present foam cells. Smooth muscle cells further proliferate and ingest lipids in an
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already pro-inflammatory area, where locally acting growth factors, oxidized low density
lipoprotein, and homocysteine contribute to plaque build-up [1,29]. Furthermore, smooth
muscle cells can transform into chondrocytes, osteocytes, adipocytes, or macrophage-foam
cells, depending on the local environment [30]. The bulk of these lesions is made of excess
fat, collagen, and elastin. The fibrous cap contains smooth muscle cells, providing stability
to the whole structure. As more fat accumulates, the plaque size increases, progressively
changing the vessels’ architecture. No apparent narrowing is present at this stage, but blood
flow may become more turbulent, increasing shear stress on the vessels’ wall, causing further
endothelial microlesions, and perpetuating the entire process of atherogenesis [20,24].

Later, the proliferation rates of smooth muscle cells slow down, possibly due to
increased expression of cell cycle inhibitors like p16 and p21, and impaired response to
growth factors. In addition, their phenotype changes from contractile to a more synthetic.
Dysregulated production of pro-inflammatory cytokines, growth factors, and extracellular
matrix modifiers occurs, accelerating the process of vascular remodeling [31]. These mature
smooth muscle cells release pro-inflammatory cytokines and matrix metalloproteinases
affecting the collagen fraction of the plaque, making the plaque more vulnerable to rupture.
Pro-inflammatory cytokines are able to change the phenotype of activated macrophages,
promoting M1 and M4 subtypes, linked to plaque instability [32,33]. These advanced
atherosclerotic plaques may undergo necrotic changes in their core and fibrinoid tissue. As
cells die, calcifications may occur. The exact mechanisms of plaque calcifications are still
unclear [34].

Stenosis due to plaque enlargement is a late event, which may even never occur,
or it may be clinically asymptomatic if the blood flow is not significantly compromised.
Dramatic and life-threatening complications like infarction are linked to plaque erosion
or rupture, sometimes without previous symptomatic stenosis. This triggers injured en-
dothelial cells to excrete excess thrombotic factors (e.g., von Willebrand factor [VWF] and
thromboxane A2 [TXA2]), and decreased amounts of antithrombotic factors (e.g., heparin)
leading to clot formation and enlargement [35]. Complete vessel obstruction within a short
time may occur resulting in tissue ischemia and necrosis [36,37]. A schematic summary of
atherosclerosis pathophysiology and its clinical correlates is shown in Figure 1.
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Figure 1. Schematic summary of atherosclerosis pathophysiology and its clinical presentations.



Int. J. Mol. Sci. 2022, 23, 2663 5 of 17

4. Endothelial Repair

Exposure to various cardiovascular risk factors may result in functional and structural
endothelial damage, ranging from delicate metabolic alterations in endothelial cells to cell
loss by apoptosis. Damaged vessels lose their vasoactive ability due to impaired synthesis
of vasoactive substances, but also because of increased rigidity due to structural changes
of the vessel wall. Endothelial dysfunction may be the first step leading to more serious
conditions like accelerated atherosclerosis and associated vascular complications [16,38].

Basically, vessel integrity can be restored if the inherent reparatory mechanisms are
functional [9,10,39]. These mechanisms involve cell replication and replacement of unfunc-
tional endothelial cells [40]. First, already existing mature endothelial cells may undergo
mitotic processes, but because they are mostly terminally differentiated cells, their ability to
proliferate is rather low [41,42]. The second mechanism leading to repair of the damaged
endothelial lining is mediated through circulating EPCs. These immature cells have the
capacity to proliferate and differentiate into mature endothelial cells. They originate from
the bone marrow, and some other tissues like the spleen, liver, or fat. They circulate in the
blood stream and may adhere to the damaged endothelium. Once they are embedded in
the damaged endothelium, they proliferate and differentiate into mature functional and
structural endothelial cells [9,10,41].

Circulating EPCs are in various stages of differentiation. There are at least two distinct
types of cells: the early (less differentiated) and late (better differentiated) EPC [9]. Distinct
features of early EPC include a spindle shape cell phenotype, their colony forming units
(CFU), and the presence of several harboring markers (CD31, CD34, CD45, CD133, Tie2).
Late EPCs in addition express vascular endothelial growth factor receptor-2 (VEGF-R2),
vascular endothelial (VE)- cadherin and vWF and have a cobblestone shape. Late EPCs can
produce nitric oxide. The maturation level of these cells influences their role in vascular
repair. The role of less differentiated cells is mostly restricted to their paracrine function,
providing growth factors, while more differentiated cells are able to provide more mature
cells needed for actual vascular cellular repair [9,10,43].

The entire process of vascular repair mediated through EPCs consists of several
distinct events like progenitor cell mobilization from their organ of origin, circulation
in the blood stream, harbouring at the place of damaged endothelium (“homing”) and
finally, further differentiation and cell maturation [10]. Different substances are involved
in the mobilization of progenitor cells from their place of origin into the blood stream,
like NO, but also growth factors and cytokines, including vascular endothelial growth
factor (VEGF), stromal-cell-derived factor-1α (SDF-1α), impaired glucose metabolism,
erythropoietin, thyroid hormones and estrogens [44–46]. Once in the blood stream, EPCs
migrate towards damaged endothelial regions where they adhere to the damaged vessel
surface. This process is significantly enhanced by certain molecules like stromal derived
factor (SDF)-1α. The concentration of SDF-1α is upregulated in the damaged endothelium
due to tissue hypoxia. SDF-1α interacts with CX chemokine receptor 4 (CXCR4) on the
endothelial surface [46]. After being embedded in the injured endothelium, progenitor cells
proliferate and maturate and thus physically replace damaged mature endothelial cells. In
addition, they synthesize and excrete vasculogenic cytokines and growth factors enhancing
replication of already present mature endothelial cells [47].

Mounting evidence indicates that major cardiovascular risk factors interfere with
different aspects of endothelial progenitor cell biology (mobilization, homing, differentia-
tion and function) [16,47–51]. Consequently, EPCs’ ability for vascular repair seems to be
decreased in patients with advanced atherosclerosis [52].

5. Endothelial Repair in Patients with Lipid Disorders

Decreased EPC numbers and their impaired replicatory and migratory properties are
seen in several cardiovascular risk factors including diabetes mellitus, arterial hypertension,
lipid disorders, smoking, physical inactivity, and unhealthy eating habits [18,47]. Hyperc-
holesterolemia is linked to mechanical endothelial injury and dysfunction. In the context of
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endothelial repair, there is accumulating evidence that hypercholesterolemia may reduce
the availability and function of EPCs, thus limiting vascular repair [50].

Delivery of cholesterol-rich lipoproteins to the endothelium is an important process
in the pathogenesis of atherosclerosis. It is influenced by lipoprotein type and concen-
tration, and the integrity of the endothelium. Importantly, LDL cholesterol may induce
vascular endothelial cell apoptosis, due to its increased toxicity after being oxidized to
oxidized LDL (ox-LDL) within macrophages and change the permeability of the endothe-
lial barrier by inducing inflammation. A vicious cycle with the interplay of LDL arterial
wall retention, inflammation, smooth muscle cell proliferation, macrophage activation,
and coagulation irregularities is involved [1,20,28]. Ox-LDL has been shown to impair
proliferation, migration, and adhesion capacity of EPCs. This has been explained by the acti-
vation of transcriptional regulator NF-κB [53]. Interestingly, sexual dimorphism of ox-LDL
concentrations has been reported [54], affecting EPC differently [55], at least in mice.

In contrast to LDL cholesterol’s deleterious effects in the pathogenesis of atherosclero-
sis, high density lipoprotein (HDL) cholesterol has been shown to be protective [56]. There
is far less data about its impact on EPC health. So far, HDL has been shown to improve
the viability of early EPC, and to a lesser extent their functionality, in terms of adhesion
properties [57]. Dysfunctional HDL does not benefit EPC biology [58,59].

Triglycerides have raised less interest in this field in comparison to hypercholes-
terolemia. However, elevated triglycerides contribute to overall cardiovascular risk. Hyper-
triglyceridemia has also been shown to negatively affect EPC biology. Hypertriglyceridemia
leads to endothelial dysfunction and injury by interfering with SDF-1/CXCR-4 binding
and NO pathways, thus affecting mobilization, migration, homing, and the vasculogenic
properties of EPC [60,61].

Changes in EPC biology in dyslipemic states may help us better understand how
well-established and newer therapeutic strategies can prevent, delay and possibly reverse
atherosclerosis. For that reason, some contemporary trials correlated treatment effects on
EPC biology using endothelial function tests. To date, there is a myriad of invasive and
non-invasive methods to assess endothelial function in addition to cell cultures, and specific
endothelial biomarkers. Some of them are used to evaluate vascular tone modulation and
tissue perfusion, others to assess dynamic permeability, or anticoagulation and fibrinol-
ysis [62]. Flow-mediated dilation (FMD) is an imaging technique used for endothelial
vasomotion assessment. Other methods used to assess vascular dilation include laser-based
techniques, venous occlusion plethysmography and finger plethysmography [62–65]. In
addition to endothelium-dependent vasodilation, arterial stiffness (compliance) determi-
nation and pulse wave analysis can provide more insight into vessel health, but it is not
recommended for routine clinical use [66]. Furthermore, the anticoagulant and fibrinolytic
properties of the endothelium can be determined. Tissue plasminogen activator inhibitor,
factor X and thrombin blood levels in basal circumstances, after stimulation with various
substances (e.g., substance P for tissue plasminogen activator inhibitor) or in cell cultures
can give valuable information on endothelial status [62,67].

Biomarkers of endothelial function include different molecules like angiopoietins
(angiopoietin 1 and 2), selectins like intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), and platelet endothelial cell adhesion molecule-1
(PECAM-1), growth factors like VEGF and its soluble VEGF receptor-1 (VEGFR-1), and
platelet derived growth factor (PDGF), together affecting angioneogenesis, inflamma-
tion and endothelial permeability. Additionally, endothelial breakdown products such
as syndecan-1, chondroitin sulfate, dermatan sulfate, serum hyaluronic acid, and hep-
aran sulfate are markers of endothelial injury and dysfunction [62]. Similarly, increased
counts of circulating endothelial cells (CECs) originating from the mature endothelium
were observed in people with cardiovascular risk factors and acute myocardial infarction.
Thus, CEC can be considered as a marker of endothelial injury and dysfunction [68,69].
Furthermore, small membranous particles released from endothelial cells named endothe-
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lial microvesicles correlate with endothelial dysfunction in different states like infections,
cancer, and autoimmune diseases [70]

6. Standard Treatment for Lipid Disorders: Statins, Ezetimibe and Fibrates

Statins have been used for decades in the treatment of hypercholesterolemia and
became the fundamental therapy of atherosclerosis and its complications. Statins improve
outcomes in primary and secondary cardiovascular prevention and have a central place
in modern guidelines for atherosclerosis and cardiovascular disease treatment [71–73].
Their primary mode of action is inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase, the key enzyme responsible for cholesterol synthesis, but their ben-
eficial effects reach beyond cholesterol lowering. Even before any notable changes in lipid
concentrations are observed, a number of pleiotropyic effects including anti-inflammatory,
anti-oxidative, anti-thrombotic and profibrinolytic, increased endothelial NO production,
and antiapoptotic actions, alleviate atherosclerotic progression [74,75]. In addition, favor-
able effects on EPC biology are reported. Statin therapy has been associated with increased
circulating EPCs due to enhanced mobilization, differentiation, and increased longevity, as
well as enhanced homing to sites of vascular injury and re-endothelization via enhanced
expression of on EPC cell surface adhesion molecules [75].

Substance-specific effects on EPC biology are shown in Table 1. Clinical correlates are
shown where appropriate.

Table 1. Summary of clinical trials on various antilipemic drugs affecting EPC biology.

Substance Study Population Major Findings in Study Groups

Atorvastatin reloading with 80 mg [76,77]
53 patients on long-term statin treatment who

underwent percutaneous coronary
interventions (PCI)

↑ EPC count
↑ EPC-CFU

Atorvastatin 80 mg vs. atorvastatin 10 mg
preloading [78]

20 statin-naïve male patients undergoing
angiography

3.5-fold increase in EPC levels in the 80 mg
group

Atorvastatin 40 mg vs. atorvastatin 10 mg [79] 26 patients with ischemic heart failure
↑ EPC
↑ FMD
↓ TNF-α

Atorvastatin 40 mg vs. atorvastatin 10 mg vs.
placebo [80] 58 patients with coronary heart disease ↑ EPC in both atorvastatin groups

↓ VEGF and CRP

Atorvastatin 80 mg reloading vs. 40 mg vs. no
statin [81] 45 patients undergoing coronary angioplasty ↑ early EPCs in 80 mg group

↓ increase in cardiac troponin

Atorvastatin 40 mg vs. 10 mg [82] 100 patients with ischemic cardiomyopathy ↑ EPC
↓ hsCRP, oxLDL

Atorvastatin 40 mg vs. control group [83] 108 patients with coronary slow flow

↑ EPCs
↑ EPC adhesion, migration and proliferation

↑ NO
↓ hs-CRP, ET-1 and IL-6

Atorvastatin 40 mg vs. placebo [84] 60 consecutive patients who underwent
isolated, first-time CABG

↑ early EPCs
↓ hsCRP

Less atrial fibrillation

Atorvastatin 20 mg vs. placebo [85] 50 patients undergoing elective coronary
surgery ↑ EPCs

Atorvastatin 80 mg vs. atorvastatin 20 mg [86] 40 ST-segment elevation myocardial infarction
(STEMI) patients undergoing PCI ↑ EPCs

Atorvastatin 20 mg vs. placebo [87] 68 patients with chronic pulmonary heart
disease ↑ EPCs

Atorvastatin 20 mg vs. no statin [88] 48 patients with a first-time non-lacunar
ischaemic stroke

↑ EPC increment
EPC increment ≥4 CFU-EC predicted

favorable clinical outcome

Rosuvastatin 40 mg [89] 26 patients with mixed dyslipidaemia ↑ EPC count
↑ EPC-CFU
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Table 1. Cont.

Substance Study Population Major Findings in Study Groups

Rosuvastatin 10 mg vs. placebo [90] 60 patients with systolic heart failure

↑ EPC
FMD, VEGF, fibrinogen, MMP-9, IL-6, IL-1β,

oxLDL, PerOx, NT-proBNP, and uric acid
levels did not correlate with EPC level

Rosuvastatin 40 mg vs. placebo [91] 42 patients with chronic heart failure (CHF) ↑ EPC
↑ FMD

Rosuvastatin 10 mg vs. no treatment [92] 32 hypercholesterolemic patients ↑ EPC
↑ FMD

Simvastatin 80 mg vs. simvastatin 20/10 mg
ezetimibe [93] 68 patients with coronary artery disease no effect on EPC

Simvastatin 80 mg mono-treatment with
combination treatment of 10 mg simvastatin

and 10 mg ezetimibe [94]
19 obese men with the metabolic syndrome ↑ EPCs regardless of study group

Pravastatin 40 mg vs. placebo [95] 20 healthy postmenopausal women ↑ EPC-CFU

Pravastatin 10 mg vs. placebo [96] 29 patients with isolated low HDL cholesterol ↑ EPC
↑ FMD

Pitavastatin 2 mg vs. atorvastatin 10 mg [97] 26 patients at high cardiovascular risk

↑ EPC
↑ eNOS expression

↑ adhesion ability of early EPCs
↑migration and tube formation capacities of

late EPCs

↑ for increased, ↓ for decrease

Statins were shown to increase the endothelial progenitor cell blood count as early
as 1 week after treatment initiation, reaching a plateau within 3 to 4 weeks. This effect
and further differentiation are mediated through NO synthesis pathways, which increases
CXCR4 expression on the surface of circulating EPCs [98]. In addition, statins decrease
micro non-coding RNA levels named miR 221 and 222 leading to up-regulated EPC differ-
entiation and mobilization [99]. Statins also interact with the phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway resulting
in increased VEGF levels affecting angiogenesis directly and indirectly through increased
NO levels [74,75]. Finally, statins modulate oxidative stress by diminishing oxLDL produc-
tion in vessel walls and thus enhancing EPC numbers, mobilization, function and ability to
migrate and or integrate into vasculature [75].

Studies have shown favorable results for different statins, like simvastatin, pravas-
tatin, pitavastatin, atorvastatin and rosuvastatin, indicating the effect on EPCs could be a
class effect [75,91,93,95,97]. Interestingly, even herbal remedies containing lovastatin, later
produced as a first generation statin, positively impact EPC biology [40]. Increased EPC
count induced by statin therapy remains stable [100]. The favorable statin-mediated effects
on EPC count, may be dose-dependent, at least for atorvastatin. Higher EPC counts were
observed in patients receiving 80 mg of atorvastatin as compared to lower doses in various
populations. In addition, atorvastatin reloading in patients receiving moderate dose statin
therapy and undergoing percutaneous coronary intervention, triggered an acute increase in
EPC count, and benefited their functionality, while decreasing inflammatory markers like
high sensitivity C reactive protein (hCRP) [81,101]. Furthermore, a decreased 30-day ad-
verse event rate in NSTEMI and unstable angina patients was observed [102]. In some stud-
ies there was a favourable effect on FMD and endothelial biomarkers [79–84,90,92,96,97]. It
must be noted that statin side effects may hamper their use and limit potential therapeutic
benefits in patients with atherosclerosis. The most important side effects include myopathy,
liver damage, drug-induced diabetes, and neurological disturbances, and may lead to
therapy discontinuation. Caution should be used in elderly people or in patients with
chronic kidney disease since pharmacodynamic and pharmacokinetic drug properties may
differ from those of the general population [103].
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Ezetimibe is usually prescribed when cholesterol levels are not well controlled with
statin monotherapy, or as monotherapy in specific patients when statins are contraindicated
or not well tolerated. Ezetimibe impairs cholesterol absorption in the gut, targeting the
Niemann-Pick C1-Like1 (NPC1L1) sterol transporter, which is responsible for the intestinal
absorption of cholesterol and phytosterols [104]. Data suggests that ezetimibe does not
benefit EPC biology. Ezetimibe even showed negative effects on the endothelium, increasing
circulating endothelial microparticles [105], indicating enhanced apoptosis of endothelial
cells. In addition, when used in combination with simvastatin, no further improvements in
EPC count was found in patients with coronary heart disease, suggesting that treatment
benefits are not related to EPC biology [93].

Fibrates are another class of antilipemic drugs that are widely used. They stimulate
peroxisome proliferator activated receptor (PPAR) alpha, affecting gene expression involved
in triglyceride and cholesterol metabolism. They have been shown to reduce triglyceride
levels, and to a lesser extent, LDL levels, while increasing HDL concentration. A single
published study showed beneficial effects of fenofibrate on EPCs in cell cultures obtained
from patients with chronic heart failure [106].

In summary, evidence suggests that statins have a pronounced beneficial effect on EPC
count and function, which is probably independent of their lipid-lowering effect, ezetimibe
is ineffective, and data on fibrates are still limited.

7. Novel Treatments for Lipid Disorders: Proprotein Convertase Subtilisin/Kexin Type
9 (PCSK9) Modulating Agents and Angiopoietin-like Proteins (Angtpl3) Inhibitors

PCSK9 modulating agents form a new class of anti-lipemic drugs, suitable as add-
on treatment to statins and ezetimibe, but also as monotherapy in statin and/or eze-
timibe intolerant patients at increased cardiovascular risk [107]. By structure, they are
either PCSK9 monoclonal antibodies interfering with circulatory PCSK9 (alirocumab,
evolocumab) or small interfering ribonucleic acids (siRNA), modulating PCSK9 synthesis
(inclisiran) [108,109].

PCSK9 acts via a canonical pathway to reduce LDL-receptor (LDL-R) recycling in the
liver, thus decreasing LDL-R bioavailability. PCSK9 binds to LDL-Rs on the cell surface, re-
sulting in receptor degradation, lowering the number of disposable LDL-Rs. Consequently,
circulating LDL cannot be properly removed from the blood, and LDL concentrations rise.
PCSK9 is also expressed in other tissues and organs, like the intestine, kidneys, and blood
vessels. PCSK9 of kidney and blood vessel origin is secreted into the blood and down-
regulates LDL-R levels at other cells, including hepatocytes and macrophages, decreasing
LDL clearance. Furthermore, it seems that PCSK9 enhances the migratory capacity of
monocytes and inhibits reverse cholesterol transport in macrophages, favoring foam cell
formation in atherosclerotic plaques. PCSK9 expressed in smooth muscle cell vessel walls
was shown to promote inflammation and contribute to endothelial cell apoptosis through
the Bcl-2/Bax–Caspase9–Caspase3 mitochondrial pathway and the p38/Jun N-terminal
kinases/mitogen-activated protein kinases (p38/JNK/MAPK) signaling pathway, disrupt-
ing endothelial integrity, and resulting in endothelial dysfunction and atherosclerosis
development [108].

PCSK9 inhibition is highly effective in reducing LDL cholesterol levels, with a decrease
of 60% from baseline seen within days. PCSK9 inhibitors reduce plaque size, measured by
intravascular ultrasound and serial magnetic resonance [110,111]. Furthermore, a signifi-
cant reduction in cardiovascular risk was demonstrated for alirocumab and evolocumab in
large international blinded randomized trials [112,113].

Considering EPC biology, a recent cross-sectional clinical study in humans indicated
beneficial effects. Namely, endogenous PCSK9 levels were inversely correlated with circu-
lating EPC count in patients with type 2 diabetes mellitus on statin therapy, as well as in
the entire cohort of patients. No correlation was found in patients not taking statins [114].
Furthermore, a small clinical study demonstrated favorable effects of PCSK9 inhibitors,
alirocumab and evolocumab, on EPC biology in patients with coronary artery disease.
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There was a significantly higher EPC count and proliferative capacity in patients treated
with PCSK9 inhibitors, detected as early as one month after therapy initiation. Increased
VEGF levels accompanied the effect of PCSK9 inhibitors. The study was too small to
examine the role of evolocumab and alirocumab separately [115]. Possible side effects of
alirocumab and evolocumab include flu like symptoms and local injection site reactions,
giving a more favourable safety profile in comparison to statin therapy [116].

The impact of inclisiran, a small interfering mRNA molecule inhibiting the translation
of PCSK9, on EPC biology has not been investigated so far.

Angiopoietins are growth factors with a prominent role in embryonal and adult vascu-
logenesis. There are some molecules closely related to angiopoietin with a different impact
on blood vessels [117–119]. Angiopoietin-like protein 3 (Angtpl3), a protein secreted by the
liver, raised interest as a potential target for lipid lowering drugs, because loss of function
mutations was shown to be protective in terms of lipid derangements, atherosclerosis, and
cardiovascular risk. There are several gene variants; carriers of loss of function variant
develop the phenotype of familial hypolipidemia and those with complete Angtpl3 defi-
ciency have lower triglycerides and LDL cholesterol, and raised HDL cholesterol, and are
prone to longevity [120,121]. Considering lipid metabolism, Angptl3 enhances the cleavage
of lipoprotein lipase (LPL) by proprotein convertases in target tissues, leading to LPL
dissociation from the cell surface. In addition, Angptl3 inhibits in vitro endothelial lipase
(EL) activity, increasing HDL catabolism. The mechanism of action involves a complex
of Angptl3 with the related protein Angptl8, that promotes Angptl3 effects [120,122,123].
Beyond lipid-lowering, inhibition of Angptl3 was shown to improve endothelial func-
tion [124]. This effect may be mediated indirectly through improved lipid levels, but also
directly by binding endothelial integrin v3, and by stimulating Wnt/-catenin signaling [12].

Evinacumab, a recombinant monoclonal Angptl3 antibody, was recently approved for
the treatment of familial hypercholesterolemia. It is highly effective, leading to a reduction
of LDL cholesterol by 50% in patients with refractory familial hypercholesterolemia, in-
dependent of the LDL receptor, with overall mild side effects, like flu like symptoms and
injection site reactions [125]. Other Angptl3 inhibitors, including antisense oligonucleotide
(ASO) are at different stages of clinical trials [12].

A single study of Angptl3 inhibition on neoangiogenesis demonstrated that Angptl3
enhances cell to cell adhesion via integrin αvβ3 and migration of endothelial cells [126].
This research was done in the early era of stem cell research, on human microvascular
venous endothelial cells, and not EPCS, but activation of the same pathways was later
confirmed to be important for improving EPC biology [127].

Recently, a hypothesis pointing to beneficial effects of Angptl3 on EPC biology was
published, but has not been confirmed [128]. In short, evidence regarding the impact of
Angptl3 inhibition on EPCs is lacking, and future high-quality research is needed.

8. Plasma Apheresis

LDL apheresis acutely removes circulatory LDL particles by extracorporeal filtration.
It was first introduced in the 1970s, and has been used for patients with familial hypercholes-
terolemia unresponsive to statin therapy, with and without documented atherosclerotic
vascular disease [129,130]. There is still no consensus regarding the frequency of this
procedure, with reported intervals ranging from once weekly to once in two months [131].

LDL apheresis improves circulating PCSK9 and Lp(a) levels, and upregulates LDL-Rs
in tissues, enhancing statin sensitivity [132]. Patients with familial hypercholesterolemia
treated by LDL apheresis and statins for over one year, show coronary plaque area reduction
and an increase in arterial luminal diameter [133].

A recent study demonstrated additional beneficial effects of LDL apharesis on blood
lipids and EPC count in patients with percutaneous coronary interventions for acute
coronary syndrome. All patients were assigned to moderate-to high-intensity statin therapy
with either atorvastatin ≥40 mg or rosuvastatin ≥20 mg, regardless of being in the study or
control group [134]. There was an additional robust acute decline in LDL levels at hospital
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discharge in patients treated with apheresis, but there was no significant difference between
groups noted after 30 days. Interestingly, a more sustained mobilization of endothelial
progenitor cells was noted up to three months after randomization, peaking 30 days after
the coronary procedure. There were marginal changes in coronary artery architecture in
terms of reduced nonculprit coronary plaque size in patients treated with LDL apheresis.
This trial had a relatively small sample size, short follow-up, and was not powered to assess
clinical outcomes. However, changes in non-culprit coronary plaque size was comparable
to similar trials in patients with acute coronary syndrome [134].

In short, LDL apheresis results in fast and profound LDL reduction and increases
EPC count. LDL apheresis may mobilize EPC in a durable fashion, but this method is
accompanied by adverse effects related to the method itself like access-related complica-
tions (bleeding, fistula infection), device-related complications, hypotension and rarely,
arrhythmia [135].

9. Conclusions

Endothelial repair mediated by endothelial progenitor cells (EPCs) has raised sub-
stantial interest in the scientific community. Small clinical trials have shown the beneficial
effect several standard and novel lipid-lowering treatments have on EPC biology. Statins
are widely studied, and clinical data suggest that their pleiomorphic, rather than their
lipid-lowering properties impact EPC count and function. At least for some statins this
effect is dose-dependent. However, side effects and statin intolerance, and in some cases
their insufficient efficacy may limit their benefits in real life thus requiring add-on therapies.
So far, ezetimibe has not shown any beneficial impact on EPC biology, data for fibrates are
still scarce.

Considering newer anti-lipemic drugs and treatments like PCSK9 inhibitors, Angplt3
antibodies and LDL apheresis, initial results are promising, but further research is needed
to determine their mode of action and effectiveness on EPC count, and migratory and
proliferative potential.
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1. Milutinović, A.; Šuput, D.; Zorc-Pleskovič, R. Pathogenesis of Atherosclerosis in the Tunica Intima, Media, and Adventitia of

Coronary Arteries: An Updated Review. Bosn. J. Basic Med. Sci. 2020, 20, 21–30. [CrossRef] [PubMed]
2. Rosenblit, P.D. Extreme Atherosclerotic Cardiovascular Disease (ASCVD) Risk Recognition. Curr. Diab. Rep. 2019, 19, 61.

[CrossRef] [PubMed]
3. Silveira Rossi, J.L.; Barbalho, S.M.; Reverete de Araujo, R.; Bechara, M.D.; Sloan, K.P.; Sloan, L.A. Metabolic Syndrome and

Cardiovascular Diseases: Going beyond Traditional Risk Factors. Diabetes Metab. Res. Rev. 2021, e3502. [CrossRef] [PubMed]
4. Polovina, M.M.; Potpara, T.S. Endothelial Dysfunction in Metabolic and Vascular Disorders. Postgrad. Med. 2014, 126, 38–53.

[CrossRef] [PubMed]
5. Golledge, J. Update on the Pathophysiology and Medical Treatment of Peripheral Artery Disease. Nat. Rev. Cardiol. 2022, 19,

663–669. [CrossRef]

http://doi.org/10.17305/bjbms.2019.4320
http://www.ncbi.nlm.nih.gov/pubmed/31465719
http://doi.org/10.1007/s11892-019-1178-6
http://www.ncbi.nlm.nih.gov/pubmed/31332544
http://doi.org/10.1002/dmrr.3502
http://www.ncbi.nlm.nih.gov/pubmed/34614543
http://doi.org/10.3810/pgm.2014.03.2739
http://www.ncbi.nlm.nih.gov/pubmed/24685967
http://doi.org/10.1038/s41569-021-00663-9


Int. J. Mol. Sci. 2022, 23, 2663 12 of 17

6. Fonarow, G.C.; Kosiborod, M.N.; Rane, P.B.; Nunna, S.; Villa, G.; Habib, M.; Arellano, J.; Mues, K.E.; Sun, K.; Wade, R.L.
Patient Characteristics and Acute Cardiovascular Event Rates among Patients with Very High-Risk and Non-Very High-Risk
Atherosclerotic Cardiovascular Disease. Clin. Cardiol. 2021, 44, 1457–1466. [CrossRef]

7. Aplin, M.; Andersen, A.; Brandes, A.; Dominguez, H.; Dahl, J.S.; Damgaard, D.; Iversen, H.K.; Iversen, K.K.; Nielsen, E.; Risum,
N.; et al. Assessment of Patients with a Suspected Cardioembolic Is-chemic Stroke. A National Consensus Statement. Scand.
Cardiovasc. J. 2021, 55, 315–325. [CrossRef]

8. Feig, J.E. Regression of Atherosclerosis: Insights from Animal and Clinical Studies. Ann. Glob. Health 2014, 80, 13–23. [CrossRef]
9. Chopra, H.; Hung, M.K.; Kwong, D.L.; Zhang, C.F.; Pow, E.H.N. Insights into Endothelial Progenitor Cells: Origin, Classification,

Potentials, and Prospects. Stem Cells Int. 2018, 2018, 9847015. [CrossRef]
10. Yang, J.-X.; Pan, Y.-Y.; Wang, X.-X.; Qiu, Y.-G.; Mao, W. Endothelial Progenitor Cells in Age-Related Vascular Remodeling. Cell

Transpl. 2018, 27, 786–795. [CrossRef]
11. Rajendran, P.; Rengarajan, T.; Thangavel, J.; Nishigaki, Y.; Sakthisekaran, D.; Sethi, G.; Nishigaki, I. The Vascular Endothelium

and Human Diseases. Int. J. Biol. Sci. 2013, 9, 1057. [CrossRef] [PubMed]
12. Fortini, F.; Vieceli Dalla Sega, F.; Marracino, L.; Severi, P.; Rapezzi, C.; Rizzo, P.; Ferrari, R. Well-Known and Novel Players in

Endothelial Dysfunction: Updates on a Notch(Ed) Landscape. Biomedicines 2021, 9, 997. [CrossRef] [PubMed]
13. Sancheti, S.; Shah, P.; Phalgune, D.S. Correlation of Endothelial Dysfunction Measured by Flow-Mediated Vasodilatation to

Severity of Coronary Artery Disease. Indian Heart J. 2018, 70, 622–626. [CrossRef] [PubMed]
14. Smith, J.F. An Investigation of the Underlying Mechanisms of Arterial Vasomotion. Ph.D. Thesis, University of Oxford, Oxford,

UK, 2020.
15. Cyr, A.R.; Huckaby, L.V.; Shiva, S.S.; Zuckerbraun, B.S. Nitric Oxide and Endothelial Dysfunction. Crit. Care Clin. 2020, 36,

307–321. [CrossRef]
16. Kwaifa, I.K.; Bahari, H.; Yong, Y.K.; Noor, S.M. Endothelial Dysfunction in Obesity-Induced Inflammation: Molecular Mechanisms

and Clinical Implications. Biomolecules 2020, 10, 291. [CrossRef]
17. Schmidt, K.; De Wit, C. Endothelium-Derived Hyperpolarizing Factor and Myoendothelial Coupling: The In Vivo Perspective.

Front. Physiol. 2020, 11, 602930. [CrossRef]
18. Altabas, V.; Altabas, K.; Kirigin, L. Endothelial Progenitor Cells (EPCs) in Ageing and Age-Related Diseases: How Currently

Available Treatment Modalities Affect EPC Biology, Atherosclerosis, and Cardiovascular Outcomes. Mech. Ageing Dev. 2016, 159,
49–62. [CrossRef]

19. Grover, S.P.; Mackman, N. Tissue Factor in Atherosclerosis and Atherothrombosis. Atherosclerosis 2020, 307, 80–86. [CrossRef]
20. Poston, R.N. Atherosclerosis: Integration of Its Pathogenesis as a Self-Perpetuating Propagating Inflammation: A Review.

Cardiovasc. Endocrinol. Metab. 2019, 8, 51–61. [CrossRef]
21. Haverich, A. A Surgeon’s View on the Pathogenesis of Atherosclerosis. Circulation 2017, 135, 205–207. [CrossRef]
22. Subbotin, V.M. Excessive Intimal Hyperplasia in Human Coronary Arteries before Intimal Lipid Depositions Is the Initiation of

Coronary Atherosclerosis and Constitutes a Therapeutic Target. Drug Discov. Today 2016, 21, 1578–1595. [CrossRef] [PubMed]
23. Otsuka, F.; Kramer, M.C.A.; Woudstra, P.; Yahagi, K.; Ladich, E.; Finn, A.V.; De Winter, R.J.; Kolodgie, F.D.; Wight, T.N.; Davis,

H.R.; et al. Natural Progression of Atherosclerosis from Pathologic Intimal Thickening to Late Fibroatheroma in Human Coronary
Arteries: A Pathology Study. Atherosclerosis 2015, 241, 772–782. [CrossRef] [PubMed]

24. Chistiakov, D.A.; Orekhov, A.N.; Bobryshev, Y.V. Effects of Shear Stress on Endothelial Cells: Go with the Flow. Acta Physiol. 2017,
219, 382–408. [CrossRef] [PubMed]

25. Jiang, Y.-Z.; Jiménez, J.M.; Ou, K.; McCormick, M.E.; Zhang, L.-D.; Davies, P.F. Hemodynamic Disturbed Flow Induces Differential
DNA Methylation of Endothelial Kruppel-Like Factor 4 Promoter In Vitro and In Vivo. Circ. Res. 2014, 115, 32–43. [CrossRef]

26. Staarmann, B.; Smith, M.; Prestigiacomo, C.J. Shear Stress and Aneurysms: A Review. Neurosurg. Focus 2019, 47, E2. [CrossRef]
27. Zhong, S.; Li, L.; Shen, X.; Li, Q.; Xu, W.; Wang, X.; Tao, Y.; Yin, H. An Update on Lipid Oxidation and Inflammation in

Cardiovascular Diseases. Free Radic. Biol. Med. 2019, 144, 266–278. [CrossRef] [PubMed]
28. Libby, P. Inflammation during the Life Cycle of the Atherosclerotic Plaque. Cardiovasc. Res. 2021, 117, 2525–2536. [CrossRef]
29. Basu, D.; Hu, Y.; Huggins, L.-A.; Mullick, A.E.; Graham, M.J.; Wietecha, T.; Barnhart, S.; Mogul, A.; Pfeiffer, K.; Zirlik, A.; et al.

Novel Reversible Model of Atherosclerosis and Regression Using Oligonucleotide Regulation of the LDL Receptor. Circ. Res.
2018, 122, 560–567. [CrossRef]

30. Sorokin, V.; Vickneson, K.; Kofidis, T.; Woo, C.C.; Lin, X.Y.; Foo, R.; Shanahan, C.M. Role of Vascular Smooth Muscle Cell Plasticity
and Interactions in Vessel Wall Inflammation. Front. Immunol. 2020, 11, 599415. [CrossRef]

31. Katsuumi, G.; Shimizu, I.; Yoshida, Y.; Minamino, T. Vascular Senescence in Cardiovascular and Metabolic Diseases. Front.
Cardiovasc. Med. 2018, 5, 18. [CrossRef]

32. Erbel, C.; Wolf, A.; Lasitschka, F.; Linden, F.; Domschke, G.; Akhavanpoor, M.; Doesch, A.O.; Katus, H.A.; Gleissner, C.A.
Prevalence of M4 Macrophages within Human Coronary Atherosclerotic Plaques Is Associated with Features of Plaque Instability.
Int. J. Cardiol. 2015, 186, 219–225. [CrossRef] [PubMed]

33. Shioi, A.; Ikari, Y. Plaque Calcification During Atherosclerosis Progression and Regression. J. Atheroscler. Thromb. 2018, 25,
294–303. [CrossRef] [PubMed]

34. Canet-Soulas, E.; Bessueille, L.; Mechtouff, L.; Magne, D. The Elusive Origin of Atherosclerotic Plaque Calcification. Front. Cell
Dev. Biol. 2021, 9, 390. [CrossRef]

http://doi.org/10.1002/clc.23706
http://doi.org/10.1080/14017431.2021.1973085
http://doi.org/10.1016/j.aogh.2013.12.001
http://doi.org/10.1155/2018/9847015
http://doi.org/10.1177/0963689718779345
http://doi.org/10.7150/ijbs.7502
http://www.ncbi.nlm.nih.gov/pubmed/24250251
http://doi.org/10.3390/biomedicines9080997
http://www.ncbi.nlm.nih.gov/pubmed/34440201
http://doi.org/10.1016/j.ihj.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/30392498
http://doi.org/10.1016/j.ccc.2019.12.009
http://doi.org/10.3390/biom10020291
http://doi.org/10.3389/fphys.2020.602930
http://doi.org/10.1016/j.mad.2016.02.009
http://doi.org/10.1016/j.atherosclerosis.2020.06.003
http://doi.org/10.1097/XCE.0000000000000172
http://doi.org/10.1161/CIRCULATIONAHA.116.025407
http://doi.org/10.1016/j.drudis.2016.05.017
http://www.ncbi.nlm.nih.gov/pubmed/27265770
http://doi.org/10.1016/j.atherosclerosis.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26058741
http://doi.org/10.1111/apha.12725
http://www.ncbi.nlm.nih.gov/pubmed/27246807
http://doi.org/10.1161/CIRCRESAHA.115.303883
http://doi.org/10.3171/2019.4.FOCUS19225
http://doi.org/10.1016/j.freeradbiomed.2019.03.036
http://www.ncbi.nlm.nih.gov/pubmed/30946962
http://doi.org/10.1093/cvr/cvab303
http://doi.org/10.1161/CIRCRESAHA.117.311361
http://doi.org/10.3389/fimmu.2020.599415
http://doi.org/10.3389/fcvm.2018.00018
http://doi.org/10.1016/j.ijcard.2015.03.151
http://www.ncbi.nlm.nih.gov/pubmed/25828120
http://doi.org/10.5551/jat.RV17020
http://www.ncbi.nlm.nih.gov/pubmed/29238011
http://doi.org/10.3389/fcell.2021.622736


Int. J. Mol. Sci. 2022, 23, 2663 13 of 17

35. Wang, D.; Wang, Z.; Zhang, L.; Wang, Y. Roles of Cells from the Arterial Vessel Wall in Atherosclerosis. Mediat. Inflamm. 2017,
2017, 8135934. [CrossRef] [PubMed]

36. Yousufuddin, M.; Young, N. Aging and Ischemic Stroke. Aging 2019, 11, 2542–2544. [CrossRef] [PubMed]
37. White, S.J.; Newby, A.C.; Johnson, T.W. Endothelial Erosion of Plaques as a Substrate for Coronary Thrombosis. Thromb. Haemost.

2016, 115, 509–519.
38. Gunawardena, T.; Merinopoulos, I.; Wickramarachchi, U.; Vassiliou, V.; Eccleshall, S. Endothelial Dysfunction and Coronary

Vasoreactivity—A Review of the History, Physiology, Diagnostic Techniques, and Clinical Relevance. Curr. Cardiol. Rev. 2021, 17,
85–100. [CrossRef]

39. Rocha, H.N.; Garcia, V.P.; Batista, G.M.; Silva, G.M.; Mattos, J.D.; Campos, M.O.; Nóbrega, A.C.; Fernandes, I.A.; Rocha, N.G.
Disturbed Blood Flow Induces Endothelial Apoptosis without Mobilizing Repair Mechanisms in Hypertension. Life Sci. 2018,
209, 103–110. [CrossRef]

40. Altabas, V. Diabetes, Endothelial Dysfunction, and Vascular Repair: What Should a Diabetologist Keep His Eye On? Int. J.
Endocrinol. 2015, 2015, 848272. [CrossRef]

41. Zhang, M.; Rehman, J.; Malik, A.B. Endothelial Progenitor Cells and Vascular Repair. Curr. Opin. Hematol. 2014, 21, 224.
[CrossRef]

42. Basile, D.P.; Yoder, M.C. Circulating and Tissue Resident Endothelial Progenitor Cells. J. Cell. Physiol. 2014, 229, 10–16. [CrossRef]
[PubMed]

43. Morrone, D.; Picoi, M.E.L.; Felice, F.; De Martino, A.; Scatena, C.; Spontoni, P.; Naccarato, A.G.; Di Stefano, R.; Bortolotti, U.; Dal
Monte, M. Endothelial Progenitor Cells: An Appraisal of Relevant Data from Bench to Bedside. Int. J. Mol. Sci. 2021, 22, 12874.
[CrossRef] [PubMed]

44. Yuan, Z.; Kang, L.; Wang, Z.; Chen, A.; Zhao, Q.; Li, H. 17β-Estradiol Promotes Recovery after Myocardial Infarction by
Enhancing Homing and Angiogenic Capacity of Bone Marrow-Derived Endothelial Progenitor Cells through ERα-SDF-1/CXCR4
Crosstalking. Acta Biochim. Biophys. Sin. 2018, 50, 1247–1256. [CrossRef]

45. Naito, T.; Shun, M.; Nishimura, H.; Gibo, T.; Tosaka, M.; Kawashima, M.; Ando, A.; Ogawa, T.; Sanaka, T.; Nitta, K. Pleiotropic
Effect of Erythropoiesis-Stimulating Agents on Circulating Endothelial Progenitor Cells in Dialysis Patients. Clin. Exp. Nephrol.
2021, 25, 1111–1120. [CrossRef] [PubMed]

46. Mogharbel, B.F.; Abdelwahid, E.; Irioda, A.C.; Francisco, J.C.; Simeoni, R.B.; De Souza, D.; De Souza, C.M.C.O.; Beltrame, M.P.;
Ferreira, R.J.; Guarita-Souza, L.C.; et al. Bone Marrow-Derived Stem Cell Populations Are Differentially Regulated by Thyroid
or/and Ovarian Hormone Loss. Int. J. Mol. Sci. 2017, 18, 2139. [CrossRef]

47. Balistreri, C.R.; Buffa, S.; Pisano, C.; Lio, D.; Ruvolo, G.; Mazzesi, G. Are Endothelial Progenitor Cells the Real Solution for
Cardiovascular Diseases? Focus on Controversies and Perspectives. BioMed Res. Int. 2015, 2015, 835934. [CrossRef] [PubMed]

48. Mobarrez, F.; Antoniewicz, L.; Bosson, J.A.; Kuhl, J.; Pisetsky, D.S.; Lundbäck, M. The Effects of Smoking on Levels of Endothelial
Progenitor Cells and Microparticles in the Blood of Healthy Volunteers. PLoS ONE 2014, 9, e90314. [CrossRef]

49. Berezin, A.E. Endothelial Progenitor Cells Dysfunction and Impaired Tissue Reparation: The Missed Link in Diabetes Mellitus
Development. Diabetes Metab. Syndr. Clin. Res. Rev. 2017, 11, 215–220. [CrossRef]

50. Seijkens, T.; Hoeksema, M.A.; Beckers, L.; Smeets, E.; Meiler, S.; Levels, J.; Tjwa, M.; De Winther, M.P.; Lutgens, E.
Hypercholesterolemia-Induced Priming of Hematopoietic Stem and Progenitor Cells Aggravates Atherosclerosis. FASEB J. 2014,
28, 2202–2213. [CrossRef]

51. Mandraffino, G.; Imbalzano, E.; Sardo, M.A.; D’ascola, A.; Mamone, F.; Gullo, A.L.; Alibrandi, A.; Loddo, S.; Mormina, E.;
David, A. Circulating Progenitor Cells in Hypertensive Patients with Different Degrees of Cardiovascular Involvement. J. Hum.
Hypertens. 2014, 28, 543–550. [CrossRef]

52. Massot, A.; Navarro-Sobrino, M.; Penalba, A.; Arenillas, J.F.; Giralt, D.; Ribo, M.; Molina, C.A.; Alvarez-Sabín, J.; Montaner,
J.; Rosell, A. Decreased Levels of Angiogenic Growth Factors in Intracranial Atherosclerotic Disease despite Severity-Related
Increase in Endothelial Progenitor Cell Counts. Cerebrovasc. Dis. 2013, 35, 81–88. [CrossRef] [PubMed]

53. Ji, K.; Qian, L.; Nan, J.; Xue, Y.; Zhang, S.; Wang, G.; Yin, R.; Zhu, Y.; Wang, L.; Ma, J.; et al. Ox-LDL Induces Dysfunction of
Endothelial Progenitor Cells via Activation of NF-B. BioMed Res. Int. 2015, 2015, 175291. [CrossRef] [PubMed]

54. Hermsdorff, H.H.M.; Barbosa, K.B.; Volp, A.C.P.; Puchau, B.; Bressan, J.; Zulet, M.Á.; Martínez, J.A. Gender-Specific Relationships
between Plasma Oxidized Low-Density Lipoprotein Cholesterol, Total Antioxidant Capacity, and Central Adiposity Indicators.
Eur. J. Prev. Cardiol. 2014, 21, 884–891. [CrossRef] [PubMed]

55. Zhuo, X.; Bu, H.; Hu, K.; Si, Z.; Chen, L.; Chen, Y.; Yang, L.; Jiang, Y.; Xu, Y.; Zhao, P.; et al. Differences in the Reaction of
Hyperlipidemia on Different Endothelial Progenitor Cells Based on Sex. Biomed. Rep. 2021, 15, 64. [CrossRef] [PubMed]

56. Schwertani, A.; Choi, H.Y.; Genest, J. HDLs and the Pathogenesis of Atherosclerosis. Curr. Opin. Cardiol. 2018, 33, 311–316.
[CrossRef]

57. Lucchesi, D.; Popa, S.G.; Sancho, V.; Giusti, L.; Garofolo, M.; Daniele, G.; Pucci, L.; Miccoli, R.; Penno, G.; Del Prato, S. Influence of
High Density Lipoprotein Cholesterol Levels on Circulating Monocytic Angiogenic Cells Functions in Individuals with Type 2
Diabetes Mellitus. Cardiovasc. Diabetol. 2018, 17, 78. [CrossRef]

58. Shih, C.-M.; Lin, F.-Y.; Yeh, J.-S.; Lin, Y.-W.; Loh, S.-H.; Tsao, N.-W.; Nakagami, H.; Morishita, R.; Sawamura, T.; Li, C.-Y.; et al.
Dysfunctional High Density Lipoprotein Failed to Rescue the Function of Oxidized Low Density Lipoprotein-Treated Endothelial
Progenitor Cells: A Novel Index for the Prediction of HDL Functionality. Transl. Res. 2019, 205, 17–32. [CrossRef]

http://doi.org/10.1155/2017/8135934
http://www.ncbi.nlm.nih.gov/pubmed/28680196
http://doi.org/10.18632/aging.101931
http://www.ncbi.nlm.nih.gov/pubmed/31043575
http://doi.org/10.2174/1573403X16666200618161942
http://doi.org/10.1016/j.lfs.2018.08.002
http://doi.org/10.1155/2015/848272
http://doi.org/10.1097/MOH.0000000000000041
http://doi.org/10.1002/jcp.24423
http://www.ncbi.nlm.nih.gov/pubmed/23794280
http://doi.org/10.3390/ijms222312874
http://www.ncbi.nlm.nih.gov/pubmed/34884679
http://doi.org/10.1093/abbs/gmy127
http://doi.org/10.1007/s10157-021-02071-2
http://www.ncbi.nlm.nih.gov/pubmed/34106373
http://doi.org/10.3390/ijms18102139
http://doi.org/10.1155/2015/835934
http://www.ncbi.nlm.nih.gov/pubmed/26509164
http://doi.org/10.1371/journal.pone.0090314
http://doi.org/10.1016/j.dsx.2016.08.007
http://doi.org/10.1096/fj.13-243105
http://doi.org/10.1038/jhh.2014.7
http://doi.org/10.1159/000346097
http://www.ncbi.nlm.nih.gov/pubmed/23429001
http://doi.org/10.1155/2015/175291
http://www.ncbi.nlm.nih.gov/pubmed/25821786
http://doi.org/10.1177/2047487312472420
http://www.ncbi.nlm.nih.gov/pubmed/23253745
http://doi.org/10.3892/br.2021.1440
http://www.ncbi.nlm.nih.gov/pubmed/34155448
http://doi.org/10.1097/HCO.0000000000000508
http://doi.org/10.1186/s12933-018-0720-1
http://doi.org/10.1016/j.trsl.2018.09.005


Int. J. Mol. Sci. 2022, 23, 2663 14 of 17

59. Peterson, S.J.; Shapiro, J.I.; Thompson, E.; Singh, S.; Liu, L.; Weingarten, J.A.; O’Hanlon, K.; Bialczak, A.; Bhesania, S.R.; Abraham,
N.G. Oxidized HDL, Adipokines, and Endothelial Dysfunction: A Potential Biomarker Profile for Cardiovascular Risk in Women
with Obesity. Obesity 2019, 27, 87–93. [CrossRef]

60. Ren, Z.; Guo, J.; Xiao, X.; Huang, J.; Li, M.; Cai, R.; Zeng, H. The Effect of Sex Differences on Endothelial Function and Circulating
Endothelial Progenitor Cells in Hypertriglyceridemia. Cardiol. Res. Pract. 2020, 2020, 2132918. [CrossRef]

61. Wils, J.; Favre, J.; Bellien, J. Modulating Putative Endothelial Progenitor Cells for the Treatment of Endothelial Dysfunction and
Cardiovascular Complications in Diabetes. Pharmacol. Ther. 2017, 170, 98–115. [CrossRef]

62. Chia, P.Y.; Teo, A.; Yeo, T.W. Overview of the Assessment of Endothelial Function in Humans. Front. Med. 2020, 7, 542567.
[CrossRef] [PubMed]

63. Maruhashi, T.; Kihara, Y.; Higashi, Y. Assessment of Endothelium-Independent Vasodilation: From Methodology to Clinical
Perspectives. J. Hypertens. 2018, 36, 1460–1467. [CrossRef] [PubMed]

64. De Macedo, A.R.; Machado, J.C.; Luz, L.M.S.; Da Nobrega, A.C.L.; De Souza, M.N. A Novel Model to Simulate Venous Occlusion
Plethysmography Data and to Estimate Arterial and Venous Parameters. Res. Biomed. Eng. 2020, 36, 463–473. [CrossRef]

65. Masi, S.; Rizzoni, D.; Taddei, S.; Widmer, R.J.; Montezano, A.C.; Lüscher, T.F.; Schiffrin, E.L.; Touyz, R.M.; Paneni, F.; Lerman, A.
Assessment and Pathophysiology of Microvascular Disease: Recent Progress and Clinical Implications. Eur. Heart J. 2021, 42,
2590–2604. [CrossRef] [PubMed]

66. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.; Coca, A.; De Simone, G.; Dominiczak,
A.; et al. 2018 Practice Guidelines for the Management of Arterial Hypertension of the European Society of Cardiology and the
European Society of Hypertension. Blood Press. 2018, 27, 314–340. [CrossRef] [PubMed]

67. Bochenek, M.L.; Schäfer, K. Role of Endothelial Cells in Acute and Chronic Thrombosis. Hämostaseologie 2019, 39, 128–139.
[CrossRef]

68. Gendron, N.; Smadja, D.M. Circulating Endothelial Cells: A New Biomarker of Endothelial Dysfunction in Hematological
Diseases. Ann. Biol. Clin. 2016, 74, 395–404. [CrossRef]

69. Chen, S.; Sun, Y.; Neoh, K.H.; Chen, A.; Li, W.; Yang, X.; Han, R.P. Microfluidic Assay of Circulating Endothelial Cells in Coronary
Artery Disease Patients with Angina Pectoris. PLoS ONE 2017, 12, e0181249.

70. Vítková, V.; Živný, J.; Janota, J. Endothelial Cell-Derived Microvesicles: Potential Mediators and Biomarkers of Pathologic
Processes. Biomark. Med. 2018, 12, 161–175. [CrossRef]

71. Byrne, P.; Cullinan, J.; Smith, A.; Smith, S.M. Statins for the Primary Prevention of Cardiovascular Disease: An Overview of
Systematic Reviews. BMJ Open 2019, 9, e023085. [CrossRef]

72. Virani, S.S.; Smith, S.C., Jr.; Stone, N.J.; Grundy, S.M. Secondary Prevention for Atherosclerotic Cardiovascular Disease: Comparing
Recent US and European Guidelines on Dyslipidemia. Circulation 2020, 141, 1121–1123. [CrossRef] [PubMed]

73. Mortensen, M.B.; Nordestgaard, B.G.; Afzal, S.; Falk, E. ACC/AHA Guidelines Superior to ESC/EAS Guidelines for Primary
Prevention with Statins in Non-Diabetic Europeans: The Copenhagen General Population Study. Eur. Heart J. 2017, 38, 586–594.
[CrossRef] [PubMed]

74. Gorabi, A.M.; Kiaie, N.; Hajighasemi, S.; Banach, M.; Penson, P.E.; Jamialahmadi, T.; Sahebkar, A. Statin-Induced Nitric Oxide
Signaling: Mechanisms and Therapeutic Implications. J. Clin. Med. 2019, 8, 2051. [CrossRef]

75. Sandhu, K.; Mamas, M.; Butler, R. Endothelial Progenitor Cells: Exploring the Pleiotropic Effects of Statins. World J. Cardiol. 2017,
9, 1–13. [CrossRef] [PubMed]

76. Ricottini, E.; Madonna, R.; Grieco, D.; Zoccoli, A.; Stampachiacchiere, B.; Patti, G.; Tonini, G.; De Caterina, R.; Di Sciascio, G. Effect
of High-Dose Atorvastatin Reload on the Release of Endothelial Progenitor Cells in Patients on Long-Term Statin Treatment Who
Underwent Percutaneous Coronary Intervention (from the ARMYDA-EPC Study). Am. J. Cardiol. 2016, 117, 165–171. [CrossRef]
[PubMed]

77. Eisen, A.; Leshem-Lev, D.; Yavin, H.; Orvin, K.; Mager, A.; Rechavia, E.; Bental, T.; Dadush, O.; Battler, A.; Kornowski, R. Effect of
High Dose Statin Pretreatment on Endothelial Progenitor Cells after Percutaneous Coronary Intervention (HIPOCRATES Study).
Cardiovasc. Drugs Ther. 2015, 29, 129–135. [CrossRef]

78. Hibbert, B.; Ma, X.; Pourdjabbar, A.; Simard, T.; Rayner, K.; Sun, J.; Chen, Y.-X.; Filion, L.; O’Brien, E.R. Pre-Procedural Atorvastatin
Mobilizes Endothelial Progenitor Cells: Clues to the Salutary Effects of Statins on Healing of Stented Human Arteries. PLoS ONE
2011, 6, e16413. [CrossRef]

79. Oikonomou, E.; Siasos, G.; Zaromitidou, M.; Hatzis, G.; Mourouzis, K.; Chrysohoou, C.; Zisimos, K.; Mazaris, S.; Tourikis, P.;
Athanasiou, D. Atorvastatin Treatment Improves Endothelial Function through Endothelial Progenitor Cells Mobilization in
Ischemic Heart Failure Patients. Atherosclerosis 2015, 238, 159–164. [CrossRef]

80. Ansheles, A.A.; Rvacheva, A.V.; Sergienko, I.V. Effect of Atorvastatin Therapy on the Level of CD34+ CD133+ CD309+ Endothelial
Progenitor Cells in Patients with Coronary Heart Disease. Bull. Exp. Biol. Med. 2017, 163, 133–136. [CrossRef]

81. Ye, H.; He, F.; Fei, X.; Lou, Y.; Wang, S.; Yang, R.; Hu, Y.; Chen, X. High-Dose Atorvastatin Reloading before Percutaneous
Coronary Intervention Increased Circulating Endothelial Progenitor Cells and Reduced Inflammatory Cytokine Expression
during the Perioperative Period. J. Cardiovasc. Pharmacol. Ther. 2014, 19, 290–295. [CrossRef]

82. Huang, B.; Cheng, Y.; Xie, Q.; Lin, G.; Wu, Y.; Feng, Y.; Gao, J.; Xu, D. Effect of 40 Mg versus 10 Mg of Atorvastatin on Oxidized
Low-Density Lipoprotein, High-Sensitivity C-Reactive Protein, Circulating Endothelial-Derived Microparticles, and Endothelial
Progenitor Cells in Patients with Ischemic Cardiomyopathy. Clin. Cardiol. 2012, 35, 125–130. [CrossRef]

http://doi.org/10.1002/oby.22354
http://doi.org/10.1155/2020/2132918
http://doi.org/10.1016/j.pharmthera.2016.10.014
http://doi.org/10.3389/fmed.2020.542567
http://www.ncbi.nlm.nih.gov/pubmed/33117828
http://doi.org/10.1097/HJH.0000000000001750
http://www.ncbi.nlm.nih.gov/pubmed/29664811
http://doi.org/10.1007/s42600-020-00087-3
http://doi.org/10.1093/eurheartj/ehaa857
http://www.ncbi.nlm.nih.gov/pubmed/33257973
http://doi.org/10.1080/08037051.2018.1527177
http://www.ncbi.nlm.nih.gov/pubmed/30380928
http://doi.org/10.1055/s-0038-1675614
http://doi.org/10.1684/abc.2016.1160
http://doi.org/10.2217/bmm-2017-0182
http://doi.org/10.1136/bmjopen-2018-023085
http://doi.org/10.1161/CIRCULATIONAHA.119.044282
http://www.ncbi.nlm.nih.gov/pubmed/32250694
http://doi.org/10.1093/eurheartj/ehw426
http://www.ncbi.nlm.nih.gov/pubmed/28363217
http://doi.org/10.3390/jcm8122051
http://doi.org/10.4330/wjc.v9.i1.1
http://www.ncbi.nlm.nih.gov/pubmed/28163831
http://doi.org/10.1016/j.amjcard.2015.10.043
http://www.ncbi.nlm.nih.gov/pubmed/26743348
http://doi.org/10.1007/s10557-015-6575-8
http://doi.org/10.1371/journal.pone.0016413
http://doi.org/10.1016/j.atherosclerosis.2014.12.014
http://doi.org/10.1007/s10517-017-3753-7
http://doi.org/10.1177/1074248413513500
http://doi.org/10.1002/clc.21017


Int. J. Mol. Sci. 2022, 23, 2663 15 of 17

83. Niu, H.; Wei, Z.; Zhang, Y.; He, J.; Jia, D. Atorvastatin Improves Coronary Flow and Endothelial Function in Patients with
Coronary Slow Flow. Exp. Ther. Med. 2018, 15, 904–908. [CrossRef] [PubMed]

84. Baran, Ç.; Durdu, S.; Dalva, K.; Zaim, Ç.; Dogan, A.; Ocakoglu, G.; Gürman, G.; Arslan, Ö.; Akar, A.R. Effects of Preoperative
Short Term Use of Atorvastatin on Endothelial Progenitor Cells after Coronary Surgery: A Randomized, Controlled Trial. Stem
Cell Rev. Rep. 2012, 8, 963–971. [CrossRef] [PubMed]

85. Spadaccio, C.; Pollari, F.; Casacalenda, A.; Alfano, G.; Genovese, J.; Covino, E.; Chello, M. Atorvastatin Increases the Number
of Endothelial Progenitor Cells after Cardiac Surgery: A Randomized Control Study. J. Cardiovasc. Pharmacol. 2010, 55, 30–38.
[CrossRef] [PubMed]

86. Leone, A.M.; Rutella, S.; Giannico, M.B.; Perfetti, M.; Zaccone, V.; Brugaletta, S.; Garramone, B.; Niccoli, G.; Porto, I.; Liuzzo,
G.; et al. Effect of Intensive vs. Standard Statin Therapy on Endothelial Progenitor Cells and Left Ventricular Function in Patients
with Acute Myocardial Infarction: Statins for Regeneration after Acute Myocardial Infarction and PCI (STRAP) Trial. Int. J.
Cardiol. 2008, 130, 457–462. [CrossRef]

87. Liu, H.; Qi, X.; Long-le Ma, D.-K.Y.; Wang, L. Atorvastatin Improves Endothelial Progenitor Cell Function and Reduces Pulmonary
Hypertension in Patients with Chronic Pulmonary Heart Disease. Exp. Clin. Cardiol. 2013, 18, e40.

88. Sobrino, T.; Blanco, M.; Pérez-Mato, M.; Rodríguez-Yáñez, M.; Castillo, J. Increased Levels of Circulating Endothelial Progenitor
Cells in Patients with Ischaemic Stroke Treated with Statins during Acute Phase. Eur. J. Neurol. 2012, 19, 1539–1546. [CrossRef]

89. Chantzichristos, V.G.; Agouridis, A.P.; Moutzouri, E.; Stellos, K.; Elisaf, M.S.; Tselepis, A.D. Effect of Rosuvastatin or Its
Combination with Omega-3 Fatty Acids on Circulating CD34+ Progenitor Cells and on Endothelial Colony Formation in Patients
with Mixed Dyslipidaemia. Atherosclerosis 2016, 251, 240–247. [CrossRef]

90. Tousoulis, D.; Andreou, I.; Tsiatas, M.; Miliou, A.; Tentolouris, C.; Siasos, G.; Papageorgiou, N.; Papadimitriou, C.A.; Dimopoulos,
M.-A.; Stefanadis, C. Effects of Rosuvastatin and Allopurinol on Circulating Endothelial Progenitor Cells in Patients with
Congestive Heart Failure: The Impact of Inflammatory Process and Oxidative Stress. Atherosclerosis 2011, 214, 151–157. [CrossRef]

91. Erbs, S.; Beck, E.B.; Linke, A.; Adams, V. High-Dose Rosuvastatin in Chronic Heart Failure Promotes Vasculogenesis, Corrects
Endothelial Function, and Improves Cardiac Remodeling—Results from a Randomized, Double-Blind, and Placebo-Controlled
Study. Int. J. Cardiol. 2011, 146, 56–63. [CrossRef]

92. Pirro, M.; Schillaci, G.; Romagno, P.F.; Mannarino, M.R.; Bagaglia, F.; Razzi, R.; Pasqualini, L.; Vaudo, G.; Mannarino, E. Influence
of Short-Term Rosuvastatin Therapy on Endothelial Progenitor Cells and Endothelial Function. J. Cardiovasc. Pharmacol. Ther.
2009, 14, 14–21. [CrossRef] [PubMed]

93. Pesaro, A.E.P.; Serrano, C.V., Jr.; Katz, M.; Marti, L.; Fernandes, J.L.; Parra, P.R.; Campos, A.H. Increasing Doses of Simvastatin
versus Combined Ezetimibe/Simvastatin: Effect on Circulating Endothelial Progenitor Cells. J. Cardiovasc. Pharmacol. Ther. 2013,
18, 447–452. [CrossRef] [PubMed]

94. Westerweel, P.E.; Visseren, F.L.; Hajer, G.R.; Olijhoek, J.K.; Hoefer, I.E.; De Bree, P.; Rafii, S.; Doevendans, P.A.; Verhaar, M.C.
Endothelial Progenitor Cell Levels in Obese Men with the Metabolic Syndrome and the Effect of Simvastatin Monotherapy vs.
Simvastatin/Ezetimibe Combination Therapy. Eur. Heart J. 2008, 29, 2808–2817. [CrossRef] [PubMed]

95. Paradisi, G.; Bracaglia, M.; Basile, F.; Di’Ipolito, S.; Di Nicuolo, F. Effect of Pravastatin on Endothelial Function and Endothelial
Progenitor Cells in Healthy Postmenopausal Women. Clin. Exp. Obstet. Gynecol. 2012, 39, 153–159. [PubMed]

96. Higashi, Y.; Matsuoka, H.; Umei, H.; Sugano, R.; Fujii, Y.; Soga, J.; Kihara, Y.; Chayama, K.; Imaizumi, T. Endothelial Function in
Subjects with Isolated Low HDL Cholesterol: Role of Nitric Oxide and Circulating Progenitor Cells. Am. J. Physiol. Endocrinol.
Metab. 2010, 298, E202–E209. [CrossRef]

97. Lin, L.-Y.; Huang, C.-C.; Chen, J.-S. Effects of Pitavastatin versus Atorvastatin on the Peripheral Endothelial Progenitor Cells and
Vascular Endothelial Growth Factor in High-Risk Patients: A Pilot Prospective, Double-Blind, Randomized Study. Cardiovasc.
Diabetol. 2014, 13, 111. [CrossRef]

98. Chiang, K.-H.; Cheng, W.-L.; Shih, C.-M.; Lin, Y.-W.; Tsao, N.-W.; Kao, Y.-T.; Lin, C.-T.; Wu, S.-C.; Huang, C.-Y.; Lin, F.-Y. Statins,
HMG-CoA Reductase Inhibitors, Improve Neovascularization by Increasing the Expression Density of CXCR4 in Endothelial
Progenitor Cells. PLoS ONE 2015, 10, e0136405. [CrossRef]

99. Cerda, A.; Fajardo, C.M.; Basso, R.G.; Hirata, M.H.; Hirata, R.D.C. Role of MicroRNAs 221/222 on Statin Induced Nitric Oxide
Release in Human Endothelial Cells. Arq. Bras. Cardiol. 2014, 104, 195–201. [CrossRef]

100. António, N.; Fernandes, R.; Soares, A.; Soares, F.; Lopes, A.; Carvalheiro, T.; Paiva, A.; Pêgo, G.M.; Providência, L.A.; Gonçalves,
L.; et al. Impact of Prior Chronic Statin Therapy and High-Intensity Statin Therapy at Discharge on Circulating Endothelial
Progenitor Cell Levels in Patients with Acute Myocardial Infarction: A Prospective Observational Study. Eur. J. Clin. Pharm. 2014,
70, 1181–1193. [CrossRef]

101. Ricottini, E.; Madonna, R.; Patti, G.; Grieco, D.; Zoccoli, A.; Stampachiacchiere, B.; D’Ambrosio, A.; Tonini, G.; Caterina, R.D.;
Sciascio, G.D. Benefit of Atorvastatin Reload on Endothelial Progenitor Cells in Patients on Chronic Statin Treatment Undergoing
PCI. J. Am. Coll. Cardiol. 2013, 61, E1635. [CrossRef]

102. Di Sciascio, G.; Patti, G.; Pasceri, V.; Gaspardone, A.; Colonna, G.; Montinaro, A. Efficacy of Atorvastatin Reload in Patients on
Chronic Statin Therapy Undergoing Percutaneous Coronary Intervention: Results of the ARMYDA-RECAPTURE (Atorvastatin
for Reduction of Myocardial Damage During Angioplasty) Randomized Trial. J. Am. Coll. Cardiol. 2009, 54, 558–565. [CrossRef]
[PubMed]

http://doi.org/10.3892/etm.2017.5484
http://www.ncbi.nlm.nih.gov/pubmed/29399097
http://doi.org/10.1007/s12015-011-9321-z
http://www.ncbi.nlm.nih.gov/pubmed/22076751
http://doi.org/10.1097/FJC.0b013e3181c37d4d
http://www.ncbi.nlm.nih.gov/pubmed/19834333
http://doi.org/10.1016/j.ijcard.2008.05.036
http://doi.org/10.1111/j.1468-1331.2012.03770.x
http://doi.org/10.1016/j.atherosclerosis.2016.06.047
http://doi.org/10.1016/j.atherosclerosis.2010.11.002
http://doi.org/10.1016/j.ijcard.2010.02.019
http://doi.org/10.1177/1074248408331021
http://www.ncbi.nlm.nih.gov/pubmed/19158317
http://doi.org/10.1177/1074248413489771
http://www.ncbi.nlm.nih.gov/pubmed/23739650
http://doi.org/10.1093/eurheartj/ehn431
http://www.ncbi.nlm.nih.gov/pubmed/18824462
http://www.ncbi.nlm.nih.gov/pubmed/22905454
http://doi.org/10.1152/ajpendo.00394.2009
http://doi.org/10.1186/s12933-014-0111-1
http://doi.org/10.1371/journal.pone.0136405
http://doi.org/10.5935/abc.20140192
http://doi.org/10.1007/s00228-014-1718-6
http://doi.org/10.1016/S0735-1097(13)61635-6
http://doi.org/10.1016/j.jacc.2009.05.028
http://www.ncbi.nlm.nih.gov/pubmed/19643320


Int. J. Mol. Sci. 2022, 23, 2663 16 of 17

103. Newman, C.B.; Preiss, D.; Tobert, J.A.; Jacobson, T.A.; Page, R.L., II; Goldstein, L.B.; Chin, C.; Tannock, L.R.; Miller, M.; Raghuveer,
G.; et al. Statin Safety and As-sociated Adverse Events: A Scientific Statement from the American Heart Association. Arter.
Thromb. Vasc. Biol. 2019, 39, e38–e81. [CrossRef] [PubMed]

104. Zhang, R.; Liu, W.; Zeng, J.; Meng, J.; Jiang, H.; Wang, J.; Xing, D. Niemann-Pick C1-Like 1 Inhibitors for Reducing Cholesterol
Absorption. Eur. J. Med. Chem. 2022, 230, 114111. [CrossRef] [PubMed]

105. Lins, L.C.A.; França, C.N.; Fonseca, F.A.H.; Barbosa, S.P.M.; Matos, L.N.; Aguirre, A.C.; Bianco, H.T.; Do Amaral, J.B.; Izar, M.C.
Effects of Ezetimibe on Endothelial Progenitor Cells and Microparticles in High-Risk Patients. Cell Biochem. Biophys. 2014, 70,
687–696. [CrossRef]

106. Huang, W.-P.; Yin, W.-H.; Chen, J.-S.; Huang, P.-H.; Chen, J.-W.; Lin, S.-J. Fenofibrate Reverses Dysfunction of EPCs Caused by
Chronic Heart Failure. J. Cardiovasc. Transl. Res. 2020, 13, 158–170. [CrossRef]

107. Bardolia, C.; Amin, N.S.; Turgeon, J. Emerging Non-Statin Treatment Options for Lowering Low-Density Lipoprotein Cholesterol.
Front. Cardiovasc. Med. 2021, 8, 789931. [CrossRef]

108. Tang, Y.; Li, S.-L.; Hu, J.-H.; Sun, K.-J.; Liu, L.-L.; Xu, D.-Y. Research Progress on Alternative Non-Classical Mechanisms of PCSK9
in Atherosclerosis in Patients with and without Diabetes. Cardiovasc. Diabetol. 2020, 19, 33. [CrossRef] [PubMed]

109. Chaudhary, R.; Garg, J.; Shah, N.; Sumner, A. PCSK9 Inhibitors: A New Era of Lipid Lowering Therapy. World J. Cardiol. 2017, 9,
76–91. [CrossRef]

110. Nicholls, S.J.; Puri, R.; Anderson, T.; Ballantyne, C.M.; Cho, L.; Kastelein, J.J.P.; Koenig, W.; Somaratne, R.; Kassahun, H.; Yang,
J.; et al. Effect of Evolocumab on Progression of Coronary Disease in Statin-Treated Patients: The GLAGOV Randomized Clinical
Trial. JAMA 2016, 316, 2373–2384. [CrossRef]

111. Lepor, N.E.; Sun, J.; Canton, G.; Contreras, L.; Hippe, D.S.; Isquith, D.A.; Balu, N.; Kedan, I.; Simonini, A.A.; Yuan, C. Regression
in Carotid Plaque Lipid Content and Neovasculature with PCSK9 Inhibition: A Time Course Study. Atherosclerosis 2021, 327,
31–38. [CrossRef]

112. Schwartz, G.G.; Steg, P.G.; Szarek, M.; Bhatt, D.L.; Bittner, V.A.; Diaz, R.; Edelberg, J.M.; Goodman, S.G.; Hanotin, C.; Harrington,
R.A.; et al. Alirocumab and Cardiovascular Outcomes after Acute Coronary Syndrome. N. Engl. J. Med. 2018, 379, 2097–2107.
[CrossRef] [PubMed]

113. Sabatine, M.S.; De Ferrari, G.M.; Giugliano, R.P.; Huber, K.; Lewis, B.S.; Ferreira, J.; Kuder, J.F.; Murphy, S.A.; Wiviott, S.D.; Kurtz,
C.E. Clinical Benefit of Evolocumab by Severity and Extent of Coronary Artery Disease: Analysis from FOURIER. Circulation
2018, 138, 756–766. [CrossRef] [PubMed]

114. Tripaldi, R.; Lanuti, P.; Simeone, P.G.; Liani, R.; Bologna, G.; Ciotti, S.; Simeone, P.; Di Castelnuovo, A.; Marchisio, M.; Cipollone,
F. Endogenous PCSK9 May Influence Circulating CD45 Neg/CD34 Bright and CD45 Neg/CD34 Bright/CD146 Neg Cells in
Patients with Type 2 Diabetes Mellitus. Sci. Rep. 2021, 11, 1–12. [CrossRef] [PubMed]

115. Zadok, O.I.B.; Mager, A.; Leshem-Lev, D.; Lev, E.; Kornowski, R.; Eisen, A. The Effect of Proprotein Convertase Subtilisin Kexin
Type 9 Inhibitors on Circulating Endothelial Progenitor Cells in Patients with Cardiovascular Disease. Cardiovasc. Drugs Ther.
2021, 36, 85–92. [CrossRef] [PubMed]

116. Guedeney, P.; Giustino, G.; Sorrentino, S.; Claessen, B.E.; Camaj, A.; Kalkman, D.N.; Vogel, B.; Sartori, S.; De Rosa, S.; Baber, U.
Efficacy and Safety of Alirocumab and Evolocumab: A Systematic Review and Meta-Analysis of Randomized Controlled Trials.
Eur. Heart J. 2019, 43, e17–e25. [CrossRef] [PubMed]

117. Santulli, G. Angiopoietin-Like Proteins: A Comprehensive Look. Front. Endocrinol. 2014, 5, 4. [CrossRef] [PubMed]
118. Oike, Y.; Tian, Z.; Miyata, K.; Morinaga, J.; Endo, M.; Kadomatsu, T. ANGPTL2—A New Causal Player in Accelerating Heart

Disease Development in the Aging. Circ. J. 2017, 81, 1379–1385. [CrossRef]
119. Singh, A.K.; Chaube, B.; Zhang, X.; Sun, J.; Citrin, K.M.; Canfrán-Duque, A.; Aryal, B.; Rotllan, N.; Varela, L.; Lee, R.G. Hepatocyte-

Specific Suppression of ANGPTL4 Improves Obesity-Associated Diabetes and Mitigates Atherosclerosis in Mice. J. Clin. Investig.
2021, 131, e140989. [CrossRef]

120. Robciuc, M.R.; Maranghi, M.; Lahikainen, A.; Rader, D.; Bensadoun, A.; Öörni, K.; Metso, J.; Minicocci, I.; Ciociola, E.; Ceci, F.
Angptl3 Deficiency Is Associated with Increased Insulin Sensitivity, Lipoprotein Lipase Activity, and Decreased Serum Free Fatty
Acids. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1706–1713. [CrossRef]

121. Dewey, F.E.; Gusarova, V.; Dunbar, R.L.; O’Dushlaine, C.; Schurmann, C.; Gottesman, O.; McCarthy, S.; Van Hout, C.V.; Bruse,
S.; Dansky, H.M. Genetic and Pharmacologic Inactivation of ANGPTL3 and Cardiovascular Disease. N. Engl. J. Med. 2017, 377,
211–221. [CrossRef]

122. Graham, M.J.; Lee, R.G.; Brandt, T.A.; Tai, L.-J.; Fu, W.; Peralta, R.; Yu, R.; Hurh, E.; Paz, E.; McEvoy, B.W. Cardiovascular and
Metabolic Effects of ANGPTL3 Antisense Oligonucleotides. N. Engl. J. Med. 2017, 377, 222–232. [CrossRef] [PubMed]

123. Quagliarini, F.; Wang, Y.; Kozlitina, J.; Grishin, N.V.; Hyde, R.; Boerwinkle, E.; Valenzuela, D.M.; Murphy, A.J.; Cohen, J.C.; Hobbs,
H.H. Atypical Angiopoietin-like Protein That Regulates ANGPTL3. Proc. Natl. Acad. Sci. USA 2012, 109, 19751–19756. [CrossRef]
[PubMed]

124. Schinzari, F.; Vizioli, G.; Campia, U.; Tesauro, M.; Cardillo, C. Variable Changes of Circulating ANGPTL3 and ANGPTL4 in
Different Obese Phenotypes: Relationship with Vasodilator Dysfunction. Biomedicines 2021, 9, 1037. [CrossRef] [PubMed]

125. Raal, F.J.; Rosenson, R.S.; Reeskamp, L.F.; Hovingh, G.K.; Kastelein, J.J.; Rubba, P.; Ali, S.; Banerjee, P.; Chan, K.-C.; Gipe, D.A.
Evinacumab for Homozygous Familial Hypercholesterolemia. N. Engl. J. Med. 2020, 383, 711–720. [CrossRef]

http://doi.org/10.1161/ATV.0000000000000073
http://www.ncbi.nlm.nih.gov/pubmed/30580575
http://doi.org/10.1016/j.ejmech.2022.114111
http://www.ncbi.nlm.nih.gov/pubmed/35063734
http://doi.org/10.1007/s12013-014-9973-9
http://doi.org/10.1007/s12265-019-09889-y
http://doi.org/10.3389/fcvm.2021.789931
http://doi.org/10.1186/s12933-020-01009-4
http://www.ncbi.nlm.nih.gov/pubmed/32169071
http://doi.org/10.4330/wjc.v9.i2.76
http://doi.org/10.1001/jama.2016.16951
http://doi.org/10.1016/j.atherosclerosis.2021.05.008
http://doi.org/10.1056/NEJMoa1801174
http://www.ncbi.nlm.nih.gov/pubmed/30403574
http://doi.org/10.1161/CIRCULATIONAHA.118.034309
http://www.ncbi.nlm.nih.gov/pubmed/29626068
http://doi.org/10.1038/s41598-021-88941-x
http://www.ncbi.nlm.nih.gov/pubmed/33958634
http://doi.org/10.1007/s10557-020-07119-1
http://www.ncbi.nlm.nih.gov/pubmed/33394363
http://doi.org/10.1093/eurheartj/ehz430
http://www.ncbi.nlm.nih.gov/pubmed/31270529
http://doi.org/10.3389/fendo.2014.00004
http://www.ncbi.nlm.nih.gov/pubmed/24478758
http://doi.org/10.1253/circj.CJ-17-0854
http://doi.org/10.1172/JCI140989
http://doi.org/10.1161/ATVBAHA.113.301397
http://doi.org/10.1056/NEJMoa1612790
http://doi.org/10.1056/NEJMoa1701329
http://www.ncbi.nlm.nih.gov/pubmed/28538111
http://doi.org/10.1073/pnas.1217552109
http://www.ncbi.nlm.nih.gov/pubmed/23150577
http://doi.org/10.3390/biomedicines9081037
http://www.ncbi.nlm.nih.gov/pubmed/34440242
http://doi.org/10.1056/NEJMoa2004215


Int. J. Mol. Sci. 2022, 23, 2663 17 of 17

126. Camenisch, G.; Pisabarro, M.T.; Sherman, D.; Kowalski, J.; Nagel, M.; Hass, P.; Xie, M.-H.; Gurney, A.; Bodary, S.; Liang, X.H.; et al.
ANGPTL3 Stimulates Endothelial Cell Adhesion and Migration via Integrin Alpha Vbeta 3 and Induces Blood Vessel Formation
In Vivo. J. Biol. Chem. 2002, 277, 17281–17290. [CrossRef]

127. Caiado, F.; Dias, S. Endothelial Progenitor Cells and Integrins: Adhesive Needs. Fibrogenes. Tissue Repair 2012, 5, 4. [CrossRef]
128. Luo, F.; Wu, P.; Chen, J.; Guo, Y.; Wang, J.; Li, X.; Fang, Z. ANGPTL3 Possibly Promotes Cardiac Angiogenesis through Improving

Proangiogenic Ability of Endothelial Progenitor Cells after Myocardial Infarction. Lipids Health Dis. 2018, 17, 1–3. [CrossRef]
129. Lui, M.; Garberich, R.; Strauss, C.; Davin, T.; Knickelbine, T. Usefulness of Lipid Apheresis in the Treatment of Familial

Hypercholesterolemia. J. Lipids 2014, 2014, 864317. [CrossRef]
130. Thompson, G.; Parhofer, K.G. Current Role of Lipoprotein Apheresis. Curr. Atheroscler. Rep. 2019, 21, 26. [CrossRef]
131. Wang, A.; Richhariya, A.; Gandra, S.R.; Calimlim, B.; Kim, L.; Quek, R.G.; Nordyke, R.J.; Toth, P.P. Systematic Review of

Low-Density Lipoprotein Cholesterol Apheresis for the Treatment of Familial Hypercholesterolemia. J. Am. Heart Assoc. 2016,
5, e003294. [CrossRef]

132. Tavori, H.; Giunzioni, I.; Linton, M.F.; Fazio, S. Loss of Plasma Proprotein Convertase Subtilisin/Kexin 9 (PCSK9) after Lipoprotein
Apheresis. Circ. Res. 2013, 113, 1290–1295. [CrossRef] [PubMed]

133. Matsuzaki, M.; Hiramori, K.; Imaizumi, T.; Kitabatake, A.; Hishida, H.; Nomura, M.; Fujii, T.; Sakuma, I.; Fukami, K.; Honda,
T.; et al. Intravascular Ultrasound Evaluation of Coronary Plaque Regression by Low Density Lipoprotein-Apheresis in Familial
Hypercholesterolemia: The Low Density Lipoprotein-Apheresis Coronary Morphology and Reserve Trial (LACMART). J. Am.
Coll. Cardiol. 2002, 40, 220–227. [CrossRef]

134. Banerjee, S.; Luo, P.; Reda, D.J.; Latif, F.; Hastings, J.L.; Armstrong, E.J.; Bagai, J.; Abu-Fadel, M.; Baskar, A.; Kamath, P. Plaque
Regression and Endothelial Progenitor Cell Mobilization with Intensive Lipid Elimination Regimen (PREMIER). Circ. Cardiovasc.
Interv. 2020, 13, e008933. [CrossRef] [PubMed]

135. Mörtzell Henriksson, M.; Newman, E.; Witt, V.; Derfler, K.; Leitner, G.; Eloot, S.; Dhondt, A.; Deeren, D.; Rock, G.; Ptak, J.; et al.
Adverse Events in Apheresis: An Update of the WAA Registry Data. Transfus. Apher. Sci. 2016, 54, 2–15. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M109768200
http://doi.org/10.1186/1755-1536-5-4
http://doi.org/10.1186/s12944-018-0835-0
http://doi.org/10.1155/2014/864317
http://doi.org/10.1007/s11883-019-0787-5
http://doi.org/10.1161/JAHA.116.003294
http://doi.org/10.1161/CIRCRESAHA.113.302655
http://www.ncbi.nlm.nih.gov/pubmed/24122718
http://doi.org/10.1016/S0735-1097(02)01955-1
http://doi.org/10.1161/CIRCINTERVENTIONS.119.008933
http://www.ncbi.nlm.nih.gov/pubmed/32791950
http://doi.org/10.1016/j.transci.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26776481

	Introduction 
	Endothelium Biology and Function 
	Pathophysiology of Atherosclerosis 
	Endothelial Repair 
	Endothelial Repair in Patients with Lipid Disorders 
	Standard Treatment for Lipid Disorders: Statins, Ezetimibe and Fibrates 
	Novel Treatments for Lipid Disorders: Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9) Modulating Agents and Angiopoietin-like Proteins (Angtpl3) Inhibitors 
	Plasma Apheresis 
	Conclusions 
	References

