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Phosphatidylinositol 3 kinase (PI3K) is a key molecule in the initiation of signal transduction
pathways after the binding of extracellular signals to cell surface receptors. An intracellular
kinase, PI3K activates multiple intracellular signaling pathways that affect cell growth,
proliferation, migration, secretion, differentiation, transcription and translation.
Dysregulation of PISK activity, and as aberrant PI3K signaling, lead to a broad range of
human diseases, such as cancer, immune disorders, diabetes, and cardiovascular
diseases. A growing number of studies have shown that PISK and its signaling
pathways play key roles in the pathophysiological process of atherosclerosis.
Furthermore, drugs targeting PI3K and its related signaling pathways are promising
treatments for atherosclerosis. Therefore, we have reviewed how PI3K, an important
regulatory factor, mediates the development of atherosclerosis and how targeting PISK
can be used to prevent and treat atherosclerosis.
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INTRODUCTION

Atherosclerosis is a leading cause of vascular death worldwide (Herrington et al, 2016). The
pathophysiological processes of atherosclerosis include endothelial dysfunction, lipid deposition,
foam cell formation, plaque formation, increased plaque vulnerability and plaque rupture.
Atherosclerosis is a complex pathological process caused by activation of the arterial
endothelium by various risk factors. Many studies have shown that endothelial cell injury
initiates atherosclerosis. After injury, endothelial cells secrete chemokines and inflammatory
molecules such as monocyte chemoattractant protein-1 (MCP-1). Endothelial cells and smooth
muscle cells (SMC) produce macrophage colony-stimulating factor, which stimulates the
differentiation of monocytes into macrophages. These chemokines attract immune cells,
especially T lymphocytes and monocytes (Gistera and Hansson, 2017). Low-density lipoprotein
(LDL) in the blood accumulates at endothelial cell injury sites and penetrates into the endothelium
through fissures, where it is modified to oxidized low-density lipoprotein (ox-LDL), acetylated low-
density lipoprotein, and enzyme-modified low-density lipoprotein. All of these LDLs can enter
mononuclear macrophages and smooth muscle cells in a positive feedback loop, thus inducing the
formation of foam cells. Ox-LDL can in turn block the migration of mononuclear macrophages and
foam cells out of the injury site, thus accelerating the accumulation of foam cells and the formation of
lipid plaques (Di Pietro et al., 2016).

Ox-LDL autotoxicity and cytokine induction in plaques exacerbate the inflammatory response,
leading to endothelial cell apoptosis, and platelets gradually aggregate and adhere to the damaged
endothelium. The release of growth factors by phagocytes, endothelial cells, and platelets attached to
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the injury site of endothelial cells stimulates the migration and
proliferation of SMCs from the tunica media to the intima These
SMCs synthesize extracellular matrix (ECM) to form complex
fibrotic plaques. Proliferation of SMCs leads to the thickening of
the intima and stenosis of the lumen. Foam cell fragments and
necrotic substances cause macrophages to release a large amount
of proinflammatory cytokines and reactive oxygen species (ROS).

In addition, protein hydrolases produced by macrophages
decompose the ECM and promote plaque instability.
Phenotypic changes in cytokine-stimulated endothelial cells in
plaques lead to trophoblast-mediated angiogenesis, further
exacerbating endothelial cell penetration, cholesterol lipid
accumulation and intraplaque hemorrhage; increasing plaque
vulnerability; and promoting plaque development and acute
coronary Foam cell apoptosis, cholesterol
crystallization and other events contribute to plaque lipid core
formation and are key factors in plaque rupture. Autophagy in
smooth muscle leads to the thinning of the fibrous cap, and the
transition of SMCs from a contractile to a synthetic phenotype
leads to smooth muscle calcification and the formation of
calcification foci, which exacerbate the development of
atherosclerosis.

Phosphatidylinositol 3 kinase (PI3K) is an intracellular kinase
located on the medial side of the cell that regulates the survival,
proliferation, migration, differentiation, transcription and
translation of cells in the context of atherosclerosis through
the activation of signaling pathways; PI3K also plays an
important role in the progression and regression of
atherosclerosis. Endothelial cell apoptosis, lipid accumulation
and transport, macrophage autophagy, phenotypic transition,
excessive smooth muscle proliferation, and the expression of
adhesion molecules involved in the inflammatory response all
involve PI3K signaling. Hence, PI3K and its signaling pathways
are likely to be ideal targets for the treatment of atherosclerosis.
From basic and clinical perspectives, this review focuses on PI3K
in the progression, regression and treatment of atherosclerosis.

events.

PISK AND ITS SIGNALING PATHWAYS
PISK

PI3K, a key molecule in the signal transduction pathways initiated
by the binding of extracellular signals to cell surface receptors, has
serine/threonine kinase activity and phosphatidylinositol kinase
activity. The PI3K family includes eight catalytic subtypes,
classified into three categories according to sequence
homology and in vitro substrates. Among them, the most
widely studied has been the class I PI3Ks, which can be
further divided into the class IA and IB. Class IA molecules
are heterodimers composed of p110 catalytic subunits and p85
regulatory subunits. The three subtypes of p110 catalytic subunits
(a, 3 and §), are encoded by the PIK3CA, PIK3CB and PIK3CD
genes, respectively. Class IB PI3Ks consist of the catalytic subunit
p110y; the regulatory subunits p110a and p110p are universally
expressed, while p110A and p1108 are enriched in immune cells.

Class IA PI3Ks are activated by multiple cell surface receptors.
The phosphorylation of phosphatidylinositol 4,5-bisphosphate
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[PI(4,5)P2] forms phosphatidylinositol 3,4,5-trisphosphate
[PI(3,4,5)P3] via growth factor receptors and G protein-
coupled receptors. This phospholipid acts as a second
messenger for the recruitment of cytoplasmic proteins to a
specific plasma membrane or intimal position. Regulatory
subunits contain SH2 and SH3 domains, and target proteins
contain corresponding binding sites. In normal cells, PI(3,4,5)P3
is briefly induced by growth factor stimulation and is rapidly
metabolized by lipid phosphatases, including phosphatase and
tensin homolog (PTEN), terminating PI3K signaling by removing
the 3’ phosphoric acid from PI(3,4,5)P3. In addition, the
phosphatase SH2-containing inositol phosphatase removes the
5’ phosphoric acid from PI(3,4,5)P3, converting PI(3,4,5)P3 to
PI(3,4)P2 and thereby blocking the activation of its downstream
effector molecules (Durrant and Hers, 2020).

The physiological function of class IT PI3Ks has not been fully
elucidated; the three members of this class, PI3KC2a, PI3KC2p
and PI3KC2y, are involved in the production of PI (3,4) P2
through the use of PI (4)P as a catalytic substrate. Class III PI3Ks
consists of a regulatory subunit (Vps15; also known as p150) and
a catalytic subunit (Vps34). Class III PI3Ks, which are
homologous to the yeast protein Vps34, are evolutionarily
conserved and can only use only PtdIns as a substrate to
produce PtdInsP3 during catalysis. Moreover, the induction of
autophagy requires Vps34, Vpsl15, and Beclin as components of
the Vps34 complex. Similar to class I PI3Ks, Vps34 can control
cell growth by regulating the mammalian rapamycin complex 1
(mTORC1)/ribosomal protein S6 kinase 1 (S6K1) pathway,
which regulates protein synthesis in response to amino acid
availability.

PI3K activation largely involves substrates close to the medial
side of the plasma membrane. Multiple growth factors and
signaling complexes, including fibroblast growth factor,
vascular endothelial growth factor (VEGF), hepatocyte growth
factor, angiotensin I and insulin, initiate PI3K activation.

PI3K and Its Downstream Effectors

AKT, known as protein kinase B (PKB), is the main effector that
is downstream of PI3K. PI3K activation forms PIP3 on the cell
membrane. PIP3 is a second messenger that activates
downstream proteins, among the most important of which is
phosphoinositide-dependent protein kinase-1 (PDK1), which
controls the activation of PKB/AKT signal transduction. PIP3
binds the intracellular signaling proteins Akt and PDK1 and the
promotes phosphorylation of Akt at Thr308. However, Akt
activation, also requires its phosphorylation at Ser473 by
mTORC2. Activated Akt activates or inhibits the downstream
target proteins Bad, Caspase9, nuclear factor-kappa B (NF-k B),
and glycogen synthase kinase-33 (GSK3p) through
phosphorylation,  thus  regulating  cell  proliferation,
differentiation, apoptosis and migration. Akt affects the cell
cycle and glucose metabolism through GSK3p, regulating cell
growth and survival via mTORC1, S6K1and 4-E-binding proteins
to control the mechanisms of translation. In addition, Akt
regulates cell survival by phosphorylating forkhead the human
rhabdomyosarcoma transcription factor to inhibit the translation
of preapoptotic genes, such as cell death Bcl-2 antagonist (BAD),
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FIGURE 1 | The PI3K signaling pathway and related target drugs in endothelial cells. The PI3K signaling pathway affects three main factors in endothelial cells: 1.
Survival and apoptosis. @ Kaempferol enhances autophagy by inhibiting PISK/Akt/mTOR and inhibiting apoptosis. @ Scutellarin exerts antiapoptotic effects through
PIBK/Akt/FOXOSa. 2. Inflammation. ® ApoM-S1P/S1PR2 activates PIBK/Akt, which suppresses ox-LDL-induced inflammation. @FSH/FSHR activate PIBK/Akt/
mMTOR/NF-xB, increase ICAM-1 expression and promote monocyte-endothelial cell adhesion 3. Oxidation. ® Klotho, XJP can downregulate the expression of
LOX-1 and by PI3K/Akt/eNOS/NO-mediated inhibition of the increase in ROS, resisting apoptosis. ® Andrographolide increases GSH and HO-1 and inhibits
TNF-a-induced ROS production through PIBK/Akt/Nrf2 and PI3K/Akt/AP-1-mediated upregulation of expression. Lunasin increases HO-1 through PISK/Akt/Nrf2.
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Bcl-2-interacting cell death mediator (BIM), and Fas ligands
(FasL).

In addition to Akt, effectors downstream of PI3K include Ras-
related C3 botulinum toxin substrate 1 (Racl) and Protein kinase
CC (PKCU), but of the many of PI3K signaling pathways, the
PI3K/Akt pathway is most closely related to atherosclerosis. This
paper also focuses on the PI3K/Akt pathway.

PISK AND ATHEROSCLEROTIC PLAQUES

Effects of PI3K on Atherosclerotic Plaque

Formation
Atherosclerotic plaque formation is a typical feature of
atherosclerosis. Activation of PI3K/Akt signaling can induce
monocyte chemotaxis, macrophage migration, increased
intracellular lipid accumulation, neovascularization, SMC
proliferation and dysfunction in lesions, all of which are
involved in plaque formation.

Fetuin-A exerts stimulatory effects on vascular SMC (VSMC)
proliferation and ECM expression via the PI3K/AKT/c-Src/NF-
kB/ERK1/2 pathways, which can accelerate the development of

atherosclerosis (Naito et al, 2016). Angiopoietin 1 induces
monocyte chemotaxis, and PI3K is an indispensable part of
this process. Research has shown that macrophages lacking
PI3K cannot migrate in response to chemokine stimulation.
Ox-LDL is an independent risk factor for atherosclerosis that
induces growth factors and cytokines, triggers PI3K signaling in
macrophages/foam cells, and promotes foam cell formation.
Platelet activating factor receptors and CD36 mediate
atherosclerosis by activating the human monocyte/macrophage
PI3K/Akt pathway to activate p38 and c-Jun-N-terminal kinase -
mitogen-activated protein kinase (MAPK), increasing ox-LDL
uptake and promoting foam cell formation (Rios et al., 2012). Ox-
LDL promotes the proliferation of SMCs through PI3K/Akt/
mTOR, thickening the intima of the arterial wall and
enlarging the plaque (Brito et al., 2009).

In vascular inflammation, NF-kB signal transduction is also an
important regulator of endothelial cell adhesion molecules.
Monocyte-endothelial cell adhesion is thought to be the
primary promoter of inflammatory vascular diseases such as
atherosclerosis. Follicle stimulating hormone promotes the
expression of VCAM-1 (Figure 1) through the PI3K/Akt/
mTORC2/NF-kB pathway, thereby promoting monocyte
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FIGURE 2 | PI3K signaling pathways and related target drugs in macrophages. PI3K signaling pathways have the following main effects in macrophages: 1.
Cholesterol ester formation and cholesterol efflux. ®MCP-1 inhibits ABCA1, ABCG1, and SR-BI expression by inhibiting PISK/Akt activity. @ HSP27 act through PI3K/
PKC{/SP1 to promote ABCA1 expression. ® Reductions in ARIA decrease PTEN activity, promote PI3K/Akt, and inhibit ACAT1 activity and cholesterol ester
accumulation. @ Naringenin inhibits endoplasmic reticulum-associated ATF6 activity by activating PI3K/Akt and promoting cholesterol efflux in macrophages. ®
PKC$ activates PI3K/Akt, increases SR-A and CD36 expression and promotes foam cell formation 2. The inflammatory response ® INS/IR, GYY4137, and miR-223
attenuate the inflammatory response by activating PI3K/Akt, and negatively regulate TLR4/NF-xB; GYY4137, and miR-223, also inhibiting TLR4-mediated lipid
deposition. 3. Autophagy and apoptosis. @ CML promotes apoptosis by inhibiting PI3K/Akt/Caspase3/9 and PI3K/Akt/Bad. ® PDT-induced ROS inhibits PI3K/Akt/
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adherence to human endothelial cells, which could contribute to
the follicle-stimulating hormone-induced exacerbation of
atherosclerosis development in postmenopausal women (Li
et al., 2017). Leukotriene B4 is partially up-regulated by Akt/
NF-«B expression of the pro-inflammatory cytokines involved in
atherosclerosis (Sanchez-Galan et al., 2009). JAM-1, a cell
adhesion molecule that is selectively localized at the tight
junctions of endothelial cells, plays an important role in the
adhesion of platelets to inflammatory endothelial cells.
Apolipoprotein C3, promotes JAM-1 expression through the
PI3K/IKK2/P65 signaling pathway and promotes inflammation
during atherosclerosis (Dai et al., 2019). Platelet-activating factor
increases the enzymatic activity of phosphatase nonreceptor type
2 and mediates IL-6 mRNA expression through the PI3K/Akt
pathways, which are involved in the inflammatory response
(Hamel-Cote et al., 2019).

PI3K plays a role in mediating macrophage foam cell
formation. Leptin accelerates cholesterol ester accumulation in
human monocyte-derived macrophages and inhibits cholesterol
efflux via PI3K, increasing ACAT-1 expression (Hongo et al,

2009). MCP-1 (Figure 2)reduces the expression of ATP-binding
cassette transporter Al (ABCA1l), ABCGI and Scavenger
Receptor class B type I (SR-BI), resulting in increased lipid
accumulation and foam cell formation (Huang et al., 2013;
2006). Similarly, pregnancy-associated plasma
protein A (PAPP-A) downregulates liver X receptor expression
through the IGF-1/PI3K/Akt signaling pathway, in turn reducing
ABCAL1, ABCGI, and SR-B1 expression and cholesterol efflux in
macrophage-derived foam cells and promoting plaque formation
(Tang et al., 2012). PI3K is regulated by its upstream signals; on
the one hand, it can promote intracellular lipid deposition and
lead to the formation of foam cells and atherosclerotic plaques,
and on the other hand, it can reduce the expression of lipid
transporters and reduce the efflux of intracellular cholesterol.

Cavelier et al,

Effects of PISK on the Stability of

Atherosclerotic Plaques
Atherosclerotic  plaque stability is closely related to
atherosclerotic progression. Plaque rupture is associated with
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many complications; ruptured plaques obstruct blood vessels,
leading to thrombosis. The inflammatory response is one of the
most important intrinsic factors associated with plaque
vulnerability. Studies have shown that p110y deletion reduces
the infiltration of monocytes and T cells, and a reduction in the
inflammatory response increases plaque stability (Fougerat et al.,
2008). Macrophages in plaques constitute a key factor in plaque-
associated inflammation. During plaque rupture, macrophages
secrete many inflammatory molecules. In addition, macrophages
secrete matrix metalloproteinases to degrade the ECM, causing
the fiber cap to become thin and enhancing plaque vulnerability
(Sakakura et al., 2013). Recent studies have shown that promoting
autophagy in macrophages, reducing macrophage infiltration in
plaques, and promoting the stability of vulnerable plaques haves
become new therapeutic strategies for atherosclerosis.

Autophagy, a mode of cell death, plays an important role in
regulating the development of atherosclerosis and stability of
atherosclerotic plaques. Autophagy is the process by which
damaged organelles and macromolecules are degraded by
lysosomes under the regulation of autophagy-related genes.
Typical, moderate autophagy is an important protective
mechanism by which atherosclerotic plaque cells protect
against antioxidant stress and inflammation and an important
determinant of plaque stability. Inadequate or excessive
autophagy affects the development of plaques. In most
atherosclerosis cases, autophagy can inhibit apoptosis (Mialet-
Perez and Vindis, 2017).

PI3K/AKT/mTOR signaling pathway-mediated autophagy
has been confirmed in several studies. mTOR is an atypical
serine/threonine protein kinase and an important effector
molecule downstream of the PI3K/AKT signaling pathway.
mTOR, which plays a key role in cell growth, proliferation,
metabolism and the improvement of cardiac function, consist
of two subtypes: mTORCI and mTORC2. mTORCI is involved
in regulating cell growth, proliferation, apoptosis, autophagy,
energy metabolism, and S6 kinase 1 by phosphorylating the
ribosomal protein S6K1, and it promotes mRNA biosynthesis,
ribosomal protein translation, cell growth and metabolism.
mTORC2 is involved in cytoskeletal protein construction,
survival and cell migration.

Reducing miR-155 (Zhai et al., 2014) andmiR-135b can
effectively inhibit the PI3K/Akt/mTOR signaling pathways,
enhance macrophage autophagy, and reduce plaque infiltration
by macrophages, which in the early stage of atherosclerosis
reduces the accumulation of foam cells and inhibits the
formation and development of plaques (Wu et al., 2020). The
latest findings indicate that the use of nanoparticles encapsulating
chlorin e6-mediated photodynamic therapy (PDT) activates
autophagy (Figure 2) through the generation of ROS and
inhibiting the PI3K/AKT/mTOR signaling pathways, and
expression of proinflammatory factors in peritoneal M1
macrophages, thus reducing inflammation and increasing
plaque stability (Han et al., 2019).

In addition to the induction of macrophage autophagy, a
reduction in intracellular lipid deposition and the direct
inhibition of inflammatory factors can reduce plaque
vulnerability. Toll-like receptor 4 (TLR4) was found to be

PISK in Atherosclerosis

necessary for the uptake of ox-LDL by mouse macrophages
and their differentiation into foam cells. Activation of TLR4
increased foam cell formation, lipid deposition, and the level
of inflammatory cytokines, ultimately affecting plaque rupture.
PI3K/AKkt signaling was recently suggested to negatively regulate
TLR4-mediated inflammation. Zheng Y et al. first confirmed that
morpholin-4-ium-methoxyphenyl-morpholino-
phosphinodithioate (GYY4137) improves foam cell formation
in vitro through the PI3K/AKT and TLR4 pathways and reduces
the expression of proinflammatory cytokines, thus reducing the
source of foam cells and lipid volume in unstable plaque tissues
(Zheng et al., 2020). The NF-«B signaling pathway has been
shown in several studies to be involved in the inflammation of
atherosclerotic plaques. It also acts as a downstream effector of
TLR4. Wang et al. demonstrated that tanshinone IIA and
astragaloside IV stabilized vulnerable plaques in ApoE (—/-)
mice fed a high-fat diet, through the PI3K/Akt/TLR4/NF-«xB
signaling pathway, which had an anti-inflammatory effect and
inhibited the expression of MMP-9. Compared with ApoE (—/-)
model mice, model mice treated with the a combination of
tanshinone ITA and astragaloside IV also showed a significant
reduction in the lipid area of the right common carotid artery; an
increased collagen content, thickening the fibrous cap; and
reduced ox-LDL-induced accumulation of cytoplasmic lipid
droplets in RAW 264.7 macrophages (Wang et al, 2020).
Similarly, quercetin attenuates the inflammatory response by
inhibiting the activation of TLR4/MyD88/NF-kB signaling
through the PI3K/Akt pathway, promoting the stability of
atherosclerotic plaques (Endale et al., 2013).

The latest research by our group showed that the inhibition of
PI3K/Akt can enhance the plaque vulnerability by promoting the
apoptosis of foam cells. In advanced atherosclerosis, foam cell
apoptosis increases the plaque necrotic core, the inflammatory
response and vascular vulnerability due to the weakening of
endocytic  clearance mechanisms. We used sufficient
experimental evidence to demonstrate that the advanced
glycation  end-product  Ne-carboxymethyl-lysine = (CML)
promotes foam cell apoptosis (Figure 2) in diabetic
atherosclerotic plaques through classic apoptosis pathways
(Bcl-2/Bax, caspase-3 and caspase-9) in a concentration-
dependent manner, and we suggested that the underlying
mechanism involved inhibition of the PI3K/Akt signaling
pathways (Wang et al, 2019). Macrophage SR-BI binds
phosphatidylserine on apoptotic cells and mediates the
endocytosis of apoptotic cells in atherosclerotic lesions
through the Src/PI3K/Racl pathway, reducing plaque necrosis
and inflammation. Hematopoietic SR-BI deficiency leads to
atherosclerotic necrosis, decreased collagen content and fibrous
cap thickness (Tao et al., 2015).

Endothelial cell injury and apoptosis lead to an inflammatory
response and platelet aggregation, resulting in a decrease in
plaque stability and promoting atherosclerotic lesions and
thrombosis. Activating the PI3K/Akt/endothelial nitric oxide
synthase (eNOS) pathway induces endothelial cells to release
nitric oxide (NO), which is key to maintaining vascular
homeostasis as it induces vasodilation and exhibits vascular
protection (Malekmohammad et al, 2020). VSMC apoptosis
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leads to thinning of the protective fibrous cap and enhanced
plaque vulnerability in early and late lesions. Soluble N-cadherin,
a kind of cell adhesion molecule, attenuates VSMC apoptosis and
inhibits plaque instability through PI3K/Akt (Lyon et al., 2009).
IEN-y in atherosclerotic plaques promotes VSMC apoptosis, in
part because IFN-y promotes Fas migration to the cell surface, a
process that involves PI3K/Akt and JAK-2/STAT1 (Rosner et al.,
2006).

In recent years, intraplaque angiogenesis has been considered
to be an important risk factor in the transformation of stable
plaques into unstable plaques. The normal vascular network
exists in only the outer 1/3 of the outer and middle
membranes, and in atherosclerotic regions, the blood vessels
are more abundant and extend to the intima. On the one
hand, neovascularization in the plaque involves a simple
endothelial cell tube, lacking tight connections, with an
incomplete basement membrane, unsupported by surrounding
connective tissue; imperfect development of the vascular wall; and
leakage of a large number of blood cells into the plaque, resulting
in hematoma, increased lumen stenosis or even lumen occlusion
and increased vulnerability. On the other hand,
neovascularization provides a pathway for inflammatory cells
and red blood cells to enter the plaque, promoting the
maintenance of a chronic inflammatory state in the plaque
intima (Sakakura et al., 2013).

VEGF is an angiogenic growth factor closely related to
neovascularization, macrophage aggregation and instability
within atherosclerotic plaques. In endothelial cells, PI3K
activates eNOS and thus drives VEGFR-dependent
angiogenesis. A recent study found that PI3K is a major
regulator of developmental angiogenesis and VEGF-dependent
endothelial cellproduction. PI3K is activated mainly by
G-protein-coupled receptor stimulation and plays a crucial
role in repairing angiogenesis. Zong et al. demonstrated that
CD147 induced the upregulation of VEGF in U937-derived foam
cells, further promoting intraplaque angiogenesis (Zong et al.,
2016).

Immature plaque microvessels increase macrophage
accumulation and the amount of oxygen and nutrients. These
factors then lead to atherosclerotic plaque formation and facilitate
the entry of leukocytes and red blood cells into atherosclerotic
plaques. Therefore, monitoring and controlling angiogenesis are
essential for the treatment of atherosclerosis. These studies have
suggested that inhibiting the PI3K signaling pathways could
reduce angiogenesis in plaques to some extent.

Effects of PI3K on the Calcification of

Atherosclerotic Plaques

Recent studies have shown that plaque calcification is also a
regulated, active metabolic process similar to bone formation,
rather than just a passive process consisting of calcium deposition
and vascular degeneration, as had previously been proposed
(Johnson et al, 2006). Many molecular mechanisms are
involved in plaque calcification, such as the osteogenic
differentiation of VSMCs, apoptosis, oxidative stress,
inflammation and abnormal calcium and phosphorus

PISK in Atherosclerosis

metabolism (Durham et al,, 2018). PI3K/Akt signaling plays
an important role in regulating cell differentiation and is thus
a classic signaling pathways associated with plaque calcification.

Phenotypic changes in (VSMCs) play an important role in the
active  regulation of plaque calcification. Osteogenic
differentiation of SMCs is the most important cytopathological
basis for arterial calcification. A study showed that PI3K/Akt is
involved in the osteogenic differentiation of VSMCs. Sustainable
expression of the calcification-related nuclear factors NF -kB
receptor activator ligand (RANKL) and nuclear binding factor al
(Cbfa, Runx2), osteopontin (OPN), osteocalcin, alkaline
phosphatase and osteoprotegerin (OPG) in SMCs occurs
following phenotypic transformation. These proteins regulate
bone matrix formation and are involved in calcification
(Iyemere et al., 2006).

Runx2 is an osteoblast differentiation-associated transcription
factor that plays an important role in mediating the osteogenic
differentiation of VSMCs in vitro and in vivo. Vascular peroxidase
1 (VPO1) promotes ox-LDL-induced vascular calcification
through the PI3K/AKT/Runx2 signaling pathway. VPO1 could
be an endogenous regulator of vascular calcification, and
targeting VPO1 (Figure 3) may be a novel strategy to prevent
and treat vascular calcification (Tang et al, 2015); miR-32
(Figure 3) lowers PTEN 1 levels, in turn activating the PI3K/
Akt signaling pathways to promote Runx2 expression in mouse
VSMCs, thereby promoting cellular calcification (Liu et al., 2017).

RANKL is produced by VSMCs and endothelial cells, and
transformation can promote the calcification of VSMCs and
osteogenic differentiation. Leptin (Figure 3) partially
promotes the differentiation of VSMCs into osteoblasts in
female mice through the OB-Rb/PI3K/Akt/RANKL-bone
morphogenetic protein-4 (BMP-4) pathway (Liu et al,
2014). The glucagon-like peptide-1 (GLP-1) analog Lilaru
peptide (Figure 3) activates the GLP-1 receptor and inhibits
the PI3K/Akt/mTOR/S6K1 signaling pathway, inhibiting
osteogenic differentiation and the calcification of human
VSMCs (Zhan et al., 2015).

Conversely, numerous studies have shown that activated
PI3K/Akt can inhibit the osteogenic differentiation of VSMCs.
Omentin-1 stimulated OPG expression in VSMCs and
osteoblasts through the PI3K/Akt signaling pathway in vitro,
inhibiting the production of RANKL, and alleviating arterial
calcification in mice lacking OPG (Xie et al, 2011). Collett
et al. showed that the Axl/PI3K/Akt pathway directly regulates
the stromal mineralization of VSMCs through in vitro
experiments and showed that targeting the receptor tyrosine
kinase Axl receptor maintained high levels of Axl and key
downstream PI3K/Akt signal transduction, inhibitings mineral
deposition for the treatment of calcification (Collett et al., 2007).
Inflammatory stimulation may also promote vascular
calcification. Okazaki et al. showed that the PI3K/Akt pathway
may play an inhibitory role in inflammatory mediators-induced
calcium in human VSMCs by regulating alkaline phosphatase
expression (Okazaki et al., 2009). Farnesyl transferase inhibitor-
277 inhibits (FTI-277) phosphate-induced VSMC mineral
deposition, prevents the osteogenic differentiation of VSMCs,
and increases matrix Gla protein and mRNA expression by
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FIGURE 3 | The PI3K signaling pathway and related target drugs in vascular smooth muscle cells. The PI3K signaling pathway has three main effects on vascular
smooth muscle cells: 1. Proliferation and migration of smooth muscle cells. @ PDGF-BB activates PISK/Akt/mTOR, promoting SMC proliferation and migration, while
CTRP6 blocks this pathway @ Naringin inhibits TNF-a-induced PI3BK/Akt/mTOR signaling, reduces MMP-9 secretion and inhibits cell proliferation and migration. ®
Tanshinone | and dopamine D1-like receptors inhibit proliferation by inhibiting IGF-1/IGF-1R signaling. @ Apelin promotes migration through Apelin/APJ-mediated
activation of PI3K/Akt/FOXO3a/MMP-2; furthermore, bone differentiation occurs through the inhibition of PI3K/Akt. ® Ox-LDL promotes proliferation via PI3K/Akt/
mTOR.® Rosiglitazone inhibits INS/IR to activate PIBK/Akt/mTOR/P70S6K and promote proliferation. AGE/RAGE also promotes proliferation through PIBK/Akt 2.
Osteogenic differentiation of smooth muscle cells® VPO1 promotes ox-LDL-induced vascular calcification through the PISK/AKT/Runx2 signaling pathway ® miR-32
inhibits PTEN activity, promotes PIBK/Akt/RunX2 activation and exacerbates vascular calcification. @ Lilaru peptide inhibits osteogenic differentiation by inhibiting PI3K/
Akt/mTOR/SBK1 in combination with GLP-1R. @Leptin promotes osteogenic differentiation via OB-Rb/PISK/Akt/RANKL-BMP4. 3. Smooth muscle derived foam cells
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upregulating PI3K/Akt signaling and preventing cell apoptosis.
This finding suggests that the targeted farnesylation or AKT may
have therapeutic potential to prevent vascular calcification
(Ponnusamy et al, 2018). Thus, PI3K plays a bidirectional
regulatory role in calcification due to the different upstream
signals of PI3K or differences in the experimental
microenvironment.

PI3K in Atherosclerotic Plaque Regression
In recent years, studies have shown that atherosclerotic plaque
formation is reversible, and the main pathological changes
associated with plaque regression include a reduction in foam
cells, an increase in fibrous cap SMCs and the enhancement of
plaque stability (Barrett, 2020). Foam cell reduction is the most
important mechanism for atherosclerotic plaque regression and
stabilization, and macrophage cholesterol transport is a critical
player in foam cell formation (Vainio and Ikonen, 2003)
According to recent research findings, the PI3K signaling
pathway mainly affects lipid output in foam cells, reduces the
formation of foam cells and promotes the migration of lipid and
foam cells out of plaques.

Liver X receptor agonists promoted regression in LDLR™/~
mice, liver X receptor stimulated macrophage cholesterol efflux
through the expression of ApoE and ABCA1, and the use of the
PI3K inhibitor LY294002 could attenuate these effects. The lipid
core is the most important component of atherosclerotic lesions.
The size of the lipid core directly determines the stability and
harmfulness of the plaque. The size of the lipid core ina plaque
depends on the dynamic balance between lipids inside and
outside the lesion of the artery (Sakakura et al, 2013).
However, the reduction in plaque lipid core size caused by
lowering cholesterol content alone is limited, and the
enhancement of reverse cholesterol transport more effectively
promotes plaque regression.

Many studies have shown that ABCA1 plays an important
inhibitory role in the formation of foam cells and that regulating
the expression of ABCAL1 at least partially inhibits the progression
of atherosclerosis. Spl is a transcription factor that controls the
transcription of the ABCAI1 gene. Phosphorylation of Spl
enhances its binding to the ABCAl promoter region and
increases the expression of ABCA1 (Chistiakov et al., 2016). In
THP-1 macrophages, through PI3K/PKC(/Spl, heat shock
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TABLE 1 | Targeted drugs of PI3K and its signaling pathway in atherosclerosis.

References

Endothelial cell
Zhou et al. (2018)
Palomo et al. (2020)

Kim et al. (2015)
Liu et al. (2015)
Fu et al. (2013)
Chen et al. (2019)
Nana et al. (2015)
Lu et al. (2014)

Gu et al. (2019)
Peng et al. (2017)
Song et al. (2020)
Fu et al. (2019)
Lin et al. (2015)

Che et al. (2017)
Smooth muscle cell
Tang et al. (2015)
Zhan et al. (2015)
Xie et al. (2011)
Ponnusamyet al.
(2018)
Dong et al. (2018)
Wang et al. (2016)
Pantan et al. (2016)
Shin et al. (2018)
Lee et al. (2009)
Park et al. (2008)
Wu W. et al. (2019)
Wu Y. T. etal. (2019)
Kou et al. (2014)
Macrophage
Wu et al. (2020)
Han et al. (2019)
Han et al. (2017)
Zheng et al. (2020)

Wang et al. (2020)

Endale et al. (2013)
Wang J. et al. (2015)

Luo et al. (2015)
Kuang et al. (2017)
Xu X. et al. (2019)
Fougerat et al. (2008)
Jamuna et al. (2019)
Matsuo et al. (2015)
Ong et al., 2019)

Signaling pathways

PIBK/Akt/NF-kB
PIBK/Akt

PIBK/Akt

PIBK/Akt

PIBK/AKT/eNOS
PIBK/AKT/eNOS
PIBK/AKT/eNOS
PIBK/Akt/Nrf2 and PI3K/Akt/
AP-1

PIBK/Akt/Nrf2
PIBK/AKT/IRF1
PIBK/Akt/Bad
PIBK/AKT/FOXO3A

Il PI3K/Beclin-1 and PTEN/
PIBK/Akt

PIBK/Akt/mTOR

PIBK/AKT/Runx2
PIBK/Akt/mTOR/S6K1
PISK/AKT

PISK/AKT

PIBK/Akt/mTOR

PIBK/AKT

PISK/AKT

PIBK/Akt/NF-kB
PIBK/AKT/mTOR/p70S6K
PIBK/AKT/mTOR/p70S6K
IGF-1R/PIBK/Akt
IGF-1R/PI3K
IGF-1R/Akt/mTOR/p70S6K

PIBK/Akt/mTOR
PIBK/Akt/mTOR
PIBK/Akt/mTOR
PIBK/AKT/TLR4

PIBK/AKT/TLR4/NF-xB

PIBK/AKT/TLR4/NF-xB
PIBK/AKT/TLR4/NF-xB

PIBK/AKT/Nrf2
PIBK/PKCY/Sp1
PIBK/Akt
PIBK/Akt

Il PI3K/Beclin-1
PTEN/PI3K/Akt
PISK/INK

Immune cells and immune inflammation

Liu et al. (2020)

Lin et al. (2017)

He et al. (2016)
Platelet

Song et al. (2014)

Moraes et al. (2013)

Wang et al. (2018)
Myocardial infarction

Nagaoka et al. (2015)

Arslan et al. (2013)

Mahajan et al. (2018)

PIBK/Akt/mTOR

Dab2/Src/PI3K/Akt/NF-xB
PIBK/AKT/NF-kB/NLRP

PIBK/Akt/eNOS/NO/cGMP
PISK/Akt
PIBK/Akt/mTOR

PIBK/Akt
PIBK/Akt
PIBK/Akt/GSK-3B

Target drugs

Total saponins
Defibrotide

Retinoic acid
Ginkgolide B
XJP-1

CTRP3
Reverse-D-4F
Andrographolide

Lunasin

Thymic stromal lymphopoietin
Gypenosides

Scutellarin

Gossyphenol

Kaempferol

VPO1 inhibitor
Lilaru peptide
Omentin-1
FTI-277

CTRP6

Epac1 inhibitor

atorvastatin and cyanidin-3-glucoside
Mulberry pigment

Naringin

Rosiglitazone

Overexpression of miR-223
Tanshinone |

Dopamine D1-like receptor

miR-135b

PDT

Photodynamic therapy
GYY4137

Tanshinone IIA and Astragaloside IV

Quercetin
miR-223

Isorhamnetin

HSP 27

Naringenin

PIBK P110y deletion
OPC and EGCG
ARIA

Lauric acid

Lymphocyte-specific protein tyrosine
kinase inhibitors

Quercetin

Saikosaponin-a

Anthocyanins
Statins
ROS inhibitors

Nanoparticle-mediated pitavastatin

Mesenchymal stem cell-derived exocrine

Eplerenone

PISK in Atherosclerosis

Effect

Inhibit inflammation

Hinder endothelial cell transformation into proinflammatory
phenotypes

Inhibit inflammation by regulating AMPK

Reduce the permeability of the vascular wall

Protect against ox-LDL-induced cytotoxicity and apoptosis
Mediate the inhibition of ox-LDL

Restore TNF-a-induced endothelial progenitor cell dysfunction
Increase glutathione levels and inhibit ICAM-1 expression

Attenuate oxidative-induced endothelial injury

Regulate EC proliferation and migration

Regulate mitochondrial-mediated apoptosis

Inhibit vascular endothelial cell injury and apoptosis

Improve atherosclerotic lesions and ox-LDL-induced endothelial
injury

Enhance autophagy and inhibit ox-LDL-induced apoptosis

Hinder ox-LDL-induced vascular calcification

Inhibit osteogenic differentiation and the calcification

Stimulate OPG expression and inhibit the production of RANKL
Prevent vascular calcification

Inhibit PDGF-BB-induced proliferation and migration
Inhibit neointimal formation

Improves HASMC proliferation and migration

Inhibit the activity of PDGF-induced MMP-9

Inhibit the expression of TNF-a-induced MMP-9

Inhibit insulin-stimulated proliferation

Induce autophagy and inhibit the formation of foam cells
Inhibit vascular smooth muscle cell proliferation

Inhibit vascular smooth muscle cell proliferation

Enhance macrophage autophagy

Reduce inflammation and increase plaque stability

Promote cholesterol efflux by inducing autophagy

Improve foam cell formation and reduce the expression of
proinflammatorycytokines

Inhibit the expression of MMP-9, stabilize plaque and anti-
inflammatory

Attenuate the inflammatory response

Reverse macrophage-mediated lipid deposition and the
inflammatory response

Increase the expression of HO-1 and reduce the level of ROS
Promote the outflow of macrophage cholesterol

Promote macrophage cholesterol efflux

Attenuate the inflammatory response

Promote cholesterol efflux in macrophage foam cells

Reduce the expression of ACAT-1 and the formation of foam cells
Interfere with the expression of thrombospondin motifs

Reduce Th1/Treg ratio and inflammatory response

Attenuate DC activation
Anti-immune inflammatory response

Inhibit MAPK activation in platelets
Inhibit platelet activation
Inhibit platelet autophagy and alleviate platelet aggregation

Protect the myocardium
Enhance myocardial activity
Reduce myocardial infarction
(Continued on following page)
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PISK in Atherosclerosis

TABLE 1 | (Continued) Targeted drugs of PI3K and its signaling pathway in atherosclerosis.

References Signaling pathways Target drugs
Younis et al. (2020) PIBK/Akt/mTOR Geraniol
Bai et al. (2019) PI3K/Akt/eNOS Baicalin
Sumi et al. (2007) PI3K/Akt/eNOS rHDL

protein 27 increases the expression of ABCAI, thus promoting
the outflow of macrophage cholesterol, reducing the
accumulation of cholesterol in macrophages, and preventing
the development of foam cells and macrophages to reduce the
formation of atherosclerotic plaques (Kuang et al., 2017).

Impaired lymphatic drainage of the arterial wall can lead to
intimal lipid accumulation and atherosclerosis. New research has
found that cholesterol can be exported through lymphatic vessels.
One study showed that R-Spondin 2 inhibits PI3K/AKT/eNOS
signaling by R-Spondin 2 receptor LGR4 and inhibits
lymphangiogenesis, which may provide evidence for new
therapeutic strategies to promote lymphangiogenesis and
improve cholesterol efflux from atherosclerosis (Singla et al.,
2020).

In addition, selective inhibition of the PI3K/Akt/mTOR
signaling pathway can induce autophagy in macrophages and
is beneficial for regulating the outflow of cholesterol in
macrophage foam cells. Results have shown that
photodynamic therapy promoted cholesterol efflux by
inducing autophagy, and autophagy partially promoted
cholesterol efflux through the ROS/PI3K/Akt/mTOR signaling
pathway in THP-1 and peritoneal macrophage-derived foam cells
(Han et al, 2017). The migration of dendritic cells can also
promote plaque regression. In cholesterol-loaded dendritic cells,
adrenaline signaling through AR-B1 inhibits the expression of f3-
Arrestin 2, resulting in decreases in PI3K phosphorylation, CCR7
expression and the secretion of MMP-9. Bisoprolol (an AR-f
inhibitor) inhibited this process and promoted dendritic cell
migration. However, since this process may lead to the
proliferation and migration of SMCs, exacerbating
atherosclerosis, bisoprolol may play dual roles in the
development of atherosclerosis (Yang et al., 2013).

PISK-TARGETED THERAPY IN
ATHEROSCLEROSIS

PI3K and Inflammation

Atherosclerosis is a chronic inflammatory reaction in the vascular
wall. Endothelial cells are damaged, releasing a large number of
inflammatory factors and adhesion molecules and attracting
inflammatory cells. The developing inflammatory response
damages endothelial function, promotes the injury of SMCs,
and ultimately accelerates the progression of atherosclerosis.
Therefore, reducing the inflammatory response in
atherosclerosis may be an effective strategy for the treatment
of atherosclerosis (Hansson et al., 2006).

Effect

Regulate autophagy to reduce oxidative stress
Reduce ischemia/reperfusion injury
Promote ischemic disease-induced angiogenesis

PI3Ks are important mediators of the signaling cascade
associated with the inflammatory response, and PI3K
controls two events mediated by selectin: capture and
rolling. In addition, PI3K is essential for macrophage
activation, including the stimulation of its upstream factor:
ox-LDL, angiotensin II, and different chemokines (Campbell
and Trimble, 2004). Deletion of the PI3K gene in the ApoE™~
atherosclerosis model effectively reduced plaque size (Chang
et al., 2007). Thus, blocking PI3K may be a promising and
innovative treatment strategy.

PI3K/Akt signaling pathways enable the transcription factor
NF-kB to enhance the activity of inflammatory mediator genes.
Normally, NF-«B is present in the cytoplasm and is bound to the
IkB family of inhibitory proteins, such as IkB-a and IkB-p, in
unstimulated cells. However, activated IKKs phosphorylate IkBs,
leading to IxB ubiquitination and proteasomal degradation. NF-
kB is then released and transported to the nucleus, where it
activates the transcription of target genes, including
inflammatory cytokines and growth factors. Tumor necrosis
factor-a (TNF-a) is an important cytokine associated with
atherosclerosis progression.

Long-term exposure to high glucose or insulin can induce
endothelial cells to express adhesion molecules. Insulin promotes
the surface expression of Mac-1 through the PI3K/Akt signaling
pathway and promotes monocyte adhesion to and subsequent
migration across endothelial cells, which is a key process in
atherosclerosis-associated chronic inflammation (Jin et al,
2014). TNF-a stimulates the release of inflammatory factors by
regulating the PI3K/Akt and NF-kB signaling pathways, causing
endothelial cell damage. However, total saponins inhibited these
signaling pathways and were found to play a protective role in
endothelial cells (Zhou et al., 2018). Defibrotide may play a
protective role in the endothelium by inhibiting the
upregulation of histone deacetylase through the PI3K/AKT
signaling  pathway and hindering endothelial  cell
transformation into a proinflammatory phenotypes, thus
reducing the expression of adhesion receptors and decreasing
oxidative stress (Shakespear et al., 2011; Palomo et al., 2020).

In atherosclerotic plaques, aortic CD4+T cells are mainly IFN-
y helper 1 cells, which secrete the pro-atherogenic cytokine IFN-y
to promote the occurrence of atherosclerosis, while Treg cells can
inhibit the inflammatory response. Activation of mTOR signaling
initiates the differentiation of effector factor CD4+T cells,
increasing the percentage of Thl cells and decreasing that of
Treg cells. A recent study found that lymphocyte-specific protein
tyrosine kinase inhibitors could reduce the Thl/Treg ratio by
inhibiting PI3K/AKT/mTOR signaling, which reduced the

Frontiers in Pharmacology | www.frontiersin.org

March 2021 | Volume 12 | Article 632378


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

inflammatory response, and enhanced plaque stability (Liu et al.,
2020).

Apolipoproteins plays a role in regulating the development of
internal inflammation in dermatitis. ApoM-S1P significantly
downregulates the expression of proinflammatory cytokines,
adhesion molecules and related proteins by activating
downstream PI3K/AKT in combination with S1P receptor
subtype 2 (S1PR2) to inhibit the ox-LDL-induced
inflammatory response in human endothelial cells (Ruiz et al.,
2017; Zheng et al., 2019), However, the another study showed that
ApoA-1/SR-Bl regulates SIP/S1PR2- induced human endothelial
cells inflammation through the PI3K/Akt/eNOS/NF-«B signaling
pathway (Kimura et al., 2006; Ren et al., 2017).

Retinoic acid inhibits tissue factor, plasminogen activator
inhibitor-1 and high mobility group box-1 expression by
regulating adenosine monophosphate-activated protein kinase
(AMPK) activity in activated endothelial cells, and AMPK
activity can be regulated by PI3K/Akt (Kim et al., 2015). The
novel pentacyclic triterpenoid compound ilexgenin A can inhibit
PI3K/Akt/NF-kB and MAPK-mediated inflammatory responses,
which are characterized by cytokine production by THP-1 cells.
Because of its oral safety profile, ilexgenin A has become a
potential candidate for the clinical treatment of atherosclerosis
(Liu et al, 2016). Saikosaponin-a induces an anti-immune
inflammatory response by regulating the PI3K/AKT/NF-«B/
nod-like receptor protein pathways. In addition, saikosaponin-
a can inhibit the uptake of ox-LDL and the formation of foam
cells by reducing the expression of LOX-1 and CD36 (He et al,,
2016).

PI3K and Endothelial Cells

Endothelial cells are a biological barrier between the blood and
vascular walls. Endothelial cell dysfunction is the initiating factor
for atherosclerosis (Cahill and Redmond, 2016), which is
characterized by inflammatory processes, reduced NO
bioavailability, and increased oxidative stress. After exposure
to harmful factors, endothelial cells exhibit a series of changes,
including increased permeability, reduced integrity, increased
proinflammatory factors and reduced anti-inflammatory
factors, which are collectively referred to as endothelial
dysfunction and eventually leads to apoptosis (Gimbrone and
Garcia-Cardena, 2016).

Since endothelial cell damage requires endothelial progenitor
cell (EPC) proliferation, repair and replacement, many scholars
have begun to explore the role of these cells in atherosclerosis
progression. Increasing the number, regeneration and function of
EPCs could promote the repair of damaged endothelial cell
monolayers and inhibit mesangial SMC activity and neointima
formation, thereby inhibiting atherosclerosis; statins and
olmesartan mobilized EPCs in the bone marrow and inhibited
endothelial progenitor cell apoptosis through the PI3K/Akt
pathways, increasing the number of EPCs in the blood
circulation and repairing damaged endothelial cells (Dimmeler
et al, 2001; Gong et al., 2015). Reverse-D-4F improved high-fat
diet-induced bone marrow-derived EPC functions in C57BL/6]
mice via the PI3K/AKT/eNOS pathways, partially restoring TNF-
a-induced EPC dysfunction (Nana et al,, 2015).

PISK in Atherosclerosis

Oxidative Stress

Vascular endothelial cell uptake of ox-LDL is a critical step in the
development and progression of atherosclerosis. ox-LDL is the
main factor leading to endothelial dysfunction and can induce
autophagy and thus lead to atherosclerosis (Pirillo et al., 2013).
When vascular endothelial cells encounter ox-LDL, PKB
dephosphorylation inhibits the PI3K/Akt signaling pathway,
resulting in increased apoptosis, decreased endothelial nitric
oxide synthase activity, decreased cell migration, and damage
to endothelial cells.

Ox-LDL-induced ROS-mediated oxidative stress
endothelial cells further damages endothelial cells. Studies have
shown that ROS formation can lead to endothelial dysfunction by
activating NADPH oxidase and eNOS uncoupling, and NADPH
oxidase is the main enzyme in ROS production.7,8-Dihydroxy-3-
methyl-isochromanone-4 (XJP-1) can protect (Figure 1)against
ox-LDL-induced cytotoxicity and apoptosis by inhibiting ox-
LDL-induced ROS production and increasing the production
of NO through the PI3K/Akt/eNOS pathway (Fu et al., 2013). The
antioxidant activity of Klotho can be mediated by activating the
PI3K/Akt/eNOS pathway to upregulate oxidative scavenging
agents and downregulate the expression of LOX-1, reversing
the ox-LDL-induced inhibition of NO production (Yao et al,
2017) (Figure 1). Ginkgolide B reduces the expression of ox-LDL-
stimulated endothelial cell junctional adhesion molecule-A, Cx43
and vascular endothelial cadherin through the PI3K/Akt
pathway, reducing the permeability of the vascular wall,
adhesion molecule expression and leukocyte migration (Liu
et al., 2015; Hashimoto et al., 2007).

Endogenous antioxidant defense systems play a vital role in
protecting vascular endothelial cells from oxidative stress
damage. Activation of PI3K/Akt and up-regulation of heme
oxygenase-1 (HO-1) might be new targets for inhibiting ox-
LDL-induced apoptosis. Lunasin (Figure 1) is upregulated
through the PI3K/Akt/Nrf2/antioxidant response element
(ARE) pathway, and HO-1, attenuated oxidative-induced
endothelial injury and inhibits the progression of
atherosclerotic plaques in ApoE™~ mice (Gu et al, 2019).
Clinical trials have shown that the PI3K/Akt/Nrf2 signaling
pathway plays an important role in cardiovascular cell
antioxidants mediated by the metabolite S- (-) equol, which is
derived from soybean isoflavones (Zhang et al., 2013). Lu et al.
confirmed that andrographolide inhibits the formation of Src-
driven NADPH complex (Figure 1),Upregulation of HO-1 and
glutamate cysteine ligase modifier subunit gene expression,
through the PI3K/Akt/Nrf2 and PI3K/Akt/AP-1 pathways
increased glutathione levels, thus inhibiting TNF-a-induced
ROS generation and intercellular adhesion molecule 1 (ICAM-
1) expression (Lu et al., 2014).

in

Endothelial Cell Dysfunction

Endothelial cell dysfunction also plays a key role in the
pathogenesis of atherosclerosis. Endothelial cell apoptosis
impairs endothelial integrity and barrier function, ultimately
leading the endothelial cells’ to lose their ability to regulate
lipid homeostasis, inflammation, and immunity (Gimbrone
and Garcia-Cardena, 2016). Endothelial apoptosis can be
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reversed to protect and improve atherosclerosis. Recently,
increasing evidence has indicated that the activation of
PI3K/Akt/eNOS signaling coordinates protection against
endothelial dysfunction and apoptosis. eNOS plays a key
role in endothelial cell function and survival and is
activated by PI3K/Akt-mediated phosphorylation to
produce NO. An increase in luteinizing hormone can
reduce the synthesis of NO by inhibiting this pathway and
promoting the formation of atherosclerotic plaques (Meng
et al, 2019). Overexpression of T-cadherin in endothelial
cells attenuated insulin-induced PI3K/Akt/mTOR pathway
activation and simultaneously reduced insulin-stimulated
eNOS activation, migration, and angiogenesis, suggesting
the role of endothelial dysfunction induced by T-cadherin
in atherosclerosis (Philippova et al., 2012).

Recently, Clq/tumor necrosis factor-related protein-3
(CTRP3) was found to mediates the inhibition of ox-LDL-
induced PI3K/Akt/eNOS phosphorylation (Chen et al., 2019).
Clinical trials have shown that activation of the AMPK/PI3K/
Akt/eNOS pathway through GLP-1R/cAMP significantly
improved endothelial function in coronary arteries in newly
diagnosed type 2 diabetes patients (Wei et al.,, 2016). Thymic
stromal lymphopoietin activates HOTAIR (a IncRNA)
transcription through the PI3K/AKT/IRF1 pathways, thus
regulating endothelial cell proliferation and migration (Peng
et al., 2017).

Many factors promote vascular endothelial cell apoptosis, such
as cytokines, ROS, lipopolysaccharide and inflammation, in
which oxidative stress induces increased mitochondrial
membrane permeability and cytoplasmic release of
cytochrome, triggering apoptosis through caspase 9/3 signaling
cascades. The latest results suggest that gypenosides may
regulate mitochondrial-mediated apoptosis in ApoE ™~ mice
through the PI3K/Akt/Bad pathways, thus inhibiting
atherosclerosis (Song et al., 2020). In addition, the PI3K/
AKT/FOXO3A signaling pathways plays important roles in
apoptosis; FOXO3a is an important downstream effector of the
PI3K/AKT pathway, and activated AKT can inhibit FOXO3a
nuclear transcription and apoptosis. Scutellarin (Figure 1)
may inhibit vascular endothelial cell injury and apoptosis by
regulating the PI3K/AKT/FOXO3a signaling pathways (Fu
et al., 2019).

In recent years, new discoveries on the influence of PI3K on
atherosclerosis in terms of physical factors have been made.
Laminar flow inhibits the unfolded protein response and
endoplasmic  reticulum  stress-induced  endothelial  cell
apoptosis through the PI3K/Akt signaling pathway, providing
a protective effect against atherosclerosis (Kim and Woo, 2018).
Autophagy also plays a protective role in endothelial cells in the
context of atherosclerosis, reducing endothelial cell apoptosis.
Kaempferol (Figure 1) enhances autophagy by inhibiting the
PI3K/Akt/mTOR pathways in human endothelial cells, thereby
inhibiting ox-LDL-induced apoptosis (Che et al, 2017).
Gossyphenol could mediate autophagy through the Class III
PI3K/beclin-1 and PTEN/Class I PI3K/Akt signaling cascades
to improve atherosclerotic lesions and ox-LDL-induced
endothelial injury in vivo (Lin et al,, 2015).

PISK in Atherosclerosis

PI3K and SMCs

The proliferation of VSMCs plays a crucial role in atherosclerosis.
SMCs are the major cell types in the vascular wall, and their
primary role is to maintain vascular tension and vascular
homeostasis. In a healthy state, SMCs are in a state of
contraction, differentiation and low turnover (Frismantiene
et al, 2018), but after injury, these cells transform into a
synthetic phenotype stimulated by circulating cytokines and
growth factors and characterized by increased proliferation,
the loss of contractility and the secretion of ECM degrading
enzymes. This phenotypic change allows SMCs to migrate to the
intima of blood vessels, triggering an adaptive response that
ultimately exacerbates the development of intimal hyperplasia
and restenosis (Bennett et al., 2016). By regulating the abnormal
proliferation and migration of VSMCs, PI3K leads to thickening
of the arterial intima, which is an important step in the
development of atherosclerosis.

Platelet-derived growth factor BB (PDGF-BB) is an effective
SMC mitogen and chemokine that can induce the
dedifferentiation of cells into a synthetic phenotype and
increase proliferation and migration to the intima. In addition
to being secreted by platelets, PDGF is also secreted by
endothelial cells and SMCs. PDGF-BB induced differentiation
of SMCs is driven by the PI3K/Akt and MAPK/ERK1/2
intracellular transduction pathways (Kim and Yun, 2007).
Ashwani et al. found that PDGF-BB could induce the
expression of miR-21 in human saphenous veins- derived
SMCs through the PI3K and ERK signaling pathways,
subsequently driving the SMC phenotype, thereby promoting
intimal proliferation (Alshanwani et al., 2018). CTRP6 (Figure 3)
inhibits PDGF-BB-induced proliferation and migration of
VSMCs by inhibiting the PI3K/Akt/mTOR signaling pathway
(Dong et al., 2018). Wang et al. showed that exchange proteins
directly activated by cAMP isoform 1 promoted neointimal
formation by promoting PI3K/AKT signal transduction in
VSMCs and verified that Epacl inhibitors can be used as
effective treatments for vascular proliferative diseases (Wang
et al., 2016).

Migration is a complex vascular response that includes
chemotaxis, motility and invasion. Studies have shown that
MMP-9 expression and cellular migration are mediated by
activation of the PI3K/Akt signaling pathways, playing key
roles in ECM degradation and VSMC invasion and migration.
Mulberry pigment can effectively inhibit the activity of PDGEF-
induced MMP-9 by downregulating the binding activity of NF-
kB, thus reducing the migration and invasion of SMCs (Shin et al.,
2018). Naringin (Figure 3) at concentrations of 10-25pM
blocked the TNF-a-induced PI3K/AKT/mTOR/p70S6K
pathway in VSMCs at concentrations of 10-25uM, and the
expression of MMP-9 was inhibited by the transcription
factors NF-kB and AP-1 (Lee et al., 2009).

The synergistic effects of atorvastatin and cyanidin-3-
glucoside improves HASMC proliferation and migration by
enhancing cell cycle arrest through the AT I1R-mediated
MAPK and PI3K/Akt pathways (Pantan et al., 2016). FOXO3a
phosphorylation plays an important role in mediating MMP-2
activation and VSMC migration. In the osteogenic differentiation
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of SMCs, apelin (Figure 3) inhibits osteogenic differentiation by
activating PI3K/Akt (Shan et al, 2011). However, activating
PI3K/Akt/FoxO3a/MMP-2 and promoting the degradation of
the basement membrane and ECM led to VSMC migration
(Wang C. et al., 2015).

The interaction of advanced glycation end products (AGEs)
and receptor of advanced glycation end product (RAGE)
(Figure 3) in the vascular system of diabetic patients activates
downstream PI3K/AKT pathways, thereby promoting human
aorta VSMC proliferation and migration. Consequently,
inhibition of the PI3K/AKT pathway may become a new
strategy for the treatment of diabetic atherosclerosis (Yuan
et al, 2020). Rosiglitazone (Figure 3) has been reported to
inhibit insulin-stimulated VSMC proliferation by inhibiting
the PI3K/Akt/mTOR/P70S6K cascades (Park et al., 2008).
Activation of VSMC NF-kB in hyperglycemia is a key
mechanism by which VSMC factor production mediates
diabetic vasculr complications. Rutin significantly reduced the
proliferation and migration of VSMCs in obese type 2 diabetic
rats induced by intermittent hyperglycemia by reducing PI3K and
NF-«B phosphorylation (Yu et al., 2016).

Some microRNA (miRNA) can affect the development of
atherosclerosis through PI3K signaling pathway, so miRNA
may be candidate drugs for PI3K target drugs. MiR-145 can
inhibit VSMC proliferation, migration and phenotypic
transformation by blocking the activation of PI3K/Akt/mTOR
signaling pathway (Zhang et al., 2020). However, miR-647
promotes the proliferation and migration of HA-VSMC
treated with OX-LDL at least in part by targeting the PTEN/
PI3K/AKT pathway. Therefore, lowering miR-647 may be an
effective method for the treatment of atherosclerotic tube wall
thickening (Xu C. et al,, 2019).

Recent studies have shown that IGF-1 is involved in protein
synthesis and cell migration and proliferation and plays an
important role in inhibiting the apoptosis of vascular smooth
muscle cells, fibroblasts and macrophages. Tanshinone I
(Figure 3) inhibits vascular smooth muscle cell proliferation
by targeting the IGF-1 receptor/PI3K signaling pathway (Jia
et al, 2010; Wu Y. T. et al,, 2019). Dopamine D1-like receptor
(Figure 3) activation inhibits IGF-1 in the context of vascular
smooth muscle cell proliferation by inhibiting the IGF-1R/Akt/
mTOR/p70S6K pathways and downregulating IGF-1 receptor
expression (Kou et al.,, 2014).

VSMCs are also an important source of foam cells in
atherosclerosis. Promoting the outflow of intracellular
cholesterol and thereby reducing the formation of foam
cells derived from VSMCs has become a treatment
direction for atherosclerosis (Pryma et al., 2019). A
recent study found that activation of P2RY12 receptor
activated mTOR through PI3K/AKT to block autophagy

in advanced atherosclerosis and reduce cholesterol
outflow (Pi et al., 2020). However, overexpression of
miR-223 could induce autophagy and inhibit the

formation of foam cells in VSMCs by reducing IGF-1R/
PI3K/Akt signal transduction (Wu W. et al,, 2019) PI3K/
AKT mediated autophagy in VSMCs may be a targeted
pathway to reduce foam cell formation.

PISK in Atherosclerosis

PISK and Macrophages

In the atherosclerotic lesions of mice with ox-LDL,
atherosclerotic chemokines, angiotensin 11, and
hypercholesterolemia, ~PI3K  P110y  deletion  reduced

macrophage proliferation by inhibiting activation of the PI3K/
Akt pathway in macrophages (Zotes et al., 2013). Angiogeninl,
which is located upstream of PI3K, induces monocyte
chemotaxis, and MCP-1 is a potent monocyte chemokine. By
promoting the infiltration of monocytes into the intima, MCP-1
plays a key role in early atherosclerosis development.

Elevated expression of the chemokine CXCLS8 is mediated by
peptidoglycan and triggers monocyte arrest in early
atherosclerotic endothelial cells, which can be significantly
attenuated by inhibitors of the PI3K/Akt/mTOR pathways
(Lee al, 2015). Isorhamnetin reduces apoptosis by
significantly inhibiting ox-LDL-induced caspase-3 activation,
activating PI3K/AKT/Nrf2, increasing the expression of HO-1,
reducing the level of ROS and lipid deposition of macrophages,
reducing the size of atherosclerotic plaques, and reducing the
accumulation of apoptotic macrophages in lesions (Luo et al,
2015). Heat-killed S. aureus therapy can prevent the development
of atherosclerosis by inducing a strong anti-inflammatory IL-10
response by macrophages (Frodermann et al., 2016). PI3K may be
involved in the determination of macrophage phenotypes, and
increased PI3K signaling has been found to bias macrophages
toward the M2 phenotype (Linton et al.,, 2016).

ACAT-1 plays a key role in the formation of foam cells by
catalyzing the esterification of free cholesterol to form
cytoplasmic lipid droplets. Matsuo K et al. identified a new
protein and showed that ARIA (Figure 2) deficiency
attenuated the activity of PTEN, thereby enhancing the
activation of PI3K/Akt, reducing the expression of ACAT-1
and reducing the formation of foam cells (Matsuo et al,
2015). Wang J demonstrated that in vitro, miR-223 (Figure 2)
reversed macrophage-mediated lipid deposition and the
inflammatory response by activating PI3K/AKT-mediated
TLR4-NF-kB signaling (Wang J. et al, 2015). LRP1 regulates
LXR-driven ABCA1 gene expression through the SHC1/PI3K/
Akt/PPARy/LXRa axis. Due to the anti-inflammatory properties
of ABCAL, it can effectively maintain the cholesterol homeostasis
in mouse macrophages and inhibit the inflammatory response of
atherosclerosis (Tang et al., 2009; Xian et al., 2017).

Growing evidence has shown that PKC subtypes may be
involved in atherosclerosis (Figure 2). PKCS and its associated
downstream signaling molecules, including activated EKR and
activated Akt, were demonstrated to be highly expressed in
human atherosclerotic plaques and infiltrated CD68-positive
macrophages for the first time. PKCS knockdown attenuated
the activity of PI3K/Akt, reducing the expression of SR-A and
CD-36. Therefore, down-regulation of PKC8 might be beneficial
for the treatment of atherosclerosis (Lin et al., 2012).

Cholesterol efflux transfers cholesterol from macrophages to
high-density lipoprotein particles and promotes the removal of
excess cholesterol from the blood to the liver for excretion into
bile. Cholesterol efflux capacity has been considered to be a
predictor of atherosclerotic burden (Chistiakov et al., 2016).
Xu X et al. provided evidence that macrophage cholesterol
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efflux is directly associated with endoplasmic reticulum stress and
found that naringenin (Figure 2) promoted macrophage
cholesterol efflux by activating PI3K/AKT and inhibiting ER
stress-induced ATF6 activity (Xu X. et al,, 2019). Tetramethyl
pyrazine downregulates scavenger receptors and upregulates
ATP-binding box transporters through PI3K/Akt and p38/
Mapk signaling, thereby inhibiting lipid accumulation in
macrophages  (Duan et al,  2017).  Oligomeric
proanthocyanidins (OPCs) and epigallocatechin  gallate
(EGCG) promote cholesterol efflux in macrophage foam cells
by activating the III PI3K/Beclin-1-mediated autophagy pathway,
which may alleviate the pathological process of atherosclerosis
(Jamuna et al., 2019).

Macrophages have of thrombospondin motif genes, which
encode proteases involved in ECM remodeling and play an
important role in the vulnerability of atherosclerotic plaques.
Lauric acid was found to interfere with the expression of
thrombospondin motifs through the PI3K/JNK pathway to
prevent thrombosis (Ong et al., 2019). Another mechanism of
macrophage foam cell formation is fluid-phase pinocytosis of
LDL by macrophages. Recent studies have shown that PI3K
mediates the macrophage macropinocytosis of LDL; therefore,
PI3K may be a relevant target for inhibiting macrophage
cholesterol accumulation in atherosclerosis (Kruth, 2013).

PI3SK and Platelets

Platelet activation and subsequent aggregation are complex and
critical processes involved in thrombus formation after
atherosclerotic plaque ruptures. Searching for drugs that can
block platelet aggregation is important for treating
atherosclerosis (Durrant and Hers,2020b).

Although the signaling pathways leading to the secretion of
platelet particles are unclear, some studies have shown that PI3K
is the central molecule associated with intracellular signaling in
platelets. For a long time, the prevailing view was that NO inhibits
platelet activation by increasing cyclic guanosine monophosphate
levels. Recent studies have shown that PI3K/Akt signaling
mediates platelet granule secretion mainly by activating the
eNOS/NO cyclic GMP pathway and subsequently activating
MAPK. Anthocyanins can effectively inhibit the secretion of
platelet particles by inhibiting the PI3K/Akt/eNOS/NO/cGMP
signaling pathways, thereby inhibiting MAPK activation in
platelets. Therefore, oral anthocyanins may be an effective
therapeutic strategy to prevent thrombosis and atherosclerosis
in patients with hypercholesterolemia (Song et al., 2014). Statins
induce tyrosine phosphorylation by activating platelet endothelial
cell adhesion molecule-1 signaling. Recruitment and activation of
the tyrosine phosphatase SHP-2 lead to its binding to PI3K and
attenuates PI3K signaling, inhibiting Akt activation and thus
platelet activation (Moraes et al., 2013).

The above studies have shown that inhibiting PI3K/Akt
activity can inhibit platelet activation, but some studies have
found that activating PI3K and inhibiting autophagy can also
reduce platelet activation. Ox-LDL-induced oxidative stress
triggers platelet activation and increases ROS, thereby
inhibiting the activity downstream of the PI3K/Akt/mTOR
signaling pathway, promoting platelet autophagy and

PISK in Atherosclerosis

exacerbating platelet aggregation. Wang et al. demonstrated
experimentally that ROS inhibitors could improve this
phenomenon by activating this signal and inhibiting
autophagy (Wang et al., 2018).

PISK in Myocardial Infarction

The rupture of plaques in coronary arteries leads to the formation
of occlusive thrombosis, which blocks blood flow in the artery
and leads to acute cardiac ischemia and myocardial infarction
(MI) (Palasubramaniam et al, 2019), one of the most
important complications of atherosclerosis. PI3K not only
can prevent MI by preventing plaque rupture and platelet
aggregation, but also plays a unique role in the follow-up
treatment of MI, especially in the area of ischemia reperfusion
injury.

Activation of PI3K (pl110a) protects the heart from MI
induced heart failure (Lin et al., 2010). PI3K/Akt signaling can
reduce apoptosis induced by myocardial ischemia/reperfusion.
Nanoparticle-mediated pitavastatin protects the myocardium by
targeting this signaling pathway (Nagaoka et al, 2015).
Mesenchymal stem cell-derived exocrine activates the PI3K/
Akt pathway, enhances myocardial activity and preventings
adverse remodeling (Arslan et al, 2013). Eplerenone
significantly reduced MI in diabetic rats through PI3K/Akt/
GSK-3B (Mahajan et al, 2018). In addition, different PI3K
signaling pathways have become ideal targets for inhibiting

MI. For example, geraniol and levosimendan regulate
autophagy to reduce oxidative stress and limit the
inflammation cascade through PI3K/Akt/mTOR. Because

levosimendan can inhibit aggregation, it is more suitable for
hypercoagulation and hyperlipidemia (Tawfik et al., 2018; Younis
et al., 2020).

Baicalin promotes NO production in cardiac microvascular
endothelial cells through PI3K/Akt/eNOS and reduces ischemia/
reperfusion injury (Bai et al., 2019). In addition, reconstituted
HDL (rHDL) activates PI3K/Akt in monocytes/EPCs, thereby
promoting their differentiation into endothelial-like cells. eNOS
plays a crucial role in the angiogenesis of rHDL, which in turn can
promote ischemic disease-induced angiogenesis through the
activation of circulating EPCs and eNOS in preexisting
endothelial cells (Sumi et al., 2007). Notably, although PI3Ky
inhibitors act as anti-inflammatory and anti-atherosclerosis
agents, and the use of PI3Ky inhibitors can affect the
prognosis of MI due to the critical role of these inhibitors in
the repair of angiogenesis in MI (Siragusa et al., 2010).

CONCLUSION AND PERSPECTIVES

In summary, PI3K and its signaling pathways are important
regulators of atherosclerosis. Under different pathological
conditions, PI3K is activated by the corresponding upstream
pathway, subsequently activating downstream  signal
transduction. On the one hand, PI3K regulates the expression
of related target genes and the proliferation, differentiation,
apoptosis and migration of cells. On the other hand, PI3K
further regulates other signaling pathways in a positive or
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negative way, indirectly affecting the development of
atherosclerosis.

PI3K plays an active role in the survival and function of
endothelial cells and EPCs, activates the PI3K/Akt/eNOS and
PI3K/Akt/Nrf2/ARE pathways, and may be an ideal target to
protect endothelial cells against apoptosis and oxidation. In
SMCs, PI3K/Akt/mTOR is a classic downstream pathways of
PDGEF-BB. Excessive activation can lead to cell proliferation and
thickening, leading to lumen stenosis and increasing the risks of
vascular stenosis and obstruction. In macrophages, the
progression and regression of plaques are affected by the
regulation of lipid balance within and outside the cell, and
macrophage apoptosis affects inflammation. In the context of
plaque calcification, the PI3K signaling pathway is subject to
different upstream activation signals and plays positive and
negative regulatory roles.

PI3K and its signaling pathways are often essential links in the
inflammatory response. On the one hand, PI3K signaling
promotes the adhesion of endothelial cells and monocytes, and
on the other hand, PI3K signaling can promote the expression of
inflammatory molecules and mediators. Recent studies have
found that PI3K reduces inflammation by negatively regulating
TLR4 signaling, indicating a new role for PI3K in inflammation.
The study of PI3K-related signaling pathways provides new ideas
for clinical anti-inflammatory treatments by reducing oxidative
stress and promoting intracellular cholesterol lipid transport out
of cells.

Activators or inhibitors of PI3K and its signaling pathways are
at an advanced stage of development in basic research, and drugs
targeting PI3K and its related signaling pathways are promising
treatments for atherosclerosis (Table 1), but currently, there is a
lack of sufficient in vivo analysis and clinical trials to test the
clinical efficacy of these drugs are lacking. Therefore, there is still
a long way to go before PI3K can be applied in the clinic to bring
real benefits to patients with atherosclerosis. A large number of
results have been obtained in preclinical studies of PI3K-related
regulators in cardiovascular diseases and tumors. For example,

REFERENCES

Alshanwani, A. R., Riches-Suman, K., O’'Regan, D. J., Wood, L. C,, Turner, N. A,,
and Porter, K. E. (2018). MicroRNA-21 drives the switch to a synthetic
phenotype in human saphenous vein smooth muscle cells. IUBMB Life 70
(7), 649-657. doi:10.1002/iub.1751

Arslan, F, Lai, R. C., Smeets, M. B., Akeroyd, L., Choo, A., Aguor, E. N,, et al.
(2013). Mesenchymal stem cell-derived exosomes increase ATP levels, decrease
oxidative stress and activate PI3K/Akt pathway to enhance myocardial viability
and prevent adverse remodeling after myocardial ischemia/reperfusion injury.
Stem Cell Res. 10 (3), 301-312. doi:10.1016/j.scr.2013.01.002

Bai, J., Wang, Q., Qi, J., Yu, H.,, Wang, C,, Wang, X, et al. (2019). Promoting effect
of baicalin on nitric oxide production in CMECs via activating the PI3K-AKT-
eNOS pathway attenuates myocardial ischemia-reperfusion injury.
Phytomedicine 63, 153035. doi:10.1016/j.phymed.2019.153035

Barrett, T. J. (2020). Macrophages in atherosclerosis regression. Arterioscler
Thromb. Vasc. Biol. 40 (1), 20-33. doi:10.1161/ATVBAHA.119.312802

Bennett, M. R,, Sinha, S., and Owens, G. K. (2016). Vascular smooth muscle cells in
atherosclerosis. Circ. Res. 118 (4), 692-702. doi:10.1161/CIRCRESAHA.115.
306361

PISK in Atherosclerosis

phase I clinical trials have shown that CUDC-907, a dual inhibitor
of histone deacetylase and PI3K, has good activity in the
treatment of recurrent or refractory lymphoma and multiple
myeloma (Younes et al, 2016). Furthermore, amlodipine
besylate combined with acupoint Chinese medicine can reduce
the expression of VEGF and MMP-9 through the PI3K/Akt
pathway and improve renal failure and hypertension (Feng
et al., 2019).

These findings provide support for further clinical study of
PI3K in atherosclerosis. It is believed that with increasingly in-
depth research on PI3K and the continuous exploration of PI3K
and its signaling pathways, more specific mechanisms in
atherosclerosis can be identified, and effective targeted drugs
can be developed, bringing new strategies for the prevention
and treatment of atherosclerosis to the clinic.

AUTHOR CONTRIBUTIONS

ZW conceived and designed review; YZ, YQ, ZS, XS, and YC
wrote and revised manuscript; YZ, YQ, ZS, XS, YC, LL, and ZW
approved final version of manuscript.

FUNDING

This work was supported as follows: the National Natural Science
Foundation of China (82070455 and 81770450); the related
Foundation of Jiangsu Province (BK20201225, M20201225,
WSN-044, LGY2018092, and QNRC2016836); the Open
Project Program of Guangxi Key Laboratory of Center of
Diabetic ~ Systems  Medicine = (GKLCDSM-20210101-02);
Research and Innovation Funding Project for College Students
in Experimental Animal Center of Jiangsu University;
Postgraduate Research and Practice Innovation Program of
Jiangsu Province (KYCX20_2881, SJKY19_2585); Zhenjiang
Cardiovascular Clinical Research Center Project (§52018008).

Brito, P. M., Devillard, R., Négre-Salvayre, A., Almeida, L. M., Dinis, T. C,, Salvayre,
R, et al. (2009). Resveratrol inhibits the mTOR mitogenic signaling evoked by
oxidized LDL in smooth muscle cells. Atherosclerosis 205 (1), 126-134. doi:10.
1016/j.atherosclerosis.2008.11.011

Cahill, P. A., and Redmond, E. M. (2016). Vascular endothelium - gatekeeper of
vessel health. Atherosclerosis 248, 97-109. doi:10.1016/j.atherosclerosis.2016.
03.007

Campbell, M., and Trimble, E. R. (2004). Modification of PI3K- and MAPK-
dependent chemotaxis in aortic vascular smooth muscle cells by protein kinase
Cbetall. Circ. Res. 96 (2), 197-206. doi:10.1161/01.RES.0000152966.88353.9d

Cavelier, C., Lorenzi, I, Rohrer, L., and von Eckardstein, A. (2006). Lipid efflux by
the ATP-binding cassette transporters ABCA1 and ABCGL1. Biochim. Biophys.
Acta. 1761 (7), 655-666. doi:10.1016/j.bbalip.2006.04.012

Chang, J. D., Sukhova, G. K., Libby, P., Schvartz, E., Lichtenstein, A. H., Field, S. J.,
et al. (2007). Deletion of the phosphoinositide 3-kinase pll10gamma gene
attenuates murine atherosclerosis. Proc. Natl. Acad. Sci. U.S.A. 104 (19),
8077-8082. doi:10.1073/pnas.0702663104

Che, J., Liang, B, Zhang, Y., Wang, Y., Tang, ], and Shi, G. (2017). Kaempferol
alleviates ox-LDL-induced apoptosis by up-regulation of autophagy via
inhibiting PI3K/Akt/mTOR pathway in human endothelial cells. Cardiovasc.
Pathol. 31, 57-62. doi:10.1016/j.carpath.2017.08.001

Frontiers in Pharmacology | www.frontiersin.org

March 2021 | Volume 12 | Article 632378


https://doi.org/10.1002/iub.1751
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.phymed.2019.153035
https://doi.org/10.1161/ATVBAHA.119.312802
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1016/j.atherosclerosis.2008.11.011
https://doi.org/10.1016/j.atherosclerosis.2008.11.011
https://doi.org/10.1016/j.atherosclerosis.2016.03.007
https://doi.org/10.1016/j.atherosclerosis.2016.03.007
https://doi.org/10.1161/01.RES.0000152966.88353.9d
https://doi.org/10.1016/j.bbalip.2006.04.012
https://doi.org/10.1073/pnas.0702663104
https://doi.org/10.1016/j.carpath.2017.08.001
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

Chen, L., Qin, L,, Liu, X., and Meng, X. (2019). CTRP3 alleviates ox-LDL-induced
inflammatory response and endothelial dysfunction in mouse aortic endothelial
cells by activating the PI3K/Akt/eNOS pathway. Inflammation 42 (4),
1350-1359. doi:10.1007/510753-019-00996-1

Chistiakov, D. A., Bobryshev, Y. V., and Orekhov, A. N. (2016). Macrophage-
mediated cholesterol handling in atherosclerosis. J. Cell Mol. Med. 20 (1),
17-28. doi:10.1111/jcmm.12689

Collett, G. D., Sage, A. P, Kirton, J. P., Alexander, M. Y., Gilmore, A. P., and
Canfield, A. E. (2007). Axl/phosphatidylinositol 3-kinase signaling inhibits
mineral deposition by vascular smooth muscle cells. Circ. Res. 100 (4), 502-509.
doi:10.1161/01.RES.0000258854.03388.02

Dai, L., Chu, S. P, Wang, Z. H,, Ni, H. B,, Ding, X,, Tao, Y,, et al. (2019). APOC3promotes
TNF-a-induced expression of JAM-1in endothelial cell via PI3K-IKK2-p65 pathway.
Cardiovasc. Pathol. 41, 11-17. doi:10.1016/j.carpath.2019.02.005

Di Pietro, N., Formoso, G., and Pandolfi, A. (2016). Physiology and
pathophysiology of oxLDL uptake by vascular wall cells in atherosclerosis.
Vascul Pharmacol. 84, 1-7. doi:10.1016/j.vph.2016.05.013

Dimmeler, S., Aicher, A., Vasa, M., Mildner-Rihm, C., Adler, K., Tiemann, M., et al.
(2001). HMG-CoA reductase inhibitors (statins) increase endothelial
progenitor cells via the PI 3-kinase/Akt pathway. J. Clin. Invest. 108 (3),
391-397. doi:10.1172/JCI13152

Dong, X., Hu, H., Fang, Z., Cui, J., and Liu, F. (2018). CTRP6 inhibits PDGF-BB-
induced vascular smooth muscle cell proliferation and migration. Biomed.
Pharmacother. 103, 844-850. doi:10.1016/j.biopha.2018.04.112

Duan, J., Xiang, D. Luo, H, Wang, G., Ye, Y, Yu, C, et al. (2017).
Tetramethylpyrazine suppresses lipid accumulation in macrophages via
upregulation of the ATP-binding cassette transporters and downregulation
of scavenger receptors. Oncol. Rep. 38 (4), 2267-2276. doi:10.3892/0r.2017.5881

Durham, A. L., Speer, M. Y., Scatena, M., Giachelli, C. M., and Shanahan, C. M.
(2018). Role of smooth muscle cells in vascular calcification: implications in
atherosclerosis and arterial stiffness. Cardiovasc. Res. 114 (4), 590-600. doi:10.
1093/cvr/cvy010

Durrant, T. N., and Hers, I. (2020). PI3K inhibitors in thrombosis and
cardiovascular disease. Clin. Transl Med. 9 (1), 8. doi:10.1186/s40169-020-
0261-6

Endale, M., Park, S. C,, Kim, S, Kim, S. H,, Yang, Y., Cho, J. Y,, et al. (2013).
Quercetin disrupts tyrosine-phosphorylated phosphatidylinositol 3-kinase and
myeloid differentiation factor-88 association, and inhibits MAPK/AP-1 and
IKK/NF-kB-induced inflammatory mediators production in RAW 264.7 cells.
Immunobiology 218 (12), 1452-1467. doi:10.1016/j.imbio.2013.04.019

Feng, L., Su, J., Chi, R,, Zhu, Q., Lv, S., and Liang, W. (2019). Effect of amlodipine
besylate combined with acupoint application of traditional Chinese medicine
nursing on the treatment of renal failure and hypertension by the PI3K/AKT
pathway. Int. J. Mol. Med. 43 (4), 1900-1910. doi:10.3892/ijmm.2019.4104

Fougerat, A., Gayral, S., Gourdy, P., Schambourg, A., Riickle, T., Schwarz, M. K,,
et al. (2008). Genetic and pharmacological targeting of phosphoinositide 3-
kinase-gamma reduces atherosclerosis and favors plaque stability by
modulating inflammatory processes. Circulation 117 (10), 1310-1317.
doi:10.1161/CIRCULATIONAHA.107.720466

Frismantiene, A., Philippova, M., Erne, P., and Resink, T. J. (2018). Smooth muscle
cell-driven vascular diseases and molecular mechanisms of VSMC plasticity.
Cell Signal 52, 48-64. doi:10.1016/j.cellsig.2018.08.019

Frodermann, V., van Duijn, J., van Puijvelde, G. H., van Santbrink, P. J., Lagraauw,
H. M., and de Vriesal, M. Ret. (2016). Heat-killed Staphylococcus aureus reduces
atherosclerosis by inducing anti-inflammatory macrophages. J. Intern. Med.
279 (6), 592-605. doi:10.1111/joim.12484

Fu, R, Wang, Q., Guo, Q., Xu, J., and Wu, X. (2013). XJP-1 protects endothelial
cells from oxidized low-density lipoprotein-induced apoptosis by
inhibiting NADPH oxidase subunit expression and modulating the
y/Akt/eNOS pathway. Vascul Pharmacol. 58 (1-2), 78-86. doi:10.1016/j.
vph.2012.08.004

Fu, Y., Sun, S, Sun, H.,, Peng, J., Ma, X, Bao, L, et al. (2019). Scutellarin exerts
protective effects against atherosclerosis in rats by regulating the Hippo-
FOXO3A and y/AKT signaling pathways. J. Cell Physiol. 234 (10),
18131-18145. doi:10.1002/jcp.28446

Gimbrone, M. A, Jr, and Garcia-Cardefia, G. (2016). Endothelial cell dysfunction
and the pathobiology of atherosclerosis. Circ. Res. 118 (4), 620-636. doi:10.
1161/CIRCRESAHA.115.306301

PISK in Atherosclerosis

Gisterd, A., and Hansson, G. K. (2017). The immunology of atherosclerosis. Nat.
Rev. Nephrol. 13 (6), 368-380. doi:10.1038/nrneph.2017.51

Gong, X,, Shao, L, Fu, Y. M,, and Zou, Y. (2015). Effects of olmesartan on
endothelial progenitor cell mobilization and function in carotid atherosclerosis.
Med. Sci. Monit. 21, 1189-1193. doi:10.12659/MSM.892996

Gu, L, Ye, P, Li, H.,, Wang, Y., Xu, Y., Tian, Q,, et al. (2019). Lunasin attenuates
oxidant-induced endothelial injury and inhibits atherosclerotic plaque
progression in ApoE-/- mice by up-regulating heme oxygenase-1 via PI3K/
AKt/Nrf2/ARE pathway. FASEB J. 33 (4), 4836-4850. doi:10.1096/f.
201802251R

Hamel-Cote, G., Lapointe, F., Veronneau, S., Mayhue, M., Rola-Pleszczynski, M.,
and Stankova, J. (2019). Regulation of platelet-activating factor-mediated
interleukin-6promoter activation by the 48kDa but not the 45kDa isoform
of protein tyrosine phosphatase non-receptor type 2. Cell Biosci. 9, 51. doi:10.
1186/s13578-019-0316-9

Han, X., Kou, J., Zheng, Y., Liu, Z, Jiang, Y., Gao, Z., et al. (2019). ROS generated by
upconversion  nanoparticle-mediated  photodynamic  therapy induces
autophagy via PI3K/AKT/mTOR signaling pathway in MIPeritoneal
macrophage. Cell Physiol. Biochem. 52 (6), 1325-1338. d0i:10.33594/000000093

Han, X. B, Li, H. X,, Jiang, Y. Q., Wang, H,, Li, X. S,, Kou, J. Y, et al. (2017).
Upconversion  nanoparticle-mediated  photodynamic therapy
autophagy and cholesterol efflux of macrophage-derived foam cells via ROS
generation. Cell Death Dis. 8 (6), €2864. doi:10.1038/cddis.2017.242

Hansson, G. K., Robertson, A. K., and Soderberg-Nauclér, C. (2006). Inflammation
and atherosclerosis. Annu. Rev. Pathol. 1, 297-329. doi:10.1146/annurev.
pathol.1.110304.100100

Hashimoto, K., Kataoka, N., Nakamura, E., Tsujioka, K., and Kajiya, F. (2007).
Oxidized LDL specifically promotes the initiation of monocyte invasion during
transendothelial migration with upregulated PECAM-1 and downregulated
VE-cadherin on endothelial junctions. Atherosclerosis 194 (2), €9-17. doi:10.
1016/j.atherosclerosis.2006.11.029

He, D., Wang, H., Xu, L, Wang, X., Peng, K., Wang, L., et al. (2016).
Saikosaponin-a attenuates oxidized LDL uptake and prompts cholesterol
efflux in THP-1 cells. J. Cardiovasc. Pharmacol. 67 (6), 510-518. doi:10.
1097/FJC.0000000000000373

Herrington, W., Lacey, B., Sherliker, P., Armitage, J., and Lewington, S. (2016).
Epidemiology of atherosclerosis and the potential to reduce the global burden of
atherothrombotic disease. Circ. Res. 118 (4), 535-546. doi:10.1161/
CIRCRESAHA.115.307611

Hongo, S., Watanabe, T., Arita, S., Kanome, T., Kageyama, H., Shioda, S., et al.
(2009). Leptin modulates ACAT1expression and cholesterol efflux from human
macrophages. Am. J. Physiol. Endocrinol. Metab. 297 (2), E474-E482. doi:10.
1152/ajpendo.90369.2008

Huang, C. X,, Zhang, Y. L., Wang, J. F,, Jiang, J. Y., and Bao, J. L. (2013). MCP-
limpacts RCT by repressing ABCA1, ABCGI, and SR-BI through PI3K/Akt
posttranslational regulation in HepG2 cells. J. Lipid Res. 54 (5), 1231-1240.
doi:10.1194/jlr.M 032482

Iyemere, V. P., Proudfoot, D., Weissberg, P. L., and Shanahan, C. M. (2006).
Vascular smooth muscle cell phenotypic plasticity and the regulation of
vascular calcification. J. Intern. Med. 260 (3), 192-210. doi:10.1111/j.1365-
2796.2006.01692.x

Jamuna, S., Ashokkumar, R., Sakeena Sadullah, M. S., and Devaraj, S. N. (2019).
Oligomeric proanthocyanidins and epigallocatechin gallate aggravate
autophagy of foam cells through the activation of class III PI3K/Beclinl-
complex mediated cholesterol efflux. Biofactors 45 (5), 763-773. doi:10.
1002/biof.1537

Jia, G., Mitra, A. K., Gangahar, D. M., and Agrawal, D. K. (2010). Insulin-like
growth factor-1 induces phosphorylation of PI3K-Akt/PKB to potentiate
proliferation of smooth muscle cells in human saphenous vein. Exp. Mol.
Pathol. 89 (1), 20-26. doi:10.1016/j.yexmp.2010.04.002

Jin, S. Y., Kim, E. K., Ha, J. M., Lee, D. H., Kim, J. S., Kim, I. Y., et al. (2014). Insulin
regulates monocyte trans-endothelial migration through surface expression of
macrophage-1 antigen. Biochim. Biophys. Acta. 1842 (9), 1539-1548. doi:10.
1016/j.bbadis.2014.06.003

Johnson, R. C., Leopold, J. A., and Loscalzo, J. (2006). Vascular calcification:
pathobiological mechanisms and clinical implications. Circ. Res. 99 (10),
1044-1059. doi:10.1161/01.RES.0000249379.55535.21 Erratum in: Circ Res.
2009 Sep 11;105(6): e8.

induces

Frontiers in Pharmacology | www.frontiersin.org

15

March 2021 | Volume 12 | Article 632378


https://doi.org/10.1007/s10753-019-00996-1
https://doi.org/10.1111/jcmm.12689
https://doi.org/10.1161/01.RES.0000258854.03388.02
https://doi.org/10.1016/j.carpath.2019.02.005
https://doi.org/10.1016/j.vph.2016.05.013
https://doi.org/10.1172/JCI13152
https://doi.org/10.1016/j.biopha.2018.04.112
https://doi.org/10.3892/or.2017.5881
https://doi.org/10.1093/cvr/cvy010
https://doi.org/10.1093/cvr/cvy010
https://doi.org/10.1186/s40169-020-0261-6
https://doi.org/10.1186/s40169-020-0261-6
https://doi.org/10.1016/j.imbio.2013.04.019
https://doi.org/10.3892/ijmm.2019.4104
https://doi.org/10.1161/CIRCULATIONAHA.107.720466
https://doi.org/10.1016/j.cellsig.2018.08.019
https://doi.org/10.1111/joim.12484
https://doi.org/10.1016/j.vph.2012.08.004
https://doi.org/10.1016/j.vph.2012.08.004
https://doi.org/10.1002/jcp.28446
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1038/nrneph.2017.51
https://doi.org/10.12659/MSM.892996
https://doi.org/10.1096/fj.201802251R
https://doi.org/10.1096/fj.201802251R
https://doi.org/10.1186/s13578-019-0316-9
https://doi.org/10.1186/s13578-019-0316-9
https://doi.org/10.33594/000000093
https://doi.org/10.1038/cddis.2017.242
https://doi.org/10.1146/annurev.pathol.1.110304.100100
https://doi.org/10.1146/annurev.pathol.1.110304.100100
https://doi.org/10.1016/j.atherosclerosis.2006.11.029
https://doi.org/10.1016/j.atherosclerosis.2006.11.029
https://doi.org/10.1097/FJC.0000000000000373
https://doi.org/10.1097/FJC.0000000000000373
https://doi.org/10.1161/CIRCRESAHA.115.307611
https://doi.org/10.1161/CIRCRESAHA.115.307611
https://doi.org/10.1152/ajpendo.90369.2008
https://doi.org/10.1152/ajpendo.90369.2008
https://doi.org/10.1194/jlr.M032482
https://doi.org/10.1111/j.1365-2796.2006.01692.x
https://doi.org/10.1111/j.1365-2796.2006.01692.x
https://doi.org/10.1002/biof.1537
https://doi.org/10.1002/biof.1537
https://doi.org/10.1016/j.yexmp.2010.04.002
https://doi.org/10.1016/j.bbadis.2014.06.003
https://doi.org/10.1016/j.bbadis.2014.06.003
https://doi.org/10.1161/01.RES.0000249379.55535.21
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

Kim, S., and Woo, C. H. (2018). Laminar flow inhibits ER stress-induced
endothelial apoptosis through PI3K/Akt-dependent signaling pathway. Mol.
Cell 41 (11), 964-970. doi:10.14348/molcells.2018.0111

Kim, T. J., and Yun, Y. P. (2007). Antiproliferative activity of NQ304, a synthetic
1,4-naphthoquinone, is mediated via the suppressions of the PI3K/Akt and
ERK1/2 signaling pathways in PDGF-BB-stimulated vascular smooth muscle
cells. Vascul. Pharmacol. 46 (1), 43-51. doi:10.1016/j.vph.2006.06.007

Kim, Y. M, Kim, J. H,, Park, S. W., Kim, H. J., and Chang, K. C. (2015). Retinoic
acid inhibits tissue factor and HMGBI via modulation of AMPK activity in
TNF-a activated endothelial cells and LPS-injected mice. Atherosclerosis 241
(2), 615-623. doi:10.1016/j.atherosclerosis.2015.06.016

Kimura, T., Tomura, H., Mogi, C., Kuwabara, A., Damirin, A., Ishizuka, T., et al.
(2006). Role of scavenger receptor class B type I and sphingosine 1-phosphate
receptors in high density lipoprotein-induced inhibition of adhesion molecule
expression in endothelial cells. . Biol. Chem. 281 (49), 37457-37467. doi:10.
1074/jbc.M605823200

Kou, X,, Han, Y., Yang, D., Liu, Y., Fu, J., Zheng, S., et al. (2014). Dopamine d (1)-
like receptors suppress proliferation of vascular smooth muscle cell induced by
insulin-like growth factor-1. Clin. Exp. Hypertens 36 (3), 140-147. doi:10.3109/
10641963.2013.789048

Kruth, H. S. (2013). Fluid-phase pinocytosis of LDL by macrophages: a novel target
to reduce macrophage cholesterol accumulation in atherosclerotic lesions. Curr.
Pharm. Des. 19 (33), 5865-5872. doi:10.2174/1381612811319330005

Kuang, H. J., Zhao, G. J., Chen, W. J., Zhang, M., Zeng, G. F., Zheng, X. L., et al.
(2017). Hsp27promotes ABCAlexpression and cholesterol efflux through the
PI3K/PKCU/Splpathway in THP-1macrophages. Eur. J. Pharmacol. 810, 57-62.
doi:10.1016/j.ejphar.2017.06.015

Lee, C. W., Chung, S. W., Bae, M. J,, Song, S., Kim, S. P., and Kim, K. (2015).
Peptidoglycan up-regulates CXCL8 expression via multiple pathways in
monocytes/macrophages. Biomol. Ther. (Seoul) 23 (6), 564-570. doi:10.4062/
biomolther.2015.053

Lee, E. J., Kim, D. L, Kim, W. ], and Moon, S. K. (2009). Naringin inhibits matrix
metalloproteinase-9 expression and AKT phosphorylation in tumor necrosis
factor-alpha-induced vascular smooth muscle cells. Mol. Nutr. Food Res. 53
(12), 1582-1591. doi:10.1002/mnfr.200800210

Li, X, Chen, W., Li, P., Wei, J., Cheng, Y., Liu, P., et al. (2017). Follicular stimulating
hormone accelerates atherogenesis by increasing endothelial VCAM-1
expression. Theranostics 7 (19), 4671-4688. doi:10.7150/thno.21216

Lin, C. S, Lin, F. Y,, Ho, L. ], Tsai, C. S., Cheng, S. M., Wu, W. L, et al. (2012).
PKCS signalling regulates SR-A and CD36 expression and foam cell formation.
Cardiovasc. Res. 95 (3), 346-355. d0i:10.1093/cvr/cvs189

Lin, H. H. (2015). In vitro and in vivo atheroprotective effects of gossypetin against
endothelial cell injury by induction of autophagy. Chem. Res. Toxicol. 28 (2),
202-215. doi:10.1021/tx5003518.Lin

Lin, R. C., Weeks, K. L., Gao, X. M., Williams, R. B, Bernardo, B. C., Kiriazis, H.,
etal. (2010). PI3K (p110 alpha) protects against myocardial infarction-induced
heart failure: identification of PI3K-regulated miRNA and mRNA. Arterioscler
Thromb. Vasc. Biol. 30 (4), 724-732. d0i:10.1161/ATVBAHA.109.201988

Linton, M. F., Babaev, V. R,, Huang, J., Linton, E. F., Tao, H., and Yancey, P. G.
(2016). Macrophage apoptosis and efferocytosis in the pathogenesis of
atherosclerosis. Circ. J. 80 (11), 2259-2268. doi:10.1253/circj.CJ-16-0924

Liu, C,, Zhao, J., Liu, Y., Huang, Y., Shen, Y., Wang, J., et al. (2016). A novel
pentacyclic triterpenoid, Ilexgenin A, shows reduction of atherosclerosis in
apolipoprotein E deficient mice. Int. Immunopharmacol. 40, 115-124. doi:10.
1016/j.intimp.2016.08.024

Liu, G. Y, Liang, Q. H,, Cui, R. R,, Liu, Y., Wu, S. S, and Shan, P. F. (2014). Leptin
promotes the osteoblastic differentiation of vascular smooth muscle cells from
female mice by increasing RANKL expression. Endocrinology 155 (2), 558-567.
doi:10.1210/en.2013-1298

Liu, J., Guo, Z., Zhang, Y., Wu, T., Ma, Y., Lai, W, et al. (2020). LCK inhibitor
attenuates atherosclerosis in ApoE-/- mice via regulating T cell differentiation
and reverse cholesterol transport. J. Mol. Cell Cardiol. 139, 87-97. doi:10.1016/j.
yjmcc.2020.01.003

Liu, J., Xiao, X., Shen, Y., Chen, L., Xu, C., and Zhao, H. (2017). MicroRNA
-32promotes calcification in vascular smooth muscle cellsImplications as a
novel marker for coronary artery calcification. PLoS One 12 (3), e0174138.
doi:10.1371/journal.pone.0174138

PISK in Atherosclerosis

Liu, X., Sun, W., Zhao, Y., Chen, B., Wu, W, Bao, L., et al. (2015). Ginkgolide B
inhibits JAM-A, Cx43, and VE-cadherin expression and reduces monocyte
transmigration in oxidized LDL-stimulated human umbilical vein
endothelial cells. Oxid. Med. Cell Longev. 2015, 907926. doi:10.1155/
2015/907926

Lu, C. Y, Yang, Y. C, Li, C. C, Liu, K. L, Lii, C. K,, and Chen, H. W. (2014).
Andrographolide inhibits TNFa-induced ICAM-1 expression via suppression
of NADPH oxidase activation and induction of HO-1 and GCLM expression
through the PI3K/Akt/Nrf2 and PI3K/Akt/AP-1 pathways in human
endothelial cells. Biochem. Pharmacol. 91 (1), 40-50. doi:10.1016/j.bcp.2014.
06.024

Luo, Y., Sun, G., Dong, X., Wang, M., Qin, M., Yu, Y,, et al. (2015). Isorhamnetin
attenuates atherosclerosis by inhibiting macrophage apoptosis via PI3K/AKT
activation and HO-1 induction. PLoS One 23 (10), €0120259. doi:10.1371/
journal.pone.01202593

Lyon, C. A., Johnson, J. L., Williams, H., Sala-Newby, G. B., and George, S. J. (2009).
Soluble N-cadherin overexpression reduces features of atherosclerotic plaque
instability. Arterioscler Thromb. Vasc. Biol. 29 (2), 195-201. doi:10.1161/
ATVBAHA.108.178087

Mabhajan, U. B., Chandrayan, G,, Patil, C. R,, Arya, D. S,, Suchal, K., Agrawal, Y.,
et al. (2018). Eplerenone attenuates myocardial infarction in diabetic rats via
modulation of the PI3K-Akt pathway and phosphorylation of GSK-3B. Am.
J. Transl. Res. 10 (9), 2810-2821.

Malekmohammad, K., Sewell, R. D. E., and Rafieian-Kopaei, M. (2020).
Mechanisms of medicinal plant activity on nitric oxide (NO) bioavailability
as prospective treatments for atherosclerosis. Curr. Pharm. Des. 26 (22),
2591-2601. doi:10.2174/1381612826666200318152049

Matsuo, K., Akakabe, Y., Kitamura, Y., Shimoda, Y., Ono, K., Ueyama, T, et al.
(2015). Loss of apoptosis regulator through modulating IAP expression (ARIA)
protects blood vessels from atherosclerosis. J. Biol. Chem. 290 (6), 3784-3792.
doi:10.1074/jbc.M114.605287

Meng, X, Li, X,, Xu, X,, Li, P., Chen, Y., Fu, X,, et al. (2019). Elevated luteinizing
hormone contributes to atherosclerosis formation by inhibiting nitric oxide
synthesis via PI3K/Akt pathway. Vascul. Pharmacol. 121, 106582. doi:10.1016/j.
vph.2019.106582

Mialet-Perez, J., and Vindis, C. (2017). Autophagy in health and disease: focus on
the cardiovascular system. Essays Biochem. 61 (6), 721-732. doi:10.1042/
EBC20170022

Moraes, L. A., Vaiyapuri, S., Sasikumar, P., Ali, M. S., Kriek, N., Sage, T., et al.
(2013). Antithrombotic actions of statins involve PECAM-1 signaling. Blood
122 (18), 3188-3196. doi:10.1182/blood-2013-04-491845

Nagaoka, K., Matoba, T., Mao, Y., Nakano, Y., Ikeda, G., Egusa, S., et al. (2015). A
new therapeutic modality for acute myocardial infarction: nanoparticle-
mediated delivery of pitavastatin induces cardioprotection from ischemia-
reperfusion injury via activation of PI3K/Akt pathway and anti-inflammation
in a rat model. PLoS One 10 (7), e0132451. doi:10.1371/journal.pone.
0132451

Naito, C., Hashimoto, M., Watanabe, K., Shirai, R., Takahashi, Y., and Kojima, M.
(2016). Facilitatory effects of fetuin-A on atherosclerosis. Atherosclerosis 253,
346. doi:10.1016/j.atherosclerosis.2016.01.037

Nana, Y., Peng, J., Jianlin, Z., Xiangjian, Z., Shutong, Y., Enxin, Z,, et al. (2015).
Reverse-D-4F increases the number of endothelial progenitor cells and
improves endothelial progenitor cell dysfunctions in high fat diet mice.
PLoS One 10 (9), €0138832. doi:10.1371/journal.pone.0138832

Okazaki, H., Shioi, A., Hirowatari, K., Koyama, H., Fukumoto, S., Ishimura, E.,

(2009).  Phosphatidylinositol = 3-kinase/Akt pathway regulates
inflammatory mediators-induced calcification of human vascular smooth
muscle cells. Osaka City Med. ]. 55 (2), 71-80.

Ong, M. H,, Wong, H. K, Tengku-Muhammad, T. S., Choo, Q. C, and Chew, C. H.
(2019). Pro-atherogenic proteoglycanase ADAMTS-1 is down-regulated by lauric acid
through PI3K and JNK signaling pathways in THP-1 derived macrophages. Mol. Biol.
Rep. 46 (3), 2631-2641. doi:10.1007/s11033-019-04661-6

Palasubramaniam, J., Wang, X., and Peter, K. (2019). Myocardial infarction-from
atherosclerosis to thrombosis. Arterioscler Thromb. Vasc. Biol. 39 (8),
el76-e185. doi:10.1161/ATVBAHA.119.312578

Palomo, M., Vera, M., Martin, S., Torramadé-Moix, S., Martinez-Sanchez, J., Belen
Moreno, A, et al. (2020). Up-regulation of HDACs, a harbinger of uraemic

et al

Frontiers in Pharmacology | www.frontiersin.org

16

March 2021 | Volume 12 | Article 632378


https://doi.org/10.14348/molcells.2018.0111
https://doi.org/10.1016/j.vph.2006.06.007
https://doi.org/10.1016/j.atherosclerosis.2015.06.016
https://doi.org/10.1074/jbc.M605823200
https://doi.org/10.1074/jbc.M605823200
https://doi.org/10.3109/10641963.2013.789048
https://doi.org/10.3109/10641963.2013.789048
https://doi.org/10.2174/1381612811319330005
https://doi.org/10.1016/j.ejphar.2017.06.015
https://doi.org/10.4062/biomolther.2015.053
https://doi.org/10.4062/biomolther.2015.053
https://doi.org/10.1002/mnfr.200800210
https://doi.org/10.7150/thno.21216
https://doi.org/10.1093/cvr/cvs189
https://doi.org/10.1021/tx5003518.Lin
https://doi.org/10.1161/ATVBAHA.109.201988
https://doi.org/10.1253/circj.CJ-16-0924
https://doi.org/10.1016/j.intimp.2016.08.024
https://doi.org/10.1016/j.intimp.2016.08.024
https://doi.org/10.1210/en.2013-1298
https://doi.org/10.1016/j.yjmcc.2020.01.003
https://doi.org/10.1016/j.yjmcc.2020.01.003
https://doi.org/10.1371/journal.pone.0174138
https://doi.org/10.1155/2015/907926
https://doi.org/10.1155/2015/907926
https://doi.org/10.1016/j.bcp.2014.06.024
https://doi.org/10.1016/j.bcp.2014.06.024
https://doi.org/10.1371/journal.pone.0120259
https://doi.org/10.1371/journal.pone.0120259
https://doi.org/10.1161/ATVBAHA.108.178087
https://doi.org/10.1161/ATVBAHA.108.178087
https://doi.org/10.2174/1381612826666200318152049
https://doi.org/10.1074/jbc.M114.605287
https://doi.org/10.1016/j.vph.2019.106582
https://doi.org/10.1016/j.vph.2019.106582
https://doi.org/10.1042/EBC20170022
https://doi.org/10.1042/EBC20170022
https://doi.org/10.1182/blood-2013-04-491845
https://doi.org/10.1371/journal.pone.0132451
https://doi.org/10.1371/journal.pone.0132451
https://doi.org/10.1016/j.atherosclerosis.2016.01.037
https://doi.org/10.1371/journal.pone.0138832
https://doi.org/10.1007/s11033-019-04661-6
https://doi.org/10.1161/ATVBAHA.119.312578
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

endothelial dysfunction, is prevented by defibrotide. J. Cell Mol. Med. 24 (2),
1713-1723. doi:10.1111/jemm.14865

Pantan, R., Tocharus, J., Phatsara, M., Suksamrarn, A., and Tocharus, C. (2016).
Synergistic effect of atorvastatin and cyanidin-3-glucoside against angiotensin
II-mediated vascular smooth muscle cell proliferation and migration through
MAPK and PI3K/Akt pathways. Arch. Pharm. Res d0i:10.1007/s12272-016-
0836-3

Park, S., Lim, S., Chang, W., Song, H., Lee, S., Song, B. W,, et al. (2008). The
inhibition of insulin-stimulated proliferation of vascular smooth muscle cells by
rosiglitazone is mediated by the Akt-mTOR-P70S6K pathway. Yonsei Med. J. 49
(4), 592-600. doi:10.3349/ym;.2008.49.4.592

Peng, Y., Meng, K, Jiang, L., Zhong, Y., Yang, Y., Lan, Y., et al. (2017). Thymic
stromal lymphopoietin-induced HOTAIR activation promotes endothelial cell
proliferation and migration in atherosclerosis. Biosci. Rep. 37 (4), BSR20170351.
doi:10.1042/BSR20170351

Philippova, M., Joshi, M. B., Pfaff, D., Kyriakakis, E., Maslova, K., Erne, P., et al.
(2012). T-cadherin attenuates insulin-dependent signalling, eNOS activation,
and angiogenesis in vascular endothelial cells. Cardiovasc. Res. 93 (3), 498-507.
doi:10.1093/cvr/cvs004

Pi, S., Mao, L., Chen, J., Shi, H,, Liu, Y., Guo, X,, et al. (2020). The P2RY12 receptor
promotes VSMC-derived foam cell formation by inhibiting autophagy in
advanced atherosclerosis. Autophagy 19, 1-21. doi:10.1080/15548627.2020.
1741202

Pirillo, A., Norata, G. D., and Catapano, A. L. (2013). LOX-1, OxLDL, and
atherosclerosis. Mediators Inflamm. 2013, 152786. doi:10.1155/2013/152786

Ponnusamy, A, Sinha, S., Hyde, G. D., Borland, S. J., Taylor, R. F.,, Pond, E,, et al.
(2018). FTI-277 inhibits smooth muscle cell calcification by up-regulating
PI3K/Akt signaling and inhibiting apoptosis. PLoS One 13 (4), e0196232.
doi:10.1371/journal.pone.0196232

Pryma, C. S., Ortega, C., Dubland, J. A., and Francis, G. A. (2019). Pathways of
smooth muscle foam cell formation in atherosclerosis. Curr. Opin. Lipidol. 30
(2), 117-124. d0i:10.1097/MOL.0000000000000574

Ren, K, Lu, Y.]., Mo, Z. C,, -Liu, X,, Tang, Z. L., Jiang, Y., et al. (2017). ApoA-I/SR-
BI modulates S1P/SIPR2-mediated inflammation through the PI3K/Akt
signaling pathway in HUVECs. J. Physiol. Biochem. 73 (2), 287-296. doi:10.
1007/s13105-017-0553-5

Rios, F. J., Koga, M. M., Ferracini, M., Jancar, S., et al. (2012). Co-stimulation of
PAFR and CD36 is required for oxLDL-induced human macrophages
activation. PLoS One. 7 (5), €36632. doi:10.1371/journal.pone.0036632

Rosner, D., Stoneman, V., Littlewood, T., McCarthy, N., Figg, N., Wang, Y., et al.
(2006). Interferon-gamma induces Fas trafficking and sensitization to apoptosis
in vascular smooth muscle cells via a PI3K- and Akt-dependent mechanism.
Am. ]. Pathol. 168 (6), 2054-2063. doi:10.2353/ajpath.2006.050473

Ruiz, M., Frej, C., Holmér, A., Guo, L. ], Tran, S., and Dahlbéck, B. (2017). High-
density  lipoprotein-associated ~ apolipoprotein M  limits  endothelial
inflammation by delivering sphingosine-1-phosphate to the sphingosine-1-
phosphate receptor 1. Arterioscler Thromb. Vasc. Biol. 37 (1), 118-129. doi:10.
1161/ATVBAHA.116.308435

Sakakura, K., Nakano, M., Otsuka, F., Ladich, E., Kolodgie, F. D., and Virmani, R.
(2013). Pathophysiology of atherosclerosis plaque progression. Heart Lung
Circ. 22 (6), 399-411. doi:10.1016/j.hlc.2013.03.001

Sanchez-Galén, E., Gomez-Hernéndez, A., Vidal, C., Martin-Ventura, J. L., Blanco-
Colio, L. M., Mufoz-Garcia, B., et al. (2009). Leukotriene B4 enhances the
activity of nuclear factor-kappaB pathway through BLT1 and BLT2 receptors in
atherosclerosis. Cardiovasc. Res. 81 (1), 216-225. doi:10.1093/cvr/cvn277

Shakespear, M. R., Halili, M. A., Irvine, K. M., Fairlie, D. P., and Sweet, M. J. (2011).
Histone deacetylases as regulators of inflammation and immunity. Trends
Immunol. 32 (7), 335-343. doi:10.1016/j.it.2011.04.001

Shan, P. F,, Lu, Y, Cui, R. R, Jiang, Y., Yuan, L. Q., and Liao, E. Y. (2011). Apelin
attenuates the osteoblastic differentiation of vascular smooth muscle cells. PLoS
One. 6 (3), €17938. doi:10.1371/journal.pone.0017938

Shin, S. S., Ko, M. C,, Noh, D. H., Hwang, B., Park, Y., Park, S. L., et al. (2018).
Morin inhibits PDGF-induced proliferation, migration, and invasion of
vascular smooth muscle cells via modulating p27KIP1, AKT, and MMP-9
activities. Gen. Physiol. Biophys. 37 (6), 633-645. doi:10.4149/gpb_2018028

Singla, B, Lin, H. P, Chen, A., Ahn, W., Ghoshal, P., Cherian-Shaw, M., et al.
(2020). Role of R-spondin 2 in arterial lymphangiogenesis and atherosclerosis.
Cardiovasc. Res. doi:10.1093/cvr/cvaa244

PISK in Atherosclerosis

Siragusa, M., Katare, R., Meloni, M., Damilano, F., Hirsch, E., Emanueli, C, et al.
(20102010). Involvement of phosphoinositide 3-kinase gamma in angiogenesis
and healing of experimental myocardial infarction in mice. Circ. Res. 106 (4),
757-768. doi:10.1161/CIRCRESAHA.109.207449

Song, F,, Zhu, Y., Shi, Z,, Tian, J., Deng, X., Ren, J., et al. (2014). Plant food
anthocyanins inhibit platelet granule secretion in hypercholesterolaemia:
involving the signalling pathway of PI3K-Akt. Thromb. Haemost. 112 (5),
981-991. doi:10.1160/TH13-12-1002

Song, N, Jia, L., Cao, H., Ma, Y., Chen, N., Chen, S., et al. (2020). Gypenoside
inhibits endothelial cell apoptosis in atherosclerosis by modulating
mitochondria through PI3K/Akt/Bad pathway. Biomed. Res. Int. 2020,
2819658. doi:10.1155/2020/2819658

Sumi, M., Sata, M., Miura, S., Rye, K. A., Toya, N., Kanaoka, Y., et al. (2007).
Reconstituted high-density lipoprotein stimulates differentiation of endothelial
progenitor cells and enhances ischemia-induced angiogenesis. Arterioscler
Thromb. Vasc. Biol. 27 (4), 813-818. doi:10.1161/01.ATV.0000259299.38843.64

Tang, C., Liu, Y., Kessler, P. S., Vaughan, A. M., and Oram, J. F. (2009). The
macrophage cholesterol exporter ABCA1 functions as an anti-inflammatory
receptor. J. Biol. Chem. 284 (47), 32336-32343. doi:10.1074/jbc.M109.047472

Tang, S. L., Chen, W. ], Yin, K., Zhao, G.J., Mo, Z. C., Lv, Y. C, et al. (2012). PAPP-
A negatively regulates ABCA1, ABCGland SR-Blexpression by inhibiting
LXRathrough the IGF-I-mediated signaling pathway. Atherosclerosis 222 (2),
344-354. doi:10.1016/j.atherosclerosis.2012.03.005

Tang, Y., Xu, Q., Peng, H., Liu, Z,, Yang, T., Yu, Z, et al. (2015). The role of vascular
peroxidase lin ox-LDL-induced vascular smooth muscle cell calcification.
Atherosclerosis 243 (2), 357-363. doi:10.1016/j.atherosclerosis.2015.08.047

Tao, H., Yancey, P. G., Babaev, V. R, Blakemore, J. L., Zhang, Y., Ding, L., et al.
(2015). Macrophage SR-BI mediates efferocytosis via Src/PI3K/Racl signaling
and reduces atherosclerotic lesion necrosis. J. Lipid Res. 56 (8), 1449-1460.
doi:10.1194/j1r.M056689

Tawfik, M. K., El-Kherbetawy, M. K., and Makary, S. (2018). Cardioprotective and
anti-aggregatory effects of levosimendan on isoproterenol-induced myocardial
injury in high-fat-fed rats involves modulation of PI3K/Akt/mTOR signaling
pathway and inhibition of apoptosis: comparison to cilostazol. J. Cardiovasc.
Pharmacol. Ther. 23 (5), 456-471. doi:10.1177/1074248418763957

Vainio, S., and Ikonen, E. (2003). Macrophage cholesterol transport: a critical
player in foam cell formation. Ann. Med. 35 (3), 146-155. doi:10.1080/
07853890310008198

Wang, C., Wen, J., Zhou, Y., Li, L., Cui, X., Wang, J., et al. (2015). Apelin induces
vascular smooth muscle cells migration via a PI3K/Akt/FoxO3a/MMP-2
pathway. Int. J. Biochem. Cell Biol 69, 173-182. doi:10.1016/j.biocel.2015.10.015

Wang, H., Robichaux, W. G., Wang, Z., Mei, F. C., Cai, M., Du, G., et al. (2016).
Inhibition of Epacl suppresses mitochondrial fission and reduces neointima
formation induced by vascular injury. Sci. Rep. 6, 36552. doi:10.1038/
srep36552

Wang, J., Bai, X., Song, Q., Fan, F., Hu, Z., Cheng, G., et al. (2015). miR-223 inhibits
lipid deposition and inflammation by suppressing toll-like receptor 4 signaling
in macrophages. Int. J. Mol. Sci. 16 (10), 24965-24982. doi:10.3390/
ijms161024965

Wang, N., Zhang, X., Ma, Z., Niu, J., Ma, S., and Wenjie, W. (2020). Combination
of tanshinone IIA and astragaloside IV attenuate atherosclerotic plaque
vulnerability in ApoE(-/-) mice by activating PI3K/AKT signaling and
suppressing TRL4/NF-kB signaling. Biomed. Pharmacother. 123, 109729.
doi:10.1016/j.biopha.2019.109729

Wang, X., Fu, Y. F, Liu, X,, Feng, G., Xiong, D., Mu, G. F,, et al. (2018). ROS
promote ox-LDL-induced platelet activation by up-regulating autophagy
through the inhibition of the PI3K/AKT/mTOR pathway. Cell Physiol.
Biochem. 50 (5), 1779-1793. doi:10.1159/000494795

Wang, Z., Bao, Z., Ding, Y., Xu, S., Du, R, Yan, J,, et al. (2019). Ne-carboxymethyl-
lysine-induced PI3K/Akt signaling inhibition promotes foam cell apoptosis and
atherosclerosis progression. Biomed. Pharmacother. 115, 108880. doi:10.1016/j.
biopha.2019.108880

Wei, R, Ma, S., Wang, C,, Ke, J., Yang, J., Li, W, et al. (2016). Exenatide exerts
direct protective effects on endothelial cells through the AMPK/Akt/eNOS
pathway in a GLP-1 receptor-dependent manner. Am. J. Physiol. Endocrinol.
Metab. 310 (11), E947-E957. doi:10.1152/ajpendo.00400.2015

Wu, B. W, Liu, Y., Wu, M. S,, Meng, Y. H,, Lu, M., Guo, J. D,, et al. (2020).
Downregulation of microRNA-135b promotes atherosclerotic plaque

Frontiers in Pharmacology | www.frontiersin.org

17

March 2021 | Volume 12 | Article 632378


https://doi.org/10.1111/jcmm.14865
https://doi.org/10.1007/s12272-016-0836-3
https://doi.org/10.1007/s12272-016-0836-3
https://doi.org/10.3349/ymj.2008.49.4.592
https://doi.org/10.1042/BSR20170351
https://doi.org/10.1093/cvr/cvs004
https://doi.org/10.1080/15548627.2020.1741202
https://doi.org/10.1080/15548627.2020.1741202
https://doi.org/10.1155/2013/152786
https://doi.org/10.1371/journal.pone.0196232
https://doi.org/10.1097/MOL.0000000000000574
https://doi.org/10.1007/s13105-017-0553-5
https://doi.org/10.1007/s13105-017-0553-5
https://doi.org/10.1371/journal.pone.0036632
https://doi.org/10.2353/ajpath.2006.050473
https://doi.org/10.1161/ATVBAHA.116.308435
https://doi.org/10.1161/ATVBAHA.116.308435
https://doi.org/10.1016/j.hlc.2013.03.001
https://doi.org/10.1093/cvr/cvn277
https://doi.org/10.1016/j.it.2011.04.001
https://doi.org/10.1371/journal.pone.0017938
https://doi.org/10.4149/gpb_2018028
https://doi.org/10.1093/cvr/cvaa244
https://doi.org/10.1161/CIRCRESAHA.109.207449
https://doi.org/10.1160/TH13-12-1002
https://doi.org/10.1155/2020/2819658
https://doi.org/10.1161/01.ATV.0000259299.38843.64
https://doi.org/10.1074/jbc.M109.047472
https://doi.org/10.1016/j.atherosclerosis.2012.03.005
https://doi.org/10.1016/j.atherosclerosis.2015.08.047
https://doi.org/10.1194/jlr.M056689
https://doi.org/10.1177/1074248418763957
https://doi.org/10.1080/07853890310008198
https://doi.org/10.1080/07853890310008198
https://doi.org/10.1016/j.biocel.2015.10.015
https://doi.org/10.1038/srep36552
https://doi.org/10.1038/srep36552
https://doi.org/10.3390/ijms161024965
https://doi.org/10.3390/ijms161024965
https://doi.org/10.1016/j.biopha.2019.109729
https://doi.org/10.1159/000494795
https://doi.org/10.1016/j.biopha.2019.108880
https://doi.org/10.1016/j.biopha.2019.108880
https://doi.org/10.1152/ajpendo.00400.2015
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

stabilization in atherosclerotic mice by upregulating erythropoietin receptor.
IUBMB Life 72 (2), 198-213. d0i:10.1002/iub.2155

Wu, W, Shan, Z, Wang, R, Chang, G, Wang, M., Wu, R, et al. (2019).
Overexpression of miR-223 inhibits foam cell formation by inducing
autophagy in vascular smooth muscle cells. Am. J. Transl. Res. 11 (7), 4326-4336.

Wu, Y. T, Bi, Y. M,, Tan, Z. B,, Xie, L. P., Xu, H. L., Fan, H. ], et al. (2019).
Tanshinone I inhibits vascular smooth muscle cell proliferation by targeting
insulin-like growth factor-1 receptor/phosphatidylinositol-3-kinase signaling
pathway. Eur. J. Pharmacol. 853, 93-102. doi:10.1016/j.ejphar.2019.03.021

Xian, X, Ding, Y., Dieckmann, M., Zhou, L., Plattner, F., Liu, M., et al. (2017). LRP1
integrates murine macrophage cholesterol homeostasis and inflammatory
responses in atherosclerosis. Elife 6, €29292. doi:10.7554/eLife.29292

Xie, H., Xie, P. L., Wu, X. P., Chen, S. M., Zhou, H. D., Yuan, L. Q., et al. (2011).
Omentin -lattenuates arterial calcification and bone loss in osteoprotegerin-
deficient mice by inhibition of RANKL expression. Cardiovasc. Res. 92 (2),
296-306. doi:10.1093/cvr/cvr200

Xu, C. X, Xu, L, Peng, F. Z,, Cai, Y. L., and Wang, Y. G. (2019). MiR-647 promotes
proliferation and migration of ox-LDL-treated vascular smooth muscle cells
through regulating PTEN/PI3K/AKT pathway. Eur. Rev. Med. Pharmacol. Sci.
23 (16), 7110-7119. doi:10.26355/eurrev_201908_18756

Xu, X,, Lei, T., Li, W., and Ou, H. (2019). Enhanced cellular cholesterol efflux by
naringenin is mediated through inhibiting endoplasmic reticulum stress - ATF6
activity in macrophages. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1864 (10),
1472-1482. doi:10.1016/j.bbalip.2019.06.005

Yang, H., Du, R. Z,, Qiu, J. P, Tang, Y. Q., and Chen, S. C. (2013). Bisoprolol
reverses epinephrine-mediated inhibition of cell emigration through increases
in the expression of B-arrestin 2 and CCR7 and PI3K phosphorylation, in
dendritic cells loaded with cholesterol. Thromb. Res. 131 (3), 230-237. doi:10.
1016/j.thromres.2012.12.009

Yao, Y., Wang, Y., Zhang, Y., and Liu, C. (2017). Klotho ameliorates oxidized
lowdensity lipoprotein (ox-LDL)-induced oxidative stress via regulating LOX-1
and PI3K/Akt/eNOS pathways. Lipids Health Dis. 16 (1), 77. doi:10.1186/
512944-017-0447-0

Younes, A., Berdeja, J. G., Patel, M. R,, Flinn, L, Gerecitano, J. F., Neelapu, S. S., et al.
(2016). Safety, tolerability, and preliminary activity of CUDC-907, a first-in-
class, oral, dual inhibitor of HDAC and PI3K, in patients with relapsed or
refractory lymphoma or multiple myeloma: an open-label, dose-escalation,
phase 1 trial. Lancet Oncol. 17 (5), 622-631. doi:10.1016/S1470-2045(15)
00584-7

Younis, N. S., Abduldaium, M. S., and Mohamed, M. E. (2020). Protective
effect of geraniol on oxidative, inflammatory and apoptotic alterations in
isoproterenol-induced cardiotoxicity: role of the keapl/nrf2/HO-1 and
PI3K/Akt/mTOR pathways. Antioxidants (Basel) 9 (10), 977. doi:10.
3390/antiox9100977

Yu, S. H,, Yu, J. M., Yoo, H. ], Lee, S. J., Kang, D. H,, Cho, Y. ], et al. (2016). Anti-
proliferative effects of rutin on OLETF rat vascular smooth muscle cells
stimulated by glucose variability. Yonsei Med. ]. 57 (2), 373-381. doi:10.
3349/ymj.2016.57.2.373

Yuan, G, Si, G., Hou, Q,, Li, Z., Xu, K., Wang, Y., et al. (2020). Advanced glycation
end products induce proliferation and migration of human aortic smooth

PISK in Atherosclerosis

muscle cells through PI3K/AKT pathway. Biomed. Res. Int. 2020, 8607418.
doi:10.1155/2020/8607418

Zhai, C., Cheng, J., Mujahid, H., Wang, H., Kong, J., Yin, Y., et al. (2014). Selective
inhibition of PI3K/Akt/mTOR signaling pathway regulates autophagy of
macrophage and vulnerability of atherosclerotic plaque. PLoS One 9 (3),
€90563. doi:10.1371/journal.pone.0090563

Zhan,]. K., Wang, Y. ], Wang, Y., Tang, Z. Y., Tan, P., Huang, W., et al. (2015). The
protective effect of GLP-1 analogue in arterial calcification through attenuating
osteoblastic differentiation of human VSMCs. Int. J. Cardiol. 189, 188-193.
doi:10.1016/j.ijcard.2015.04.086

Zhang, M., Li, F., Wang, X., Gong, J., Xian, Y., Wang, G,, et al. (2020). MiR-145
alleviates Hey-induced VSMC proliferation, migration, and phenotypic switch
through repression of the PI3K/Akt/mTOR pathway. Histochem. Cell Biol. 153
(5), 357-366. doi:10.1007/s00418-020-01847-z

Zhang, T., Liang, X., Shi, L., Wang, L., Chen, J., Kang, C,, et al. (2013). Estrogen
receptor and PI3K/Akt signaling pathway involvement in S-(-)equol-induced
activation of Nrf2/ARE in endothelial cells. PLoS One 8 (11), €79075. doi:10.
1371/journal.pone.0079075

Zheng, Y., Lv, P,, Huang, J., Ke, J., and Yan, J. (2020). GYY4137 exhibits anti-
atherosclerosis effect in apolipoprotein E (-/-) mice via PI3K/Akt and TLR4
signalling. Clin. Exp. Pharmacol. Physiol. 47 (7), 1231-1239. doi:10.1111/1440-
1681.13298

Zheng, Z., Zeng, Y., Zhu, X, Tan, Y,, Li, Y., Li, Q, et al. (2019). ApoM -S1P
modulates ox-LDL-induced inflammation through the PI3K/Akt signaling
pathway in HUVECs. Inflammation 42 (2), 606-617. doi:10.1007/s10753-
018-0918-0

Zhou, P., Xie, W.,Luo, Y., Lu, S., Dai, Z., Wang, R,, et al. (2018). Protective effects of
total saponins of aralia elata (miq.) on endothelial cell injury induced by TNF-a
via modulation of the PI3K/Akt and NF-«B signalling pathways. Int. J. Mol. Sci.
20 (1), 36. doi:10.3390/ijms20010036

Zong, J., Li, Y., Du, D, Liu, Y., and Yin, Y. (2016). CD147induces up-regulation of
vascular endothelial growth factor in U937-derived foam cells through PI3K/
AKT pathway. Arch. Biochem. Biophys. 609, 31-38. doi:10.1016/j.abb.2016.
09.001

Zotes, T. M., Arias, C. F., Fuster, J. ]., Spada, R,, Pérez-Yagiie, S., Hirsch, E., et al.
(2013). PI3K pl10y deletion attenuates murine atherosclerosis by reducing
macrophage proliferation but not polarization or apoptosis in lesions. PLoS One
8 (8), €72674. doi:10.1371/journal.pone.0072674

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhao, Qian, Sun, Shen, Cai, Li and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

18

March 2021 | Volume 12 | Article 632378


https://doi.org/10.1002/iub.2155
https://doi.org/10.1016/j.ejphar.2019.03.021
https://doi.org/10.7554/eLife.29292
https://doi.org/10.1093/cvr/cvr200
https://doi.org/10.26355/eurrev_201908_18756
https://doi.org/10.1016/j.bbalip.2019.06.005
https://doi.org/10.1016/j.thromres.2012.12.009
https://doi.org/10.1016/j.thromres.2012.12.009
https://doi.org/10.1186/s12944-017-0447-0
https://doi.org/10.1186/s12944-017-0447-0
https://doi.org/10.1016/S1470-2045(15)00584-7
https://doi.org/10.1016/S1470-2045(15)00584-7
https://doi.org/10.3390/antiox9100977
https://doi.org/10.3390/antiox9100977
https://doi.org/10.3349/ymj.2016.57.2.373
https://doi.org/10.3349/ymj.2016.57.2.373
https://doi.org/10.1155/2020/8607418
https://doi.org/10.1371/journal.pone.0090563
https://doi.org/10.1016/j.ijcard.2015.04.086
https://doi.org/10.1007/s00418-020-01847-z
https://doi.org/10.1371/journal.pone.0079075
https://doi.org/10.1371/journal.pone.0079075
https://doi.org/10.1111/1440-1681.13298
https://doi.org/10.1111/1440-1681.13298
https://doi.org/10.1007/s10753-018-0918-0
https://doi.org/10.1007/s10753-018-0918-0
https://doi.org/10.3390/ijms20010036
https://doi.org/10.1016/j.abb.2016.09.001
https://doi.org/10.1016/j.abb.2016.09.001
https://doi.org/10.1371/journal.pone.0072674
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhao et al.

GLOSSARY

ABCA1 ATP-binding cassette transporter Al
AGEs advanced glycation end products
AMPK adenosine monophosphate-activated protein kinase
ARE antioxidant response element

ATP adenosine triphosphate

BMP bone morphogenetic protein

CML Ne-carboxymethyl-lysine

CTRP Cig/tumor necrosis factor-related protein
eNOS endothelial nitric oxide synthase

EPC endothelial progenitor cell

ERK extracellular regulated kinase

GDF growth differentiation factor

GLP glucagon-like peptide

HO-1 heme oxygenase-1

GSK3 glycogen synthase kinase-3p
ICAM-1 intercellular adhesion molecule 1
IGF insulin-like growth factor

LDL Low-density lipoprotein

LOX-1 Lectin like Ox-LDL receptor-1

M1 the classical activated macrophage
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1
MMP matrix metalloproteinases

mTOR mammalian target of rapamycin

PISK in Atherosclerosis

NADPH nicotinamide adenine dinucleotide phosphate
NF-kB nuclear factor-kappa B

Nrf2 nuclear factor erythroid 2-related factor 2
OPG osteoprotegerin

OPN osteopontin

0x-LDL oxidized low-density lipoprotein

PI3K Phosphatidylinositol 3 kinase

PAPPA pregnancy-associated plasma protein A
PDXK1 phosphoinositide-dependent kinase 1
PDGF-BB Platelet-derived growth factor BB
PKB/AKkt protein kinase B

PKC Protein kinase C

RAGE receptor of advanced glycation end product
RANKTL receptor activator for nuclear factor-kB ligand
ROS reactive oxygen species

Runx?2 runt-related transcription factor 2

S6K1 S6 kinase 1

S1P Sphingosine-1 phosphate

S1PR2 SIP receptor subtype 2

SMC smooth muscle cell

SR-BI Scavenger Receptor class B type I

TNF-a Tumor necrosis factor-alpha

TLR4 Toll-like receptor 4

VEGEF vascular endothelial growth factor

X]JP-1 7,8-Dihydroxy-3-methyl-isochromanone-4b
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