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Abstract: Cardiovascular disease (CVD) is one of the leading causes of death in the world. Paeonol(Pae) is a phenolic component
extracted from peony bark, peony root and Xu Changqing. Studies have shown that Pae can protect cardiomyocytes by inhibiting
oxidative stress, promoting mitochondrial fusion, regulating mitochondrial autophagy and inhibiting inflammation. In addition, Pae
improves ventricular remodeling by inhibiting myocardial apoptosis, hypertrophy and fibrosis. Pae also has a good protective effect on
blood vessels by inhibiting vascular inflammation, reducing the expression of adhesion molecules, inhibiting vascular proliferation,
and inhibiting oxidative stress and endoplasmic reticulum stress(ERS). Pae also has the effect of anti-endothelial cell senescence,
promoting thrombus recanalization and vasodilating. In conclusion, the molecular targets of Pae are very complex, and the relationship
between different targets and signaling pathways cannot be clearly explained, which requires us to use systems biology methods to
further study specific molecular targets of Pae. It has to be mentioned that the bioavailability of Pae is poor, and some nanotechnology-
assisted drug delivery systems improve the therapeutic effect of Pae. We reviewed the protective mechanism of paeonol on the
cardiovascular system, hoping to provide help for drug development in the treatment of CVD.
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Introduction

With the change of living habits and environment, the spectrum of human diseases is also gradually changing.
Epidemiological studies have shown that with the ageing of the population, increasing environmental pollution and
poor lifestyle habits, all contribute to chronic diseases, especially cardiovascular diseases, which are the major causes of
morbidity and mortality worldwide.! Cardiovascular disease (CVD) has become one of the leading causes of death in the
world. The World Health Organization estimates that 30,000 people die every day from CVD and that more than 40% of
non-communicable disease deaths each year are attributed to CVD.?

Paeonol (Pae) is a phenolic component extracted from peony bark, paeonia rubra and Xu Changqing. It has a wide
range of biological activities, including antioxidant, anti-inflammatory, anti-cancer and apoptosis inhibition.” In recent
years, studies have shown that Pae has a good protective effect on the cardiovascular system. In China, Pae is used alone
or in combination with other traditional Chinese medicines to effectively protect the cardiovascular system, suggesting
that Pae may be used as an alternative or supplement to compensate for the limited efficiency of modern drugs in treating
CVD. A previous paper® on advances in the bioactivity of Pae in CVD was published in 2021, but this paper included
only 20 basic studies. When writing this review, we searched relevant studies in CNKI and pubmed, including a total of
57 basic studies on Pae’s improvement of CVD. In this review, we have more comprehensively summarized the
improvement mechanism of Pae on CVD (Figure 1).
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Figure | (a) Peony bark. (b) Xu Changging. (c) Paeonia rubra. (d) Chemical structure of Paeonol. (e and f) Pharmacological effects of Paeonol.

Pae Protects the Heart

Pae Reduces Oxidative Stress

Myocardial ischemia/reperfusion (I/R) injury is a significant clinical problem, resulting in increased production of reactive
oxygen species (ROS), lipid peroxidation of myocardial membrane, inactivation of key enzymes, and interference with nucleic
acid synthesis. This leads to dysfunction of heart muscle cells.” Breast cancer type 1 sensitive protein (BRCA1) gene, as a
regulator of genomic stability, is involved in DNA repair and transcription.” BRCA1 has been shown to protect vascular smooth
muscle cells (VSMC) from oxidative stress.” Zheng et al found that after myocardial anoxia/reoxygenation (A/R) injury, Pae (10
uM) can improve the activity of antioxidant enzymes and reduce the production of ROS by up-regulating the expression of
BRCAI. Zheng et al® found that after myocardial A/R injury, Pae (10 uM) can improve the activity of antioxidant enzymes and
reduce the production of ROS by up-regulating the expression of BRCA1. Furthermore, the formation of nod-like receptor
protein 3 (NLRP3) inflammasome and the activity of nuclear factor kB (NF-kB) were inhibited. Ultimately, the secretion of
tumor necrosis factor-o. (TNF-a), interleukin-6 (IL-6), and IL-1B was reduced (Figure 2 and Table 1).

Silent information regulator 1 (SIRT1) is a protein that encodes gene localization to chromosome 10q21.3. Liu et al’
found that Pae (12 mg/kg/d) alleviated oxidative stress and myocardial damage caused by I/R in rat myocardium,
improved cardiac function and reversed ventricular remodeling by up-regulating the expression of SIRT1. Xu et al' used
Pae (4, 8, 16 mg/kg) to intervene acute myocardial infarction (AMI) rats. It was found that Pae could improve myocardial
cell edema, inhibit cardiomyopathy, increase left ventricular ejection fraction (LVEF), decrease serum levels of IL-6, IL-
Ip and TNF-a, and increase the level of superoxide dismutase (SOD) in myocardial tissue. The mechanism may be
related to the regulation of SIRT3/B-catenin/PPARY signaling pathway in myocardial tissue (Figure 2 and Table 1).

Doxorubicin (DOX), an anthracycline derivative, is used clinically to treat various cancers, but its use is limited by
the fact that DOX can cause irreversible myocardial damage and heart failure (HF). S-phase kinase-associated protein 2
(SKP2), a member of the F-box family, improves cardiac function after ischemia.?’ Chen et al'' established a rat model
of chronic heart failure (CHF) with DOX induction, and found that Pae (25 and 50 mg/kg/d) could alleviate myocardial
histopathological damage, inhibit myocardial cell apoptosis and ROS production. Its mechanism is related to the
regulation of miR-21-5p/SKP2 axis (Figure 2 and Table 1).
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Figure 2 Protective mechanism of Pae on the heart. Pae protects the heart by reducing oxidative stress, promoting mitochondrial fusion, regulating mitochondrial
autophagy, inhibiting myocardial inflammation, apoptosis, hypertrophy and fibrosis. * “1|«<—" means to promote, while “}-" means to suppress.

Pae Promotes Mitochondrial Fusion
The heart is a highly energy-demanding organ that relies heavily on the function of mitochondria, which provide about
90% of the energy. Unbalanced mitochondrial fusion/division dynamics have been found to be an early cause of

Table | Protective Mechanism of Pae on the Myocardium

Research Intervention Methods Mechanism Refs

Subjects

H9C2 cells AR By regulating the BRCAI/ROS/NLRP3 and BRCAI/ROS/NF-kB pathways [8]

Male SD rat IIR By up-regulating the expression of SIRT| [9]

Male SD rat Ligate the LAD By regulating SIRT3/B-catenin/PPARy signaling pathway in myocardial tissue to [10]
inhibit oxidative stress and inflammation

Male SD rat DOX By regulating the miR-21-5p/SKP2 axis [

Cardiomyocytes High glucose Pae promotes Opal expression through activation of CK2a/Jak2/Stat3 signaling [12]

and male SD rats pathway, thereby promoting mitochondrial fusion

Cardiomyocytes DOX Promoting mitochondrial fusion through the PKCe/Stat3/Mfn2 signaling pathway [13]

and male SD rats

Male SD rat I/R injury Inhibiting cardiomyocyte death by mediating the interaction between apoptosis and | [14]
autophagy signaling pathways

H9C2 cells and DOX Inhibiting PI3K/AKT/mTOR and NF-kB signaling pathways by up-regulating miR-1, | [I5]
BALB/c mice thereby increasing autophagy and reducing apoptosis.
(Continued)
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Table | (Continued).

Research Intervention Methods Mechanism Refs

Subjects

H9C2 cells, SD rats | Hypoxia, ligation of the Promoting mitochondrial autophagy by activating Pink|/Parkin signaling pathway [16]

LAD

Male Wistar rat MTX Reducing TNF-a and IL-6 production by inhibiting the TLR4/NF-kB signaling [17]
pathway

Male Wistar rat, Intraperitoneal injection of | By activating the PI3K/AKT signaling pathway [18]

H9C2 cells Escherichia coli, LPS

Male SD rat /R By reducing the expression of IL-13 and HMGBI [19]

Wistar rats Ligate the LAD Reduce IL-1 by inhibiting the NF-kB signaling pathway [20]

H9C2 cells A/R Reducing apoptosis by down-regulating miR-155-5p levels [21]

Cardiomyocytes of | High glucose Inhibiting cardiomyocyte apoptosis by activating PI3K/Akt signaling pathway [22]

suckling rats

C57BL/6 mice TAC Inhibiting cardiomyocyte apoptosis and myocardial hypertrophy by regulating [23]
ERK1/2/JNK signal pathway

H9C2 cells DOX Reduce cardiomyocyte apoptosis, collagen deposition and hypertrophy by [24]
activating Notch|

Male SD rats Ligate the LAD By inhibiting TGF- B/ Smads signal path, thereby reducing Collagen IlI [25,26]

increased mitochondrial ROS production and induction of mitochondrial dysfunction.”®** Studies®® have found that
promoting mitochondrial fusion through upregulation of Mfn2 expression does not impair cardiac mitochondrial
function, while complete inhibition of Drpl-mediated mitochondrial division does. This suggests that promoting
mitochondrial fusion is a safer strategy than suppressing mitochondrial division. Liu et al'* found that Pae (100 pmol/
L) promoted mitochondrial fusion and improved mitochondrial function in cardiomyocytes treated with high glucose. In
animal studies, Pae (300 mg/kg/d) increased LVEF and left ventricular fractional shortening(LVFS), decreased left
ventricular end systolic diameter (LVESD), improved cardiac diastolic function, and inhibited myocardial hypertrophy
and interstitial fibrosis in diabetic rats. Further studies found that the expression of the fusion-related protein Opal was
decreased in the hearts of diabetic rats, while Pae administration attenuated the decrease in the expression of Opal. In
addition, deletion of Opal attenuates the protective effect of Pae on diabetic hearts. These results suggest that Pae may at
least improve diabetic cardiomyopathy(DCM) by up-regulating Opal expression and increasing mitochondrial fusion.
Liu et al also found that the up-regulation of Opal expression was achieved by activation of the CK2a/Jak2/Stat3
signaling pathway (Figure 2 and Table 1).

In the process of mitochondrial fusion, the outer membrane of mitochondria fused first, and then the inner membrane
fused. Mfnl and Mfn2 are essential proteins for mitochondrial outer membrane fusion, and Opal is located in the inner
membrane of mitochondria and is a key protein responsible for inner membrane fusion.’! Ding et al'® found that Pae (50
umol/L) restored mitochondrial fusion and enhanced mitochondrial function in DOX-treated cardiomyocytes. In animal
experiments, Pae (150 mg/kg/d) increased LVEF and LVFS, decreased LVESD, and inhibited myocardial apoptosis and
oxidative stress in DOX treated rats. The protective mechanism may be that Pae promotes mitochondrial fusion through
PKCe/Stat3/Mfn2 signaling pathway (Figure 2 and Table 1).

Pae Regulates Mitochondrial Autophagy
Autophagy is an intracellular catabolic process in which long-lived proteins are recycled and damaged organelles are
removed.>* However, excessive activation of autophagy degrades essential proteins and organelles, leading to progressive
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consumption of proteins or organelles and cell death during I/R.** Autophagy and apoptosis are mediated by the
interaction between Beclin-1 and B-cell lymphoma-2 (Bcl-2) proteins. After their interaction, autophagy is inhibited,

while Bcl-2 maintains its anti-apoptotic potential.>* Tsai et al'*

found that Pae (1 mg/kg/d) significantly improved cardiac
function after myocardial I/R injury, and reduced arrhythmia and mortality induced by myocardial I/R. The mechanism is
related to the up-regulation of Bcl-2 protein and the down-regulation of caspase-9 and caspase-3 expression, and the
down-regulation of Beclin-1 protein (Figure 2 and Table 1).

As mentioned above, moderate autophagy facilitates the clearance of damaged organelles. Wu et al'> found that Pae
(50 mg/kg/d) improved cardiac dysfunction in BALB/c mice induced by DOX and reduced myocardial cell damage. In
cell experiments, Pae (100 uM) upregulated miR-1, thereby inhibiting PI3K/AKT/mTOR signaling pathway to up-
regulate autophagy, and inhibited PI3K/AKT/NF-«B signaling pathway to reduce myocardial apoptosis. In another study,
Liu et al'® found that Pae (12 mg/kg/d) promoted myocardial mitochondrial autophagy in AMI rats, thus protecting
cardiac function. In cell experiments, Pae (100 pM) reduced hypoxic-induced cardiomyocyte injury by activating Pink1/
Parkin signaling pathway (Figure 2 and Table 1).

Pae Inhibits Inflammation

Toll-like receptor 4 (TLR4) is an important member of the TLR family, which can activates NF-kB and promotes the
production of inflammatory mediators.’> Methotrexate (MTX) is a cytotoxic chemotherapy drug with folate antagonistic
activity, which can cause certain damage to the heart.*® Al-Taher et al'’ found that Pae (100 mg/kg/d) may reduce the
cardiotoxicity induced by MTX, inhibit the production of TNF-a and IL-6, and reduce the apoptosis of cardiomyocytes in
rats by inhibiting the TLR4/NF-xB signaling pathway. Chen et al'® injected Escherichia coli into the rat abdomen to
establish a rat model of septic shock, and found that Pae (5 mg/kg/d) treatment could inhibit the levels of inflammatory
cell infiltration, inflammatory factors and cardiomyocyte apoptosis in the heart tissue. In vitro experiments, Pae (5 pmol/
L) reduced the apoptotic level and inflammatory cytokine release of H9C2 cardiomyocytes treated with lipopolysacchar-
ide (LPS), and the mechanism is related to the activation of PI3K/AKT pathway (Figure 2 and Table 1).

High mobility group protein Bl (HMGB1) is an important inflammatory mediator, and plays a certain role in the
mechanism of myocardial I/R injury.>” Huang et al'’ established the rat myocardial I/R injury model by ligating the left
anterior descending (LAD) for 30min and then reperfusion for 2h. It was found that Pae (15, 30 mg/kg/d) reduced the
expression of IL-1p and HMGBI, thereby alleviating myocardial cell damage.In another study, Zhao et al*® found that
Pae (4, 6, 8 mg/kg/d) improved ventricular remodeling in rats after AMI by inhibiting NF-xB signaling pathway and
reducing IL-1 (Figure 2 and Table 1).

Pae Inhibits Myocardial Apoptosis, Hypertrophy and Fibrosis
MicroRNAs (miRNAs) are short strands of RNA that are about 20-24 bases long and do not encode proteins. In one

study, Liu et al*!

found that Pae (100 umol/L) attenuates A/R-induced H9C?2 cell apoptosis by down-regulating the level
of miR-155-5p. DCM refers to myocardial disease caused solely by hyperglycemia in diabetic patients, excluding
hypertension and coronary heart disease. Among the factors causing DCM, cardiomyocyte apoptosis is an important

pathogenesis. Wu et al*

found that Pae (40 pg/mL) effectively inhibited the apoptosis of cardiomyocytes induced by
high glucose, which may be achieved by activating PI3K/Akt signaling pathway and thereby up-regulating the expression
of anti-apoptotic genes and inhibiting pro-apoptotic genes (Figure 2 and Table 1).

HF is often accompanied by ventricular hypertrophy, cardiomyocyte apoptosis, cardiac fibrosis and inflammation. Chen
et al** studied the protective mechanism of Pae against HF induced by transverse aortic coarction(TAC) in mice, and found
that Pae (50 mg/kg) alleviated myocardial injury and inhibited myocardial apoptosis and hypertrophy by regulating ERK1/
1?* found that Pae (2.5 mM) protected HOC2 cardiomyocytes

from DOX-induced apoptosis, collagen deposition, and hypertrophy by activating Notchl. Myocardial fibrosis (MF) is an

2/INK signaling pathway. In another study, Thabassum et a

important aspect of ventricular remodeling after AMI and a key factor affecting the prognosis of patients.>® Shi et al*>°
found that Pae (8, 12 and 16 mg/kg/d) reduced MF in AMI rats, and the mechanism was related to the inhibition of TGF-/
Smads signaling pathway and the decrease of Collagen III. Table 1 summarizes the research objects, intervention methods
and protective mechanisms of pae in the myocardial protection experiment (Figure 2 and Table 1).
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Protective Mechanism of Pae on Blood Vessels

Inhibit Vascular Inflammation

Atherosclerosis (AS) is the major cause of morbidity and mortality globally. The injury and dysfunction of vascular
endothelial cell(VEC) are the driving factors for the development and progression of AS. Previous studies® have shown
that phosphatase and tensin homolog (PTEN) are associated with VEC inflammation. Liu et al*” found that Pae (2.5
umol/L) reduces VEC damage induced by oxidized low-density lipoprotein(ox-LDL) by modulating miR-21/PTEN
pathway and down-regulating TNF-a release. NOD-Like receptor thermal protein domain associated protein 3 (NLRP3)
inflammatories play an important role in regulating the inflammatory response, has been identified as a direct target of
miR-223.*" Shi et al** found that Pae (75, 150 or 300 mg/kg/d) alleviated vascular damage by increasing plasma
exosome miRNA-223 in hyperlipidemia rats. In cell experiments, pae (20, 40, and 80 p g/mL) alleviates the inflamma-
tory damage of rat aortic endothelial cells (RAEC) through miRNA-223/NLRP3 signal pathway. In another study, Liu
et al** found that Pae (10 mg/kg/d) increased the level of miR-223 in aorta of ApoE ™~ mice and inhibited the expression
of STAT3 and pSTAT3. In vitro studies, Pae (30, 60, and 120 pM) enhanced miR-223 in human umbilical vein
endothelial cells (HUVECs) co-culture system with THP-1 cells, thereby inhibiting STAT3. Furthermore, the LPS-
induced secretion of IL-1B, IL-6, intercellular adhesion molecule-1 (ICAM-1) and vascular intercellular adhesion
molecule-1 (VCAM-1) in HUVECs was down-regulated, and the adhesion between monocytes and HUVECs was
decreased (Figure 3 and Table 2).

Caveolin-1 is a special vesicular depression structure widely expressed in the cell membrane of VECs, which can
negatively regulate cell signaling pathways by binding and inactivating some important molecules of intracellular signal
transduction.”” Liu et al** found that Pae (75, 150 and 300 mg/kg) significantly reduced aortic plaque area, intimal
hyperplasia and lipid deposition in vascular walls, and increased aortic caveolin-1 expression in rats. In vitro studies, Pae
(30, 60 and 120 umol/L) significantly reduced the levels of TNF-a, IL-6 and VCAM-1 secreted by LPS-induced VEC
through the caveolin-1/NF-kB signaling pathway. Hu et al** observed the protective effect of Pae on LPS-induced VEC
co-cultured with VSMC, and found that Pae (15, 30 and 60 pmol/L) could reduce LPS damage to VEC by inhibiting the
PI3K/Akt/NF-kB pathway (Figure 3 and Table 2).

T helper type 17(Th17) cells are characterized by the production of pro-inflammatory cytokine IL-17, which is a major factor
in the pathogenesis of AS.” In contrast, regulatory T(Treg) cells have been identified as specialized inhibitors of multiple
immune responses and inflammation through the secretion of the anti-inflammatory cytokine IL-10.”* Th17 and Treg cells play
an important role in regulating extracellular matrix (ECM) composition and vascular fibrosis of vascular plaques by regulating
the expression of collagen and matrix metalloproteinases (MMP).”> Shi et al*® found that Pae (400 mg/kg) increased the
production of short-chain fatty acids (SCFA) by regulating intestinal flora, up-regulated Treg cells, down-regulated Th17 cells,
reduced the levels of pro-inflammatory cytokines IL-1p, IL-6, TNF-a and IL-17 and increased the levels of anti-inflammatory
factor IL-10 in aorta. Furthermore, the protein expression levels of lysyloxidase (LOX), MMP-2/9 and collagen I/III were down-
regulated, and the level of vascular fibrosis was reduced (Figure 3 and Table 2).

Macrophages in AS plaques are prone to be polarized into classical activation type (M1) and alternative activation
type (M2) with the change of microenvironment. M1-type macrophages mainly secrete pro-inflammatory factors to
exacerbate the instability of AS plaques, while M2-type macrophages mainly secrete anti-inflammatory cytokines to help
stabilize AS plaques. Sun et al*’ have found that Pae (30 umol/L) can inhibit M1-type polarization of macrophages
induced by co-stimulation of LPS and interferon-y (IFN-y), thereby reducing the secretion of inflammatory cytokines IL-
6 and TNF-o. The mechanism is related to the down-regulation of miR-155, thereby increasing the expression of
suppressor of cytokine signaling 1 (SOCS1), and inhibiting the JAK1/STAT1 pathway (Figure 3 and Table 2).

Adhesion Reduction

Cell adhesion molecules are membrane receptor glycoproteins that play a very important role in cell adhesion to ECM
and VECs. Yuan et al*® found that VCAM-1 is a specific target gene of miR-126, and Pae (120 pM) can inhibit the
expression of VCAM-1 by up-regulating the level of miR-126 in ox-LDL damaged VECs. Activation of NF-kB is
required to induce the expression of adhesion molecules such as VCAM-1. Yuan et al also found that Pae blocked the
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Figure 3 Protective mechanism of Pae on blood vessels. Pae protects blood vessels by inhibiting vascular inflammation, reducing adhesion and inhibiting vascular
proliferation. * “1|«<—" means to promote, while “}-" means to suppress.

activation of PI3K/Akt/NF-kB signaling pathway through upregulation of miR-126, thereby inhibiting the expression of
VCAM-1 and inhibiting the adhesion of monocytes to ox-LDL damaged VECs. Mitogen-activated protein kinase
(MAPK) is involved in signal transduction of growth factors, cytokines, stress stimuli, and various pharmacological
compounds.’® Pan et al*’ found that Pae (3, 6, and 12 pM) down-regulates the expression of VCAM-1 by inhibiting p38
and extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathways, thereby inhibiting TNF-a-induced monocytes
adhesion to RAEC. In another study, Nizamutdinova et al>® found that Pae (50 pM) inhibited the expression of ICAM-1

Table 2 Protective Mechanism of Pae on Blood Vessels

Research Subjects Intervention Methods Mechanism Refs
VEC ox-LDL Up-regulate PTEN expression and down-regulate TNF-a by inhibiting miR- | [40]
21| release
SD rats and RAEC High fat diet Alleviate inflammatory damage of RAEC by regulating miRNA-223/NLRP3 | [42]
signal pathway
ApoEflf mouse, THP-I cells High cholesterol diet, LPS IL-1B, IL-6, ICAM-1 and VCAM-1 are inhibited through the miR-223/STAT3 | [43]
and HUVEC co-culture model pathway
SD rats, VECs High fat diet, LPS TNF-a, IL-6 and VCAM-1 are decreased through caveolin-1/NF-xB [44]
signaling pathway
Co-culture model of VEC and | LPS By inhibiting PI3K/Akt/NF-«kB pathway [45]
VSMC
ApoE '~ mouse High fat diet By regulating intestinal flora, up-regulated Treg cells, down-regulated Th17 | [46]
cells, reduced the levels of IL-1p, IL-6, TNF-a and IL-17 and increased the
levels of IL-10
(Continued)
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Table 2 (Continued).

Research Subjects Intervention Methods Mechanism Refs

RAW?264.7cells LPS, IFN-y Down-regulating miR-155 increased SOCS| expression and inhibited [47]
JAKI/STAT| pathway

Rat thoracic aorta VEC, ox-LDL By up-regulating miR-126 and blocking PI3K/Akt/NF-«B signaling pathway | [48]

mononuclear cells

RAEC, monocytes TNF-a Inhibiting the expression of VCAM-1 by inhibiting p38 and ERK1/2 signaling | [49]
pathways

U937 monocyte, HUVEC TNF-a By blocking p38, ERK and NF-kB signal pathway to inhibite ICAM-| [50]
expression

Rat thoracic aorta VEC, ox-LDL Inhibiting ox-LDL induced monocyte adhesion to VEC by inhibiting JNK [51]

mononuclear cells pathway

VEC TNF-a By inhibiting TLR4/NF-«B signal pathway to down-regulate TNF-o Release | [52]
and VCAM-1 level

C57BL/6 mouse, VSMC Ligation of the left By inhibiting VSMC proliferation and migration, and inhibiting the transition | [53]

common carotid artery, of VSMC phenotype from differentiation to dedifferentiation.
Rapamycin

Co-culture system of THP-1 LPS, high fat diet By reducing intestinal microbial LPS production and inhibiting OPN/NF-xB | [54]

cells and VSMC, ApoE "~ signaling pathway

mouse

VSMC PDGF-BB Prevent VSMC from entering the S phase from GO/G| phase [55]

VEC and VSMC co-culture High glucose Inhibiting VSMC proliferation by blocking Ras/Raf/ERK 1/2 signal pathway in | [56]

model VSMC

VSMC TNF-a By downregulating the expression of MMP-2 and MMP-9 and inhibiting IL-6 | [57]
and IL-1

VSMC ox-LDL Reduce inflammatory reaction by down-regulation of HMGBI [58]

VSMC ox-LDL Upregulate autophagy through activating AMPK/mTOR signaling pathway, | [59]
thereby inhibiting VSMC proliferation

VSMC ox-LDL Upregulate VSMC autophagy by activating class Ill PI3K/Declin-1 signaling | [60]
pathway

SD rat, PASMC Hypoxia By reducing mitochondrial damage and inhibiting PGC-la expression [61]

HUVEC HG/HP Reduce oxidative stress damage by regulating SIRT |/FOXO3a/NF kB [62]
pathway

VEC ox-LDL Inhibit oxidative stress injury by regulating miR-338-3p/TET2 pathway [63]

VEC ox-LDL Inhibit oxidative stress injury by regulating the miR-152-3p/ASPH signaling | [64]
pathway

HUVEC, C57BJ/6) and PPARS | Chlamycin By adjusting AMPK/PPARGS signaling pathway, thereby inhibiting ERS and [65]

mouse aorta oxidative stress

ApoE '~ mouse, RAW?264.7 High fat diet, ox-LDL Increase the expression of ABCAI protein and inhibit the expression of [66]

cells CD36 protein by promoting the expression of HO-I

ApoE "~ mouse High fat diet Promote BA synthesis and excretion by inhibiting FXR/FGFI5 signaling [67]
pathway

(Continued)
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Table 2 (Continued).

Research Subjects Intervention Methods Mechanism Refs

VEC ox-LDL Inhibiting excessive autophagy through miR-30a/Beclin-1 pathway [68]

HUVEC H,O, By down-regulating p53 protein and up-regulating Sirt| expression [69]

Thrombosis rat model, Nothing By activating ERK1/2 phosphorylation of HUVEC and up-regulating the [70]

HUVEC expression of VEGF ¢

SHR rats Nothing By reducing the serum vVWF, AT| and ET-1 levels, and improving the serum | [71]
NO level

in TNF-a-stimulated HUVEC by blocking the p38, ERK, and NF-«B signaling pathways, thereby inhibiting the adhesion
of monocytes to HUVEC. Wang et al’' found that Pae (21.6 and 25.2 uM) also inhibited ox-LDL-induced monocyte
adhesion to VEC by inhibiting the c-Jun N-terminal kinase (JNK) pathway (Figure 3 and Table 2).

LPS, one of the outer membrane components of Gram-negative bacteria, is a strong inflammatory promoter, which
can cause the activation and injury of VEC and lead to pathophysiological changes of AS. Yang et al’* found that Pae (10
pg/mL) can reduce TNF-a release and VCAM-1 level in rat VEC induced by LPS by inhibiting TLR4/NF-«B signaling
pathway. In addition, Pae (2.5, 5 and 10 ug/mL) effectively inhibited the adhesion of LPS-induced monocytes to VEC
and significantly improved the survival rate of LPS-induced VEC.”” Zhang et al’® also found that Pae (15, 30 and 60
umol/L) could effectively inhibit LPS-induced VEC damage in co-culture with VSMC, and reduce the levels of IL-1p,
TNF-o and the expression of ICAM-1 (Figure 3 and Table 2).

Inhibition of Vascular Proliferation and Stenosis

Abnormal proliferation, migration and phenotypic transformation of VSMC are prominent manifestations of VSMC
dysfunction, leading to the formation of neointima and the development of AS.”® Zhang et al* found that the local
application of Pae could prevent restenosis in the early stage of rabbit vein transplantation, and its mechanism was related
to the inhibition of VSMC proliferation, VCAM-1 expression, intima and middle media hyperplasia, and anti-VEC
apoptosis. Xu et al>® found that Pae (30 mg/kg/d) could reduce the formation of new intima after ligation of the left
common carotid artery in mice. In vitro studies, Pae (50 ng/mL) inhibited VSMC proliferation and migration in rat aorta,
and inhibited rapamycin induced VSMC phenotype transition from differentiation to dedifferentiation.

Dysregulation of the gut microbiome may affect the progression of AS by producing metabolites that increase the
inflammatory response. In particular, high levels of LPS have been found in patients with AS, and LPS promotes the
proliferation of VSMC.®' Osteopontin (OPN), a secreted proinflammatory protein involved in the proliferation of VSMC,
is an important driver of AS.®* Recent studies have shown that LPS acute stimulation enhances OPN expression in mouse
peripheral blood mononuclear cells.* Shi et al’* found that Pae (40 and 20 mg/kg/d) inhibited AS progression and
VSMC proliferation in high-fat ApoE ™~ mice, and the mechanism was related to changing the composition of intestinal
microbiota and reducing the production of LPS by intestinal microbiota. In vitro studies, Pae inhibited LPS-induced
proliferation of VSMC in a co-culture system of THP-1 cells and VSMC by a mechanism related to inhibition of the
OPN/NF-kB signaling pathway (Figure 3 and Table 2).

Platelet-derived growth factor (PDGF) is a strong and potent growth factor that promotes mitosis. Among them,
PDGF-BB promoted the proliferation and migration of VSMC cultured in vitro, activated cell signaling cascade reaction,
and thus promoted cell growth.** Lin et al>> found that Pae (100, 125, 150 mg/L) inhibited the proliferation of VSMC
induced by PDGF-BB in a concentration-dependent way and prevented VSMC from entering the S phase from G0/G1
phase. In another study, Chen et al>® found that Pae (60 and 120 uM) could reduce the damage of high glucose on VEC,
and reduce the release of vascular endothelial growth factor (VEGF) and PDGF from VEC. Thus, the proliferation of
VSMCs co-cultured with VECs was inhibited. Chen et al also found that Pae could inhibit the proliferation of VSMC by
blocking Ras/Raf/ERK1/2 signaling pathway in VSMC (Figure 3 and Table 2).
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Inflammation is an important factor leading to the proliferation of VSMC. Meng et al®’ found that Pae (25 pM) inhibited
TNF-o-induced proliferation of VSMC, which may be achieved by promoting the apoptosis of VSMC. In addition, Pae also
inhibits VSMC migration by down-regulating the expression of MMP-2 and MMP-9, and inhibits the production of pro-
inflammatory cytokines IL-6 and IL-1B. The expression of HMGBI1 in AS plaques increased significantly. Liu et al>® found
that Pae (100 nmol/L) alleviated the inflammatory response of VSMC caused by ox-LDL by down-regulating HMGB/1, and
therefore inhibited the proliferation and migration of VSMC (Figure 3 and Table 2).

Mitochondrial autophagy can inhibit the proliferation of VSMC. For example, drug-eluting stents are loaded with
rapamycin to induce autophagy, thereby reducing VSMC proliferation and promoting contractile phenotypes.®> Wu
et al’® found that Pae(30 uM) could up-regulate autophagy by activating AMPK/mTOR signaling pathway, thus
inhibiting ox-LDL-induced VSMC proliferation. In another study, Liu et al®® found that Pae (60 pmol/L) could induce
autophagy activity of VSMC by activating class III PI3K/Beclin-1 signaling pathway (Figure 3 and Table 2).

Peroxisome proliferator-activated receptor-gamma coactivator la (PGC-1a) is a transcriptional coactivator that is
highly expressed in mitochondria.®® Wang et al®' found that Pae (100 mg/kg/d) could prevent hypertrophy of rat
pulmonary middle media and mitochondrial damage of VSMC caused by hypoxia in vivo. In vitro studies, Pae (200
pM) alleviated inhibition of ATP production, mitochondrial morphological abnormalities, and increase of ROS in
pulmonary artery smooth muscle cells (PASMC) under hypoxia. In addition, Pae also stimulates PASMC apoptosis by
inhibiting PGC-1a, expression, thus reducing proliferation (Figure 3 and Table 2).

Inhibiting Oxidative Stress and Endoplasmic Reticulum Stress
Forkhead box O3a (FOXO3a) is an important transcription factor that plays an important role in the regulation of oxidative
stress.®” Tang et al® found that Pae (10 and 50 pM) increased cell viability, SOD activity, and inhibited apoptosis, ROS, and
inflammatory cytokines in HUVEC treated with high glucose/high palmitic acid by regulating SIRT1/FOXO3a/NF-kB
signaling pathway. Tet methylcytosine dioxygenase 2 (TET2), a member of the TET family, is an enzyme that works by
catalyzing the oxidation of DNA 5-methylcytosine.*® Yu et al®* found that Pae (120 pM) inhibited ox-LDL-induced VEC
apoptosis, inflammation and oxidative damage in mice by down-regulating miR-338-3p and increasing TET2 expression.
Aspartate-p-hydroxylase (ASPH) belongs to the group of type II transmembrane proteins that can not only enhance cell
proliferation, migration and invasion, but also promote tumor growth by stimulating angiogenesis and
immunosuppression.®® Liu et al** found that Pae (120 pmol/L) inhibited ox-LDL-induced apoptosis of mouse VEC cells
and the levels of IL-1p, IL-6 and ROS by regulating the miR-152-3p/ASPH signaling pathway (Figure 4 and Table 2).
ERS can trigger oxidative stress outbreaks by targeting mitochondria.”® Choy et al®® found that Pae (0.1 uM/mL)
reversed the ERS, oxidative stress and nitric oxide (NO) bioavailability reduction induced by lamycin in HUVEC,
C57BJ-6] and PPARS mice aorta, thereby alleviating vascular endothelial dysfunction. The mechanism is related to the
up-regulation of the expression and activity of 5’ adenosine monophosphate-activated protein kinase (AMPK) and
peroxisome proliferator-activated receptord (PPARJ) (Figure 4 and Table 2).

Promote Lipid Metabolism
Macrophage-derived foam cells play a key role in the development of AS, a chronic arterial disease characterized by lipid
deposition and inflammation in blood vessel walls. The formation of foam cells is mainly caused by impaired cholesterol
efflux from macrophages or uncontrolled uptake of ox-LDL by macrophages. There are several types of scavenger
receptors (SR) on the cell membrane of macrophages, among which class A (SR-A) and cluster of differentiation 36
(CD36) are mainly responsible for ox-LDL uptake. However, ATP-binding cassette transporter A1 (ABCA1), ABCGI
and Class B (SR-B) were mainly responsible for intracellular lipid efflux.’’* Li et al°® found that Pae (5, 10, and 50 uM)
reduced the accumulation of cholesterol in RAW264.7 macrophages by promoting ABCAI1-dependent cholesterol
effluence and inhibiting CD36-dependent ox-LDL uptake. In animal experiments, Pae (150 mg/kg) increased the
expression of ABCAI protein and decreased the expression of CD36 protein in the aorta of ApoE ™~ mice by promoting
the expression of heme oxygenase-1(HO-1), thus alleviating the lesion of AS (Figure 4 and Table 2).

Bile acids (BA) are the main downstream products of cholesterol catabolism and play an important role in the
occurrence of AS. BA can activate farnesoid x receptor (FXR), a key nuclear receptor that regulates lipid metabolism,
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Figure 4 Protective mechanism of Pae on blood vessels. Pae protects blood vessels by inhibiting oxidative stress, endoplasmic reticulum stress, promoting lipid metabolism,
relaxing blood vessels, etc * “1 | «——" means to promote, while “H" means to suppress.

and further promote the expression of intestinal fibroblast growth factor 15(FGF15), inhibit BA synthesis and increase

liver cholesterol content. He et al®’ found that Pae (200 mg/kg/d) could reduce aortic plaque area, liver lipid deposition,
and significantly reduce serum and liver total cholesterol levels in AS model mice. Its mechanism is related to inhibiting

FXR/FGF15 signaling pathway and promoting BA synthesis and excretion (Figure 4 and Table 2).

Other Protective Mechanisms for Blood Vessels

Studies have shown that autophagy can help cells adapt to different pathological conditions, but excessive autophagy can
lead to the degradation of basic cell components and promote cell death. miR-30a can negatively regulate the expression
of Beclin-1, a key autophagy promoting gene.” Li et al®® found that ox-LDL (100 mg/L) up-regulated the formation of
autophagy vacuoles in VEC and inhibited the growth of VEC, while Pae (60uM) inhibited excess autophagy through the
miR-30a/Beclin-1 pathway to counteract ox-LDL-induced VEC damage (Figure 4 and Table 2).

Cell senescence can be defined as an irreversible state of growth arrest in cells that proliferate normally. Jamal et al®’
found that Pae (30 uM) inhibited HUVEC irreversible growth arrest induced by hydrogen peroxide (H,O,) by down-
regulating p53 protein and up-regulating silencing regulatory protein 1 (Sirtl) expression (Figure 4 and Table 2).

VEGF is a specific endothelial cell mitogen and chemokine that stimulates angiogenesis in vivo during myocardial
ischemia. VEGF 45 has also been shown to increase thrombus recirculation shortly after thrombus formation.”® Ye et al®*
found that Pae (1.25 mg/kg) could improve the prothrombotic state and increase the expression of VEGF 45 in the rat
model of thrombosis. In cell experiments, Paec (0.5 pmol/L) activated ERK1/2 phosphorylation of HUVEC and
upregulated VEGF 45 expression, thereby promoting thrombus recirculation (Figure 4 and Table 2).

It is well known that von willebrand factor (vWF) is involved in coagulation and reflects the extent of endothelial
dysfunction. Angiotensin receptors 1 (AT1) and endothelin (ET)-1 are closely associated with blood pressure contraction,
whereas NO is an important vasodilator synthesized by EVCs. Gai et al’' found that Pae (2 and 5mg/kg/d) significantly
reduced serum vWF, AT1 and ET-1 levels, improved serum NO levels and reduced vascular endothelial cell damage in
spontaneously hypertensive rats (SHR). Table 2 summarizes the research objects, intervention methods and protective
mechanisms of pae in vascular protection experiments (Figure 4 and Table 2).
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Discussion

Pae is a phenolic component extracted from peony bark, peony root and Xu Changgqing, which has a protective effect on the
cardiovascular system. This paper reviews the cardiovascular protective mechanism of Pae. Pae can protect the heart by
inhibiting oxidative stress, promoting mitochondrial fusion, regulating mitochondrial autophagy, inhibiting inflammation,
inhibiting myocardial apoptosis, hypertrophy and fibrosis. In addition, Pae can also play a protective role in blood vessels by
inhibiting vascular inflammation, reducing adhesion, inhibiting vascular proliferation, inhibiting oxidative stress and ERS.

It’s important to point out that some of these experiments do not show exactly the same results. For example, Chen et al'®
found that Pae (5 pmol/L) reduced the apoptosis level of HIC2 cardiomyocytes and the release of inflammatory factors by
activating the PI3K/AKT pathway. However, Wu et al'® found that Pae (100 pM) inhibited PI3K/AKT/NF-B signaling pathway
through upregulation of miR-1 to reduce Dox-induced apoptosis of cardiocytes. The two researchers came to different conclusions
about the activation or inhibition of PI3K/AKT pathway by Pae, which may be related to intervention factors and different doses.
The molecular targets of Pae are very complex, and the relationship between different targets and signaling pathways cannot be
clearly explained, which requires us to use systems biology methods to further study specific molecular targets of Pae. For
example, a photoactive probe was used to label metformin and finally PEN2 was identified as the direct target of metformin.”

After oral administration, Pae can be absorbed into the intestinal tract and quickly enter the portal vein circulation.”®
Along with the blood flow, Pae can be rapidly transported to multiple target organs such as the heart, liver, kidney and
brain. Pae has a short half-life and can be eliminated from the body in a short time, which makes the safety of Pae very
high.®” It has been reported that paconol absorption is primary metabolism, which does not depend on concentration.
Under acidic conditions, especially in hypertonic solutions, Pae is easily absorbed.”® Pae is excreted mainly by the
urinary system, and its excretion in urine is higher than in stool.”” However, the rapid and complete first metabolism of
Pae, as well as its low water solubility and high volatility, determine its poor bioavailability. The level and duration of
Pae in the heart and brain can be significantly increased by co-administration with other phytochemicals, such as
Danshentsu. In addition, several nanotechnology-assisted drug delivery systems have been developed, such as micro-
emulsion gels, transglycosomes, porous microspheres, liquid crystal nanoparticles, and microsponges, which greatly
enhance the therapeutic efficacy of Pae due to their high encapsulation capacity and stability, as well as better control
over the release and residence time of the drug in the target tissue.

At present, Pae dosage forms approved by China’s National Medical Products Administration(NMPA) mainly include tablets,
ointments and injections, which are mainly used in clinical dermatology. According to the NMPA, the label for Pac covers a
number of areas, for example, inflammation or pain-related indications, including fever, headache, neuralgia, myalgia, and
rheumatoid arthritis.

To sum up, the mechanism of Pae in the treatment of CVD is complex. We should pay attention to the reliability of
these basic experiments and the possibility that poor methodology may lead to results bias. It is suggested that future
researchers should further study specific molecular targets of Pae by using systems biology methods, so that the
fundamental mechanism of Pae can be elaborated fundamentally. In recent years, clinical studies on the treatment of
CVD by Pae are still lacking. Large randomized, controlled trials are urgently needed to evaluate the efficacy and safety
of Pae in the treatment of CVD. It should be noted that Pae is a complementary or alternative medicine, not a
replacement for the main treatment. Pae should be used under the guidance of a physician.
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