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Epidemiological studies have shown that the incidence, prevalence and
mortality of atherosclerotic cardiovascular disease (ASCVD) are increasing
globally. Atherosclerosis is characterized as a chronic inflammatory disease
which involves inflammation and immune dysfunction. P. lactiflora Pall. is a
plant origin traditional medicine that has been widely used for the treatment of
various diseases for more than a millennium in China, Japan and Korean.
Paeoniflorin is a bioactive monomer extracted from P. lactiflora Pall. with anti-
atherosclerosis effects. In this article, we comprehensively reviewed the
potential therapeutic effects and molecular mechanism whereby paeoniflorin
protects against atherosclerosis from the unique angle of inflammation and
immune-related pathway dysfunction in vascular endothelial cells, smooth
muscle cells, monocytes, macrophages, platelets and mast cells. Paeoniflorin,
with multiple protective effects in atherosclerosis, has the potential to be used
as a promising therapeutic agent for the treatment of atherosclerosis and its
complications. We conclude with a detailed discussion of the challenges and
future perspective of paeoniflorin in translational cardiovascular medicine.
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1 Introduction

It is estimated that cardiovascular diseases (CVD), consisting of >40% of global non-
communicable disease (NCD) mortality, causes 17.9 million deaths per year and is
projected to exceed 23.6 million deaths per year by 2030 (1). The dominant cause of CVD
is atherosclerosis (2). The classical theory of atherosclerosis suggests that the entire
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progression of the lesion can be divided into three stages:
initiation, progression and acute events (3). The development
of atherosclerosis commences with endothelial dysfunction
caused by endothelial cell damage, which in turn allows
monocytes in the blood to be recruited at the site of injury.
Monocytes then enter the damaged endothelium and are
induced to differentiate into macrophages. These macrophages
and the smooth muscle cells migrate into the intima,
phagocytose lipids until they evolve into foam cells. The
accumulation and apoptosis of foam cells further form the
core of the atheromatous plaque, leading to stenosis and
sclerosis of the arterial lumen (4). Atherosclerotic plaques are
at very high risk of uncertainty; they may remain clinically
asymptomatic for several decades, but sometimes these fragile
plaques can become unstable and eventually rupture, which in
turn can be life-threatening (5).

Inflammation and immunity-related mechanisms play a
critical role in the initiation and progression of atherosclerosis.
For example, inflammation of endothelial cells and
macrophages, T-cell infiltration within atherosclerotic plaques,
activation of Th17 cells, etc. (6). The current first-line therapy
for CVD including atherosclerosis is the use of statins (7). The
main mechanism is based on the hypolipidemic ability and anti-
inflammatory effect of statins to prevent and treat atherosclerosis
(8). Despite the widespread use and effectiveness of statins, there
is increasing evidence that long-term use of statins may result in
many serious adverse effects, the most serious of which is
rhabdomyolysis (9).

The discovery of new drugs from natural products has
become a new approach to discovering the treatment of CVD
including atherosclerosis. Some extracts or single units of
natural drugs have shown enormous potential for the therapy
of atherosclerosis, such as paeonol (10). As an ornamental
and medicinal plant widely distributed around the world,
P. lactiflora is receiving increasing attention in the research
and development of natural drugs. In China and North Asia,
P. lactiflora is considered as one of the most well-known
flowering plants and was cultivated as an ornamental plant
throughout the Xia, Shang and Zhou dynasties (11). Its roots
are believed to have great medicinal properties for a long time,
mainly used for the treatment of pain, inflammation and
immune disorders (12).Paeonia is divided into two categories:
white peony (Paeonia alba) and red peony (Paeonia lactiflora),
and the medicinal part is the dried root (13). As a Chinese
traditional remedy, it has been used in China, Japan and
Korean Peninsula for over a thousand years and has good
safety and effectiveness (14). The most central active ingredient is
paeoniflorin (C,3H,30;;). In the following section, we will
discuss in detail the pharmacological effects and mechanism
of action of paeoniflorin in preventing atherosclerosis,
focusing on inflammation and immunity-related effects
and mechanisms.
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2 Paeoniflorin

2.1 Botanical origin of paeoniflorin

The genus Paeonia has 52 species, mainly located in
temperate regions of Europe, Asia, and North America (Plant
List Database, http://www.theplantlist.org/). China is an
important region for the origin, evolution, progression and
diversification of the genus. The genus Paeonia is further
classified into three sections, namely the Sect. Moutan, the
Sect. Onaepia and the Sect. Paeonia. The Sect. Moutan is the
most protologous taxon in the genus, with 11 species, all of them
are shrubs or subshrubs, and native to China. There are two
species of the Sect. Onaepia, both are herbaceous perennials and
distributed only in western North America. The Sect. Paeonia is
a relatively young and evolved taxon in the genus, and also the
largest section, with about 22 species, all of which are herbaceous
perennials (Plant List Database, http://www.theplantlist.org/).

Three plant sources are included in the Chinese
Pharmacopoeia (Part I, 2020 edition): Paeonia suffruticosa
Andr. of the Sect. Moutan (distributed in southwestern and
central China), Paeonia lactiflora Pall. of the Sect. Paeonia
(distributed in Eurasia and northwestern Africa), and Paeonia
veitchii Lynch. (In the western Sichuan and Qinghai-Tibet Plateau
of China). In the Chinese Pharmacopoeia, Paeonia lactiflora Pall.
or noted as P. lactiflora Pall. (PLP, also called Shao Yao) is further
subdivided into Paeoniae Radix Alba. (PRA, also called baishao or
white peony) (15) and Paeoniae Radix Rubra. (PRR, also called
chishao or red peony). Paeonia veitchii Lynch. (PVL) is classified
as red peony (16) in the Chinese Pharmacopoeia. Please refer to
Figures 1, 2. For more information on Sect. Moutan, please refer to
the reference (10). Specifically, the PLP first appeared in written
records in the earliest Chinese pharmacological work<#fi A< #£:
> (Shen nong Ben Cao Jing) in Eastern Han Dynasty, 25-220 AD.
Tao Hongjing first distinguished it into PRA and PRR in <A<#£¢
££71> (Collected Notes on the Materia Medica) in Liang Dynasty,
502-557 A.D. The PRA flowers are white and mostly cultivated,
while the PRR is red and mostly wild, and the medicinal parts of
both are dried roots (17). In traditional Chinese medical theory,
PLP is not used in combination with veratrum root (14).
Paeoniflorin (C,3H»501,), a water-soluble triterpene glycoside, is
the major bioactive ingredient of PLP (18). The chemical structure
formula and 3D model of paeoniflorin are shown in Figure 3.

The relevant quality test standards for paeoniflorin are
detailed in the Chinese Pharmacopoeia (Part I, 2020 edition),
while paeoniflorin is approved as the only test index for quality
control of PRA and PRR. The Chinese Pharmacopoeia
provides for content determination according to high-
performance liquid chromatography (HPLC) (General Rule
0512), in which the content of paeoniflorin in PRA shall not be
less than 1.2% and the content of paeoniflorin in PRR shall not
be less than 1.5%.
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Paeonia suffruticosa Andr.

Genus
Paeonia

FIGURE 1

Paeonia lactiflora Pall. (PLP)

Paeonia veitchiiLynch.

10.3389/fimmu.2022.1072007

Baishao Chinese

Pharmacopoeia
Part |
2020 Edition

{ Paeoniae Radix Alba (PRA)

Paeoniae Radix Rubra (PRR)

Botanical origin and inclusion in the Chinese Pharmacopoeia of Paeonia. Created in BioRender.com.

FIGURE 2

Whole plant of Paeonia. The above-ground portion of Paeonia lactiflora Pall (A); Paeonia veitchii Lynch (B).

Paeoniflorin
PubChem CID 442534

FIGURE 3

Chemical structures of paeoniflorin. (A) Paeoniflorin: 2D Chemical Structural Formula. (B) Paeoniflorin: 3D Chemical Structural Formula.

PubChem CID 442534.

2.2 Basic physicochemical properties
of paeoniflorin

Paeoniflorin, [(1R,2S,3R,5R,6R,8S)-6-hydroxy-8-methyl-
3-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)

Frontiers in Immunology 03

oxan-2-yl]oxy-9,10- dioxatetracyclo[4.3.1.02,5.03,8]decan-
2-yllmethyl benzoate, PubChem CID No. 442534,
Molecular Formula: C,3H,30;;, Molecular Weight: 480.5,
Density: 1.6 £ 0.1 g/cm”, Boiling Point: 683.3 + 55.0°C at 760
mmHg, Flash point: 235.9 + 25.0°C, Vapor pressure: 0.0 +2.2
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mmHg at 25°C, Refractive index: 1.683, Polar Surface Area
(PSA): 164.

The solubility and oil-water partition coefficient of
paeoniflorin in phosphate buffer solution with various pH
values had certain effects on the solubility and oil-water
partition coefficient, and the trends of solubility and oil-
water partition coefficient were almost the same. In the
range of pH 2.0-5.0, the solubility and oil-water partition
coefficient of paeoniflorin increased with the rise of pH, and
in the range of pH 5.0-6.8, the solubility and oil-water
partition coefficient decreased with the increase of pH. The
solubility and oil-water partition coefficient values of
paeoniflorin were greatest in phosphate buffer solution at
pH 5.0. Some data (19) showed that the solubility of
paeoniflorin ranged from 43.31 to 50.57 mg/ml and the logP
(octanol/water partition coefficient) was -0.98 to -0.47. This
suggests that paeoniflorin is stable under acidic conditions,
and it is possible that paeoniflorin may mainly exists in the
molecular form under acidic conditions. Thus, under acidic
conditions, the solubility and oil-water partition coefficient
values of paeoniflorin are relatively large, while under over-
acidic or alkaline conditions, the molecular structure of
paeoniflorin was destroyed and existed mainly in ionic form.

2.3 Pharmacokinetic properties
of paeoniflorin

Pharmacokinetic studies are an essential and crucial part for
realizing the transition from laboratory to clinical application. In
addition to helping to evaluate the efficacy and potential toxic
actions of a medication, it also allows the exploration of
interactions between different components. pharmacokinetic
studies of paeoniflorin were first reported in 1985 (20). In the
last few years, several advanced assays have been applied to the
pharmacokinetic study of paeoniflorin for more precise
determination and analysis. In the Caco-2 cell model, the
transport rate of paeoniflorin was low (21), and this low
permeability greatly affects the bioavailability of paeoniflorin.
In the rat intestinal perfusion model, paeoniflorin was absorbed
in all intestinal segments, but the absorption rate was low and
there was no statistically significant difference among the four
segments (22). Paeoniflorin is hydrophilic, mainly absorbed by
passive diffusion, with the first-pass effect, poor oral absorption,
and bioavailability of approximately 3% to 4% (23).

After absorption by enema in rats, paeoniflorin was quickly
and extensively distributed in heart, liver, spleen, lung, kidney,
brain, stomach and intestine, mainly in stomach (33.66 mg/ml),
followed by intestine (19.57 mg/ml) and heart (11.70 mg/ml).
The concentration of paeoniflorin in all tissues except liver and
stomach peaked at 10 min, after which the levels of paeoniflorin
decreased with time (24). In addition, paeoniflorin can cross the
blood-brain barrier (BBB), but does not easily penetrate the BBB
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(25). The half-life (t%2) of paeoniflorin is similar in rats and
humans (26). Several pharmacokinetic parameters were
measured in a clinical study in Chinese volunteers and data
showed that the mean half-life (t%) after a single intravenous
injection of 18.3 mg, 35.8 mg, or 54.1 mg of paeoniflorin was 1.9
h, 1.9 h, or 1.8 h in males and females, respectively. The
clearance (CL) of paeoniflorin was 10.4 L/h, 11.3 L/h, and 11.2
L/h respectively; and the apparent distribution volume ranged
from 16.8-18.1. Maximum plasma concentration (Cmax)
reached 402.2-1081.0 ng/mL when the dose was increased
from 18.3-54.1 mg/mL (27).

Paeoniflorin is mainly metabolized in the intestine, where
intestinal bacteria first convert paeoniflorin to paeonolactone
glucoside, which is then further metabolized through several
pathways such as deglucose, de benzoyl, and quaternary ring
cleavage rearrangement. These pathways gradually convert
paeoniflorin into metabolites with smaller relative molecular
mass and greater hydrophobicity for better absorption by the
intestine (28). The main metabolic pathways of paeoniflorin are
hydrolysis of ester bonds and glycosides and binding to
glucuronide (29). Absorbed paeoniflorin is mainly excreted
through urine, and is rarely excreted in the form of the
original drug after oral administration (23).

In the process of drug metabolism described above, the
paeoniflorin, as the main bioactive ingredient originating from
PLP, may have potent efficacy against atherosclerosis and shows
potential and far-reaching medicinal value. In the following
sections, we will elaborate protective effects of paeoniflorin
against atherosclerosis in both in vivo and in vitro models. We
will first present the effects and mechanisms of paeoniflorin on
animal models of atherosclerosis and related vascular diseases,
and later on the effects and molecular mechanisms of
paeoniflorin on important cell types associated with the
development and progression of atherosclerosis.

3 Effects of paeoniflorin on
experimental atherosclerosis

3.1 The role of paeoniflorin in animal
models of atherosclerosis

Dyslipidemia is one of the common clinical conditions in the
progress of atherosclerosis, and high levels of triglycerides (TG)
and total cholesterol (TC) are thought to play a very critical
function in the progression of the disease (30). Hyperlipidemia
causes two conditions. One is the reduced mobility of red blood
cells, and the other is the reduced deformability of red blood
cells, which further leads to an increase in overall blood viscosity
(31). Simultaneously, the metabolism of cholesterol is also very
important. Cholesterol accumulation caused by a high-fat diet is
one of the most common causative factors of lipid metabolism
disorders and is identified in epidemiology as a high-risk factor
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for CVD (32). Another point of note is that the idea of
atherosclerosis as a chronic inflammatory condition is
increasingly being recognized by the academic community,
and there is increasing evidence that inflammatory processes
play a key role in atherosclerosis (33).

Li et al. (34) successfully constructed an atherosclerosis
model using Sprague-Dawley (SD) rats fed with high fat diet.
Their results showed that paeoniflorin significantly reduced the
expression of inflammatory cytokinesand also showed that
paeoniflorin could also significantly reduce TC, TG and LDL-
C levels in rat serum, and histological analysis of aorta showed
that paeoniflorin treatment significantly improved
atherosclerotic symptoms in rats. Wu et al. (35) constructed
an animal model of atherosclerosis based on APOE”" mice and
examined the effects of paeoniflorin on plasma levels of TC, TG,
free cholesterol (FC) and superoxide dismutase (SOD) in mice.
Their results showed that paeoniflorin could dose-dependently
elevate serum SOD activity, and significantly reduce TC, TG,
and FC in serum. Xu et al. (36) also demonstrated that
paeoniflorin significantly reduced serum levels of TC/TG/LDL-
C in a dose-dependent way in APOE”" mice and significantly
reduced the ratio of plaque area to aortic lumen area in each
segment of the aorta.

The above-mentioned experimental studies demonstrate the
therapeutic potential of paeoniflorin in animal models
of atherosclerosis.

3.2 The role of paeoniflorin in other
vascular disease models

Hypertension is a pathological disease that damages the
endothelium, triggers cell proliferation, vascular remodeling,
apoptosis and enhances cell permeability through increased
adhesion molecules. Endothelial damage also inhibits
vasodilation and increase vasoconstriction in patients, lead to a
vicious cycle to further increase blood pressure and exacerbate the
development and progression of atherosclerotic lesions (37). Wu
etal. (38) established a rat model of gestational hypertension using
Wistar rats, and their study demonstrated that paeoniflorin could
significantly reduced serum levels of inflammatory. The
protection of endothelium and resistance to inflammation

10.3389/fimmu.2022.1072007

suggest that paeoniflorin can play an essential protective role by
blocking the vicious cycle of “endothelial damage - elevated blood
pressure - atherosclerosis”.

Diabetes is also closely related to atherosclerosis, which can
induce the development of atherosclerosis or could further
accelerate its progression (39). Recent studies have shown that
fluctuating hyperglycemic states are more likely to lead to a
variety of vascular complications than chronic persistent
hyperglycemia (40). Accumulating evidence (41) suggests that
fluctuating hyperglycemia is more potent than constant
hyperglycemia (42), volatile blood glucose levels lead to high
oxidative stress (43) and inflammation (44). A study conducted
by Wang et al. (45) using SD RATS indicated that paeoniflorin
could attenuate fluctuating hyperglycemia-induced vascular
endothelial injury by restraining oxidative stress, decreasing
inflammatory responses. We also searched for other risk
factors closely associated with atherosclerosis, such as
smoking, unhealthy diet, obesity and sedentary lifestyle, and
did not find a direct pharmacological effect of paeoniflorin on
these factors.

These above preclinical evidences are summarized in
Table 1. The results of these animal models of atherosclerosis
and related experiments in other models of vascular disease
boost our confidence in research work about paeoniflorin as a
potential anti-atherosclerotic drug candidate.

4 The detailed mechanism of
action of paeoniflorin in
combating atherosclerosis

It is well known that atherosclerosis initiation and progression
involves the dysfunction of multiple key cell types, the most
typical of which include: endothelial cells, smooth muscle cells,
monocytes, macrophages, platelets and mast cells. Once these cells
become dysfunctional, a series of adverse consequences will occur,
including: damage to the endothelium, chronic inflammation,
disturbance in lipid metabolism, dysregulation of oxidative stress,
changes in the cellular life cycle, proliferation and migration of
vascular smooth muscle cells (VSMC) and abnormal platelet
aggregation and activation (46). Paeoniflorin has been found to

TABLE 1 Anti-atherosclerotic effects-related animal experiments with paeoniflorin.

Model Dose Route of Administration Observer Pharmacological Effects References

10 mg/kg, 20 mg/kg p-o. , daily for 18 weeks TC | TG| LDL-C} (34)
Sprague-Dawley rat

10 mg/kg p-o. , daily for 6 weeks Inflammatory response | (45)

60 mg/kg p-o. , daily for 8 weeks TC| TG| FC| SOD?t (35)
APOE " mice

30 mg/kg, 60 mg/kg p-o. , daily for 12 weeks TC | TG] LDL-C| Plaque area | (36)
Wistar rat 100 mg/kg, 300 mg/kg p-o. , daily for 18 days Inflammatory response | (38)

1, down-regulation / suppression.
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respond favorably to the aforementioned cellular dysfunction and
thus exert a protective effect. In the following sections, we will
discuss this in detail (Figure 4).

4.1 Paeoniflorin and endothelial
cell function

The vascular endothelium is tightly connected to each other
and performs various topological configurations in three
dimensions, forming the inner wall of arteries, veins and
capillaries and shaping itself into the largest distributive organ
in the human body (47). It has been suggested that, as the barrier
in the outermost layer of the vasculature, it plays a very vital role
in maintenance of vascular homeostasis and health (48). In
healthy conditions, the endothelium performs many different
functions, including dynamic maintenance of vascular tone,
angiogenesis, hemostasis, and provision of antioxidant, anti-
inflammatory, and antithrombotic interfaces. Once the vascular
endothelium becomes dysfunctional, this is manifested by
impaired endothelium-dependent vasodilation, elevated
oxidative stress, chronic inflammation, excessive leukocyte
adhesion and permeability, endothelial cell senescence and
metabolic alterations and endothelial-to-mesenchymal
transition. All these mechanisms are involved in the

10.3389/fimmu.2022.1072007

development and progression of atherosclerosis, playing
different roles and critical roles at different times (47).

Many external risk factors (such as hyperlipidemia and low/
oscillatory shear stress in blood flow) can cause damage to
endothelial cells, making their function impaired. During this
process, secretion of intercellular adhesion molecule-1 (ICAM-
1) and vascular cell adhesion molecule-1 (VCAM-1), as well as a
range of other adhesion molecules and/or interleukins, is
significantly increased. In parallel, blood monocytes are
recruited to the damaged endothelial surface and further
differentiate into macrophages. These cells further secrete
monocyte chemoattractant protein-1 (MCP-1), which attracts
more monocytes and leads to the production of foam cells. The
above process is accompanied by the release of inflammatory
factors, which in turn leads to a prolonged local inflammatory
response in the vasculature, exacerbating the initiation and
development of atherosclerosis (49).

Our literature review found that paeoniflorin can exert
protective effects on endothelial cells through a variety of
mechanisms, thereby exerting effects on atherosclerosis. These
mechanisms targeting endothelial cells mainly include
suppression of cellular damage, inhibition of oxidative stress,
prevention of overproduction of inflammatory factors,
improvement of cell adhesion function, regulation of cellular
autophagy, and apoptosis (Figure 5).
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FIGURE 4

The anti-atherosclerotic effects of paeoniflorin. Paeoniflorin plays a crucial role in the different stages of atherosclerosis development by
affecting different cell types (e.g., monocytes, macrophages, mast cells related to innate immunity; endothelial cells, smooth muscle cells and
platelets related to process initiation and progression). Paeoniflorin can effectively intervene in the development and progression of
atherosclerosis by exploiting different signaling pathways. Created in BioRender.com.
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The protective effects and mechanisms of paeoniflorin on endothelial cells. Paeoniflorin can exert protective effects on endothelial cells and
thus on atherosclerosis through various mechanisms, which mainly include: inhibition of cell damage, inhibition of oxidative stress, prevention
of excessive production of inflammatory factors, improvement of cell adhesion function, regulation of cell autophagy and apoptosis. Bax, Bcl-2-
associated X protein; Bcl-2, B-cell lymphoma-2; CAT, catalase; CCL20, c-c chemokine ligand 20; CCL5, c-c chemokine ligand 5; CHOP, C/EBP
homologous protein; CX3CL1, c-x-3-c chemokine ligand 1; CXCL16, c-x-c motif chemokine ligand 16; CXCL8, c-x-c motif chemokine ligand 8;
CypD, cyclophilin D; elF2a, eukaryotic initiation factor 2a; eNOS, endothelial nitric oxide synthase; ERK1/2, extracellular signal-regulated kinase
1/2; F-actin, filamentous actin; GPx, glutathione peroxidase; GRP78, glucose-Regulated Protein 78; GSH, glutathione; HIF-1a, hypoxia-inducible
factor-1a; HMGBL, high mobility group box 1; ICAMY, intercellular adhesion molecule 1; IL-1, interleukin 1B; IL-6, interleukin 6; INK, c-Jun N-
terminal kinase; LC3II, light chain 3 II; LDH, lactate dehydrogenase; MCP-1, monocyte chemoattractant protein-1;, MDA, malondialdehyde; NF-
kB, the nuclear factor-kB; NO, nitrous oxide; NOX, NADPH-oxidase; p38, p38 mitogen-activated protein kinase (MAPK); p53, tumor protein p53
(also known as TP53); p-Cofilin, phosphorylation of cofilin; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species;
Sirtl, sirtuin 1; SOD, superoxide dismutase; TAK1, transforming growth factor beta-activated kinasel; TLR2, toll-like receptor 2; TLR4, toll-like
receptor 4; TNF-o, tumor necrosis factor o, VCAM1, vascular cell adhesion molecule 1; VE-cadherin, vascular endothelial (VE)-cadherin; o.-SMA,

alpha-smooth muscle actin.

4.1.1 Paeoniflorin inhibited endothelial
cell damage

Endothelial cell dysfunction is a predominant characteristic of
the initial progression of atherosclerosis (47). Under healthy
physiological conditions, endothelial cells are connected to each
other forming a selective semi-permeable membrane that serves as
a blood-tissue barrier and effectively coordinates the exchange of
fluid and macromolecules between the two sides of the vessel wall.
However, external stimuli (e.g., inflammation) can cause damage to
the morphology and connections of endothelial cells. It results in
endothelial cells dysfunction, which can lead to a series of
consequences, such as increased vascular permeability,
infiltration of plasma macromolecules/leukocytes and edema (50).

It has been reported in the literature that when endothelial
cells are subjected to certain adverse stimuli, their actin may be
disrupted, which in turn leads to an increase in permeability
(51). There are two forms of actin: monomeric (G-actin) and
polymeric (F-actin) (52). Among them, F-actin dominates
endothelial cell contraction, protrusion and division
rearrangement, which mediates endothelial cell injury and
leads to increased endothelial permeability (53). Xu et al. (54)
showed that paeoniflorin significantly inhibited the expression
of cytoskeletal proteins and actin in Lipopolysaccharide (LPS)-
stimulated HUVEC and restored stress fibers and cell
morphology, thereby suppressing endothelial cell injury.
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4.1.2 Paeoniflorin inhibits oxidative stress in
endothelial cells

When the body is under oxidative stress, excess of free
radicals and intracellular reactive oxygen species (ROS) are
released, which can further lead to endothelial dysfunction
(55). The mechanism behind this is mainly because excess
ROS interferes with the function of eNOS, leading to a
decrease in the NO and thus an increase in blood pressure
(56). Fu et al. (57) investigated the protective effect of NO on
HUVEG, and their results showed that paeoniflorin could dose-
dependently increase NO production by increasing eNOS
expression, thereby protecting endothelial cells.

At the same time, the release of ROS further exacerbates the
oxidation of LDL, leading to the formation of oxidized LDL, all
of which can further damage the vascular endothelium. Both
lactate dehydrogenase (LDH) and malondialdehyde (MDA) are
the most widely used biomarkers when assessing oxidative stress
damage as described above (58). To counteract the likely
harmful effects of ROS, cells maintain endogenous antioxidant
capacity, including the combined action of superoxide dismutase
(SOD), glutathione (GSH) and other endogenous antioxidants,
which can either directly counteract ROS or indirectly regulate
ROS levels (59). Yu et al. (60) displayed that paeoniflorin
significantly reduced the formation of ROS, MDA content and
LDH leakage levels in endothelial cells and increased the activity
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of endogenous antioxidants GSH and SOD, effectively
counteracting endothelial damage from oxidative stress.

It is well known that the core processes of cellular energy
metabolism are regulated by mitochondria, which are the most
important place for most ATP production in the body (61).
Increased mitochondrial ROS production and progressive
respiratory chain dysfunction are associated with atherosclerosis
or cardiomyopathy (62). Song et al. (63) study showed that
paeoniflorin effectively inhibited AOPP-induced ROS production
in HUVECs in a dose-dependent manner. Paeoniflorin also
successfully reduced the ratio of damaged mitochondria and
effectively restored ATP levels by inhibiting ROS and restoring
ATP depletion and mitochondrial dysfunction. Paeoniflorin
inhibited RAGE mRNA and Nox2/Nox4 protein expression,
reduced the production of ROS, effectively resisted oxidative
stress, and significantly improved endothelial cell viability. Jiang
et al. (64) indicated that paeoniflorin significantly reduced TBHP-
induced excessive intracellular ROS production and restored
TBHP-induced mitochondrial depolarization, improved TBHP-
induced mitochondrial functional impairment in HUVEC, and
restored SOD, CAT, and GPx activities, corroborating the existence
of oxidative stress resistance effect of paeoniflorin from the
other side.

If we turn our attention to the metabolism of calcium, we
will notice that calcium dysregulation leads to a sustained
transfer of calcium ions from the endoplasmic reticulum to
the mitochondria. It results in protein spatial folding
dysfunction and chronic inflammatory calcium overload in
mitochondria, followed by induction of apoptosis via a Bcl2-
dependent mechanism (65). Cyclophilin D (CypD) plays a
crucial role in protein folding (66). Walter et al. reported that
C/EBP Homologous Protein (CHOP) is recognized as a
transcription factor that induces apoptosis in endoplasmic
reticulum stress-induced cells (67). Activation of PERK leads
to phosphorylation of eIF2c, which is considered to play a
primary function in the triggering of CHOP in response to
endoplasmic reticulum stress (68). Ou et al. (69) revealed that
paeoniflorin pretreatment could reduce H,0O,-mediated oxidative
stress levels in endothelial cells by inhibiting intercellular ROS and
Ca®" production. Secondly, paeoniflorin pretreatment could
reduce H,O,-mediated mitochondrial dysfunction by activating
CypD and promoting CypD expression. Finally, paeoniflorin
pretreatment could reduce H,0,-mediated endoplasmic
reticulum stress by blocking the eIF2a- CHOP signaling
pathway and reducing H,0,-induced endoplasmic reticulum
stress. Therefore, paeoniflorin pretreatment can reduce the
toxicity of oxidative stress to endothelial cells from these three
dimensions and protect endothelial cells. A study by Chen et al.
(70) also corroborated that paeoniflorin significantly reduced
the overproduction of endoplasmic reticulum stress markers
(78 kDa glucose regulated protein (GRP78) and CCAAT/
CHOP), thereby reversing the ultrastructural abnormalities
of the endoplasmic reticulum.
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From the above we can know that supplementation with
antioxidants may be a promising strategy to prevent oxidative
stress damage in endothelial cells. In recent years, natural
antioxidants have attracted attention for its effectiveness and
low toxicity (71). Our literature review shows that paeoniflorin
possesses the potential to be a natural antioxidant that could
effectively exert a role against oxidative stress in endothelial cells.

4.1.3 Paeoniflorin inhibits the secretion of
inflammatory factors from endothelial cells

Inflammation is an integral part of the pathogenesis of
several cardiovascular diseases, including atherosclerosis.
Release of inflammatory cytokines, such as TNF-o and IL-6,
activates monocytes and induces monocyte adhesion to
endothelial cells (72). Subsequently, monocytes are recruited
and adhere to the endothelium, where they further
compartmentalize into macrophages, thereby exacerbating
inflammation and the release of pro-inflammatory substances
(73). Bi et al. (74) showed that paeoniflorin notably inhibited the
secretion of inflammatory factors (IL-6, TNF-o) and the
activation of IxB-a, NF-xB (p65), p38, and JNK in HUVECs,
counteracting the inflammatory effects. Chen et al. (70) found
that paeoniflorin significantly inhibited the p-IREl «
upregulation, which is involved in multiple signaling pathways
leading to immune activation and inflammation and is a critical
step in activating the inflammatory response in the vessel wall
(75). Blockage of this pathway could effectively block subsequent
responses to the inflammatory process, effectively inhibit IL-6
production and thus attenuate inflammatory damage to
endothelial cells.

Lysophosphatidylcholine (LPC) is the major biologically
active component of oxidized LDL and is an essential
contributor to atherosclerotic activity (76). High mobility
group box-1 (HMGBI) stimulates the expression and release
of several inflammatory factors such as TNF-q, interleukins,
ICAM-1 and selectins (77). The pro-inflammatory effects of
HMGBI are mainly mediated via binding to its corresponding
receptors, including receptor for advanced glycosylation end
products (RAGE), Toll-like receptor (TLR)-2 and TLR-4 (Lee,
Ku et al., 2012). The combination of HMGBI with its particular
receptor leads to the activation of nuclear factor-xB (NF-xB),
which further upregulates the expression and release of
inflammatory factors (78), thereby damage endothelial cells. Li
et al. (79) showed that paeoniflorin significantly inhibited
HMGBI expression and release, down-regulated RAGE, TLR-2
and TLR-4 expression, and reduced LPC-induced NF-xB
activity, which inhibited LPC-induced inflammatory factor
production. It demonstrates that the mechanism behind this is
primarily by suppressing the HMGB1-RAGE-/TLR-2-/TLR-4-
NF-kB pathway, thereby suppressing endothelial cell damage
and effectively interfered with the process of atherosclerosis.

In numerous studies over the past decade, TAKI has been
clearly demonstrated to play a key role in a range of
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physiological and biochemical processes (e.g., inflammation,
regulation of immune system homeostasis and
neurodevelopment) (80). Yu et al. (81) have demonstrated that
paeoniflorin successfully inhibited TAK1 phosphorylation in
TGFB1 and IL-1B-stimulated endothelial cells, suppressed
inflammatory factor expression by blocking the TAK1/NF-«B
pathway and inhibited inflammatory factor expression.

4.1.4 Paeoniflorin regulates endothelial cell-
monocyte adhesion

Cell adhesion molecules (CAMs) are membrane receptor
glycoproteins whose main function is to achieve cell adhesion on
the endothelial surface (82). CAMs are composed of three main
components: integrins, selectins and immunoglobulin
superfamily. Among them, E-selectin, ICAM-1 and VCAM-1
are particularly important in the course of chronic inflammation
and are consequently of major relevance in CVD (83). The
mutual interaction between leukocytes and endothelial cells is a
central event in the recruitment of leukocytes from blood vessels
to undifferentiated tissues and can occur through three steps,
namely scrolling, adhesion and migration. During this process,
E-selectin is present on endothelial cells and is essential for
leukocyte scrolling (84) and ICAM-1 is important for leukocyte
adhesion and migration (85). Cell surface adhesion molecules
(such as E-selectin and ICAM-1) are liberated during endothelial
cell activation, and they are responsible for the recruitment of
various leukocytes, exacerbating increased endothelial
permeability and tissue damage (86). It is well known that
selectin is a protein-binding molecule whose main function is
to mediate the interaction between leukocytes and endothelial
cells, creating strong adhesion and migration in endothelial cells.
Endothelial cells strongly express E-selectin in response to
stimulation by inflammatory factors (e.g., TNF-o and IL-1),
which exacerbates adhesion (87). Simultaneously, Both ICAM-1
and VCAM-1 are transmembrane glycoproteins. ICAM-1 binds
to integrins and promotes leukocyte migration toward and tight
adhesion to endothelial cells, thereby affecting myosin
contractility and p38 kinase activation (88). While VCAM-1, a
member of the immunoglobulin superfamily, is expressed
mainly in endothelial cells and is responsible for the
recruitment of monocytes (89).

Chemokines are a category of minor cytokines or proteins
responsible for leukocyte recruitment, adhesion, and activation.
They are classified into the CC, CXC, CX3C, and XC subfamilies
(90). Among chemokines, CCL2 (monocyte chemotactic
protein-1, MCP-1) was the first human chemokine to be
identified. MCP-1 and its receptor (CCR2) are essential for the
recruitment of immune cells to reach the site of inflammation
during the onset and development of the inflammatory response
(91). Other well-studied chemokines include CCL5 (also called
regulated upon activation, expressed, and secreted by normal T
cells, RANTES), CCL20 (also called macrophage chemotactic
protein 30, MIP-30), and CXCL8 (also called interleukin-8, IL-
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8), CXCL16 (also called scavenger receptor-binding
phosphatidylserine and oxidized lipoprotein, SR-PSOX) and
CX3CL1 (also called fractalkine), which can be released by
activated endothelial cells to direct circulating leukocyte
recruitment to the damaged site. Different signaling pathways
assume different roles in the functioning of the above molecules.
The most important of these is the MAPK signaling pathway.
The MAPK family is composed of four members, including
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), p38 and large map kinase 1 (BMK1)/ERK5 (92).
Among them, those closely related to cell adhesion are mainly
ERK1/2 and p38 (93). Another closely related activation
pathway is the activation of NF-xB, which is present in the
cytoplasm in an inactive form bound to members of the
inhibitory kB (IkB) family. Stimulatory factors (e.g., LPS or
TNF-a) leads to the phosphorylation and degradation of IkB,
promote NF-kB translocation into the nucleus and its binding to
target gene promoter regions, ultimately inducing the expression
of cytokines and adhesion molecules (94, 95).

Chen et al. (96) found that paeoniflorin significantly blocked
immune complex IC-induced expression of vascular endothelial E-
selectin and ICAM-1, while for TNF-o-induced expression of
adhesion molecules in human dermal microvascular endothelial
cells (HDMEC), paeoniflorin showed some selectivity by inhibiting
the activation of p38 and JNK thereby significantly inhibiting the
expression of ICAM-1. The study by Jin et al. (97) also
demonstrated that paeoniflorin downregulated the expression of
ICAM-1 in TNF-o-stimulated HUVEC by inhibiting the activation
of the NF-kB pathway, corroborating the anti-adhesive effect of
paeoniflorin. Similarly, Wang et al. (98) investigated the function of
paeoniflorin on oxidized LDL-induced adhesion molecule
expression and showed that paeoniflorin significantly inhibited
the molecular expression of E-selectin, VCAM-1 and ICAM-1 by
enhancing autophagy and upregulating SIRT1 expression. Chen
et al. (70) in an experiment investigating the response of
paeoniflorin to endoplasmic reticulum stress found that
paeoniflorin inhibited NF-xB activation, resulting in a significant
inhibitory effect on MCP-1 effectively. Not coincidentally, Xu et al.
(99) found that paeoniflorin significantly down-regulated E-
selectin expression at the gene and protein levels. Paeoniflorin
also inhibited the phosphorylation of JNK and p38 in a dose
dependent manner, thereby suppressed the MAPK signaling
pathway. In addition, paeoniflorin significantly inhibited the
phosphorylation and degradation of IkB-0, which in turn also
inhibited the activation of NF-xB and reduced the expression of
ICAM-1. Paeoniflorin significantly reduced the adhesion of human
acute monocytic leukemia cells (THP-1) or human acute
promyelocytic leukemia cells (HL-60) to LPS-stimulated
HUVEC. In another study, Chen et al. conducted a detailed study
on TNF-a-induced mRNA expression of chemokines in a human
microvascular endothelial cell (HMEC-1), and they found that
paeoniflorin significantly inhibited CCL2, CCL5, CCL20, CXCL8,
CXCL16 and CX3CL1 mRNA expression, reduced chemokine
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secretion, and successfully inhibited leukocyte migration. Also,
their study revealed that only high doses of paeoniflorin inhibited
the release of chemokines (e.g, CCL5, CCL20, CXCL16, and
CX3CL1), and these data suggest that the inhibitory effect of
paeoniflorin on chemokines is stronger at the transcriptional
level than at the translational level and post-translational
secretion process.

4.1.5 Paeoniflorin regulates the survival and
fate of endothelial cells

Previous studies have found that paeoniflorin can affect the fate
of endothelial cells through apoptosis and autophagy. Autophagy is
a double-edged sword in that its activation tends to increase VEC
survival under stressful conditions (100). However, if autophagy is
excessive, it can lead to endothelial cell damage and death (101).
The autophagic process involves many genes, one of the key ones is
Microtubule-associated protein light chain 3 (LC3), which is
important for autophagosome formation (102). When autophagy
is started, the cytoplasmic form of LC3-I is converted into the
membrane-associated form of LC3-II, which is the major protein of
autophagy (103).The role of the p62 protein is to attach LC3
proteins to ubiquitinated substrates, thereby incorporating them
into the intact phagosome through autophagic lysosomal
degradation (104). As another inseparable concept of cell fate, the
process of apoptosis, also called programmed cell death, involves a
complex series of signaling cascade responses that culminate in an
orderly termination of the cell mediated by signals. Although
apoptosis ends in cell death, it is actually critical for maintaining
the continued health of the entire organism (105), and when
apoptosis is deregulated, it can lead to atherosclerosis (106). In
atherosclerotic patients, apoptosis of endothelial cells leads to a
series of adverse consequences, such as plaque erosion, instability
and thrombosis, that further lead to the development of acute
symptoms (107). In the above process, the MAPK cascade mediates
the activation of several transcription factors, such as NF-«B, and
modulates the performance of apoptosis-related proteins, such as
caspase-3 (that induces apoptosis) and B-cell lymphoma-2 (Bcl-2)
(that prevents apoptosis) (108). Ji et al. (109) showed that
paeoniflorin prevented CoCl,-induced hypoxia-inducible factor
low (HIF-1ot) accumulation and downregulated p53 and BNIP3
expression in endothelial cells, reducing apoptosis and improving
endothelial cell viability in a dose-dependent manner. Because HIF-
1o, the active subunit of HIF-1, can inhibit apoptosis by activating a
variety of anti-apoptotic genes, it is associated with the
development of human atherosclerosis (110).

Two other pathways of action that should not be neglected
are SIRT1 and RAGE. Endothelial-specific SIRT1 is a bona fide
anti-atherosclerotic factor that effectively improves endothelial
cell survival and function (111). A study by Wang et al. (98)
found that paeoniflorin attenuated oxidized low-density
lipoprotein-induced endothelial cell apoptosis by upregulating
enhanced autophagy of SIRT1 in HUVECs. Because the
accumulation of advanced glycosylation end products (AGEs)
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can trigger oxidative stress, oxidized lipids, inflammation,
metabolic stress states and apoptosis, leading to endothelial
cell dysfunction. This dysfunction, accompanied by vascular
damage, can lead to increased atherosclerotic plaque formation
(112). RAGE is a positive regulator of autophagy during
oxidative stress and a negative regulator of apoptosis (113).
Chen et al. (114) indicated that pretreatment with paeoniflorin
increased LC3-II and RAGE levels but decreased p62 expression.
Paeoniflorin protected HUVEC from AGE-modified bovine
serum albumin (AGE-BSA)-induced damage by upregulating
autophagy and promoting the completion of autophagic flux.
RAGE played important role in this autophagic protection.
These research efforts suggest that paeoniflorin may be a new
therapeutic tool for patients suffering from atherosclerosis and
other systemic diseases, such as diabetes mellitus.

CypD also has a protective effect against apoptosis (115). Ou
et al. (69) investigated apoptosis in endothelial cells induced by
H,0, and found that paeoniflorin significantly decreased the
expression of caspase-3 and Bax while increased the expression
of CypD and Bcl2 expression, which successfully prevented
apoptosis. Jiang et al. (64) showed that paeoniflorin protected
HUVEC from apoptosis by stimulating the nuclear factor
erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1)
pathway, with the possible mechanism mainly promoting the
expression of Bcl-2 and inhibiting the expression of Bax and
cleavage of caspase-3.

4.1.6 Paeoniflorin blocks endothelial-
mesenchymal transition (EndMT) in
endothelial cells

Current studies generally agree that endothelial-
mesenchymal transition (EndMT) is one of the critical
mechanisms leading to endothelial cell dysfunction (116).
Endothelial growth is characterized by two aspects for metrics,
on the one hand the acquisition of mesenchymal cell markers
(e.g., 0-SMA, Vimentin and N-cadherin) and on the other hand
the loss of endothelial cell markers (e.g., CD31, VE-cadherin and
eNOS) (117). Recently, researchers have shown that EndMT
promotes the development of atherosclerosis (118). Yu et al. (81)
showed that prophylactic paeoniflorin administration restored
monocrotaline (MCT)-induced downregulation of VE-cadherin
and eNOS while inhibited MCT-induced upregulation of o-
SMA and vimentin, thereby blocked EndMT and potently
counteracting the development of the atherosclerotic process.

4.2 Paeoniflorin and smooth muscle
cell function

In the pathological development of atherosclerosis,
abnormal proliferation, migration and phenotypic conversion
of vascular smooth muscle cells (VSMC) are prominent
manifestations of VSMC dysfunction and are closely

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1072007
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

associated with the formation of neointima and the development
of atherosclerosis (119). An increasing stream of studies has
shown that paeoniflorin can prevent VSMC dysfunction by
inhibiting excessive VSMC migration and excessive
proliferation, suppressing inflammatory factor secretion, and
regulating VSMC survival (Figure 6).

4.2.1 Paeoniflorin inhibits smooth muscle cell
proliferation and migration

The follow-up activity after endothelial cell injury is
abnormal VSMC proliferation and migration (120). Along
with the above process, a large amount of cytokines/
chemokines/growth factors are released to compensate and
repair the corresponding endothelial damage, including VEGF,
basic fibroblast growth factor (bFGF), transforming growth
factor-B (TGF-B) and platelet-derived growth factor (PDGF)
(119). By binding to VSMC membrane receptors, these growth
factors trigger phosphorylation of receptors downstream of the
VEGF or PDGEF-B pathways (121), thereby evoking activation of
several downstream signaling pathways, such as the MAPK
signaling pathway (122). In VSMC, activation of MAPK
signaling pathways, such as the ERK1/2 pathway and the p38
MAPK pathway, can lead to cell proliferation and migration and
can change from a contractile to a proliferative phenotype (123).
Yu et al. (81) also studied PDGF-BB-induced VSMC
proliferation and analyzed ERK1/2, p38 MAPK, and p65 NE-
KB pathways in detail and found that paeoniflorin inhibited the
phosphorylation of the above pathways in a dose-dependent
manner and suppressed PDGF-BB-induced proliferation and

10.3389/fimmu.2022.1072007

migration of PASMC. The experiments of Guo et al. also
demonstrated the aforementioned effect of paeoniflorin (124).
Another study worth noting was that, Li et al. (125) investigated
the effects of paeoniflorin on ox-LDL-induced VSMC
proliferation and migration and showed that paeoniflorin
blocked p38, ERK1/2, and NF-kB phosphorylation (without
inhibiting JNK phosphorylation) and blocked the cell cycle in
S phase, upregulated HO-1 expression, decreased proliferating
cell nuclear antigen (PCNA) expression and antagonized
oxidized LDL-induced VSMC proliferation and migration.

Our literature review found that OPN and adenosine
receptors also play an important role. OPN is a marker gene
for the conversion of vascular smooth muscle cells from a
constrictive to a proliferative phenotype, and the expression of
OPN is strongly correlated with the migratory capacity of VSMC
(126). The development of the above processes leads to VSMC
proliferation and thickening of the endothelium (127), further
deepening the development of atherosclerosis. Adenosine
receptors are extracellular G protein-coupled receptors (classes
include A1, A2A, A2B and A3), and primarily mediate the effects
of adenosine (128). A2B adenosine receptor (A2BAR) has a low
binding affinity compared to other subtypes (129). A study
showed that hypoxia down-regulated the A2AAR (high-
affinity) and up-regulated the A2BAR (low-affinity) in
HUVECs (130). Adenosine signaling via A2BAR has been
proven to inhibit SMC proliferation (131). Qian et al. (132)
reported that paeoniflorin successfully inhibited the
proliferation of pulmonary artery smooth muscle cells by
activating A2BAR and inducing its expression. Fan et al. (133)
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FIGURE 6
The protective effects and mechanisms of paeoniflorin on smooth muscle
dysfunction by inhibiting excessive VSMC migration and excessive prolifera

cells. Paeoniflorin prevents vascular smooth muscle cell (VSMC)
tion, suppressing inflammatory factor secretion, and regulating VSMC

survival, this in turn exerts an anti-atherosclerotic effect. CDK2, cyclin-dependent kinase 2; CDK4, cyclin-dependent kinase 4; CDKNI1A, cyclin-
dependent kinase inhibitor 1A; CO, carbonic oxide; ERK1/2, extracellular signal-regulated kinase 1/2; HO-1, Heme Oxygenase 1; IL-1f,
interleukin 1B; IL-6, interleukin 6; IkBa, inhibitor of kappa B alpha; MAPK, mitogen-activated protein kinase; NF-kB, the nuclear factor-kB; OPN,
osteopontin; p38, p38 mitogen-activated protein kinase (MAPK); PCNA, proliferating cell nuclear antigen; ROS, reactive oxygen species; TAKL,
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showed that paeoniflorin blocked the cell cycle progression of
VSMCs from GO/G1 to S phase, downregulated PDGF-BB-
induced CDK4, CDK2, cell cycle protein D1, cytokinin E, and
cyclin-dependent kinase inhibitor 1A (CDKN1A) in a dose- and
time-dependent way, as well as PDGF-BB-induced VSMC
proliferation. At the same time, paeoniflorin significantly
suppressed cell migration by downregulating OPN gene
expression, and revealed that the mechanism behind this may
be related to the fact that paeoniflorin significantly decreased the
level of phosphorylation of p38 and ERK1/2 in a concentration-
dependent manner, but not the phosphorylation of JNK.

4.2.2 Paeoniflorin inhibits the secretion of
inflammatory factors in smooth muscle cells
and regulates the cell fate

VSMCare pivotal playersin early and late atherosclerosis (134).
Recent studies in genetics suggest that VSMC-derived
macrophage-like cells may promote inflammation (135). The
main pro-inflammatory cytokines (such as IL-1B, TNF-o, and
IL-6) more closely associated with the developmental process of
atherosclerosis (136). Activation of the NF-kB pathway will lead to
overproduction of the three aforementioned pro-inflammatory
cytokines (137). Yu et al. (81) showed that paeoniflorin
successfully inhibited the phosphorylation of TAK1 in PDGEF-
BB-stimulated human pulmonary artery smooth muscle cells
(PASMC) and suppressed inflammatory factor expression by
blocking the TAK1-MAPK/NF-kB pathway. Li et al. (125)
investigated the effect of paeoniflorin on ox-LDL-induced
inflammatory cytokines in VSMC and showed that paeoniflorin
dose-dependently blocked p38, ERK1/2, and p65 NF-xB
phosphorylation and effectively blocked IL-6 and TNE-
oexpression, with the strongest inhibition of IL-6.

VSMC apoptosis is induced by pro-inflammatory cytokines,
oxidized LDL, high levels of NO, and mechanical damage. The
inefficient clearance of apoptotic VSMC leads to secondary
necrosis and subsequent inflammation, triggering plaque
rupture and adverse consequences (138). In addition, excessive
apoptosis of VSMC cells leads to calcification and inflammation,
thereby, promotes atherosclerosis (139). Cysteine aspartate-
specific protease (Caspase)-8 has long been recognized as the
promoter of apoptosis (140), and caspase-9 plays a critical role in
the apoptosis pathway of endogenous origin (141). Guo et al.
(124) demonstrated that paeoniflorin was able to induce VSMC
apoptosis by significantly enhancing the expression of caspase-
3/-8/-9 in a concentration-dependent manner.

4.3 Paeoniflorin and monocyte function

Atherosclerotic lesions are closely associated with the
progression of continuous enrollment of circulating vascular
monocytes, which are differentiated into macrophages inside the
atherosclerotic plaque (142). In recent years, an increasing
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number of studies have shown that paeoniflorin affects the
progression of atherosclerosis by inhibiting phagocytosis and
antigen presentation, over proliferation and inflammatory factor
secretion by monocytes (Figure 7).

4.3.1 Paeoniflorin inhibits phagocytosis and
antigen presentation by monocytes

Phagocytosis is an evolutionarily conserved process that
satisfies feeding mechanisms in protozoa. However, in postnatal
animals, phagocytosis diversifies to perform multiple organismal
roles, including immune defense, tissue homeostasis, and
remodeling (143). Microbial fragments remaining after
phagocytosis and digestion can act as antigens that can be
integrated into Major histocompatibility complex (MHC)
molecules and then transferred to the cell surface of monocytes.
This is an important process known as antigen presentation, which
is important for activation Adaptive immune responses against
viruses are critical (144). It has been shown that antigen-presenting
ability is closely related to the expression of human Leukocyte class
II DR antigens (HLA-DR) and CD80 (145). Wang et al. (146)
revealed that paeoniflorin inhibited the activation of rhIL-1B-
stimulated human peripheral blood monocytes, suppressed
monocyte phagocytosis, and downregulated the expression of
HLA-DR and CD80, inhibited the antigen-presenting ability
of monocytes.

4.3.2 Paeoniflorin inhibits monocyte
proliferation and inflammatory factor secretion

The proliferation of monocytes provides abundant raw
material for the subsequent evolution into macrophages in the
course of atherosclerosis (147). In addition to this, the balance of
two important Th cell subtypes, Th17 and regulatory T cells
(Treg) plays a critical role in many inflammatory illness, with the
Th17 phenotype associated with inflammation and the Treg
phenotype counteracting it to some degree (148). IL-17 is an
important cytokine produced by Th17 cells (149), while Treg can
produce IL-10 (150), and they synergistically regulate
inflammatory responses. In addition, it has been shown that
activation of phagocytosis leads to the production of typical pro-
inflammatory cytokines (e.g., TNF-c, IL-1) by monocytes
(151). Dai et al. (152) evaluated the proliferative response and
anti-inflammatory capacity of paeoniflorin on interleukin (IL)-
1B protein (rhIL-1B) -induced peripheral blood mononuclear
cells (PBMC) and showed that paeoniflorin could significantly
inhibit rhIL-1B3-stimulated PBMC proliferation levels, down-
regulate IL-17 production, and up-regulate IL-10 production
in vitro. These results suggest that paeoniflorin can exert anti-
inflammatory effects by inhibiting abnormal proliferation and
regulating the balance of Th17 with regulatory T cells (Treg). In
addition, Wang et al. (146) also showed that paeoniflorin may
inhibit rhIL-1f stimulated production of Prostaglandin E2
(PGE2) and TNF-o, reducing chronic inflammation by
inhibiting human monocytes.
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The protective effects and mechanisms of paeoniflorin on monocyte. Paeoniflorin affects the progression of atherosclerosis by inhibiting
phagocytosis and antigen presentation, over proliferation and inflammatory factor secretion by monocytes. Foxp3, forkhead box P3; HLA-DR,
human leukocyte antigen DR; IL-10, interleukin 10; IL-17, interleukin 17; NF-xB, the nuclear factor-kB; PGE2, prostaglandin E2; Th17, T helper

type 17 cell; Treg, Regulatory T cells.

4.4 Paeoniflorin and
macrophage function

Macrophages play an important role in all stages of
atherosclerosis, from the initiation and expansion of the lesion,
through the necrosis and clinical manifestations of atherosclerosis
leading to rupture, to the regression of the atherosclerotic pathologies
(153). Recent and growing research evidence suggests that
paeoniflorin has a protective effect on macrophages, which is
achieved by regulating the phenotypic transformation of
macrophages, inhibiting macrophage inflammatory factor secretion,
regulating macrophage survival and fate, inhibiting macrophage
proliferation and blocking foam cell formation (Figure 8).

4.4.1 Paeoniflorin regulates the phenotypic
transformation of macrophages

Macrophages are usually divided into two atherosclerosis-
related categories: inflammatory macrophages (M1) and healing
macrophages (M2) (154). Interferon y (IFN-y) or LPS can stimulate
MO macrophages to produce an M1 phenotype to secrete pro-
inflammatory cytokines and ROS, or an M2 phenotype induced by
interleukin-4 (IL-4)/IL-13 to express anti-inflammatory cytokines
and tissue repair (155). Notably, polarized macrophages have been
found to reverse in adapting to changes in the microenvironment
(156). Activated STAT1, a pivotal transcription factor in the JAK-
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STAT pathway, primarily mediates M1 polarization (157), while
STATSG activation is involved in M2 polarization (158). Wang et al.
(159) showed that paeoniflorin inhibits STAT1 phosphorylation to
reduce M1 polarization and activates STAT6 through elevated p-
STATS to participate in M2 polarization and regulate macrophage
phenotype through STAT signaling. Studies by Zhai et al. (160) and
Shao et al. (161, 162) have also demonstrated the same conclusion.

4.4.2 Paeoniflorin inhibits macrophage
inflammatory factor secretion

Closely linked to the aforementioned polarization of
macrophages, polarized macrophages promote the secretion of
various inflammatory factors, thereby exacerbating the response
in the process of atherosclerosis (163). Cao et al. (164)
demonstrated that paeoniflorin significantly attenuated the
phosphorylation of NF-xB signaling pathway-related factors
(e.g., p65 and I-xBa), thereby reducing the expression of
TNF-o, IL-1B, and IL-6 in macrophages. The same results
were shown by Fang et al. (165). Zhang et al. (166)
experimentally confirmed that paeoniflorin not only reduced
the production of TNF-o and IL-6 by downregulating TLR4
expression and inhibiting NF-xB and MAPK signaling pathways
but also synchronously downregulated MCP-1, Cox2, IFN-y,
TNF-o, IL-6 and IL-17 expression and overall inhibit
inflammation. Studies by Wang et al. (167), Shao et al. (161)
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FIGURE 8

The protective effects and mechanisms of paeoniflorin on macrophages. Paeoniflorin has a protective effect on macrophages, which is achieved
by regulating the phenotypic transformation of macrophages, inhibiting macrophage inflammatory factor secretion, regulating macrophage
survival and fate, inhibiting macrophage proliferation and blocking foam cell formation. Arg-1, arginase 1; ASK1, apoptosis signal-regulating
kinase 1; COX2, cyclooxygenase-2; ERK1/2, extracellular signal-regulated kinase 1/2; GSDMD, gasdermin D; HMGB1, high mobility group box 1;
IFN-y, interferon-v; IL-10, interleukin 10; IL-10, interleukin 10; IL-1B, interleukin 1B; IL-33, interleukin 33; IL-4, interleukin 4; IL-6, interleukin 6;
iINOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MCP-1, monocyte
chemoattractant protein-1; miR-124, microRNA-124; MyD88, myeloid differentiation primary response 88; NF-xB, the nuclear factor-kB; NLRP3,
NOD-like receptor 3; NO, nitrous oxide; p38, p38 mitogen-activated protein kinase (MAPK); PGE2, prostaglandin E2; p-STAT6, phosphorylation
signal transducer and activator of transcription 6; SOCS3, suppressor of cytokine signaling 3; STATL, signal transducer and activator of
transcription 1; STAT], signal transducer and activator of transcription 1; STAT6, signal transducer and activator of transcription 6; TLR2, toll-like
receptor 2; TLR4: toll-like receptor 4; TNF-o, tumor necrosis factor a; TREM1, triggering receptor expressed on myeloid 1.

and Zhang et al. (168) also corroborate this conclusion. Liu et al.
(169) further investigated the cause of negative feedback
regulation of LPS-induced MAPK in macrophages by
paeoniflorin and found that paeoniflorin achieved inhibition of
LPS-induced macrophage inflammation by increasing the
expression of suppressors of cytokine signaling 3 (SOCS3), a
common inhibitory signaling regulatory protein. Sheng et al.
(170) also investigated the effect of paeoniflorin on SOCS3 in
C57BL/6 mice, demonstrating the significance of SOCS3 as an
“inflammatory braking” factor. Jiang et al. (171) demonstrated
that paeoniflorin can downregulate the levels of TNF-c, IL-6,
and High mobility group box-1 protein (HMGBI, formerly
known as HMG-1) in macrophages by inhibiting the IxB
kinase pathway and modulating the NF-xB signaling pathway
in a dose dependent manner. It also upregulated serum levels of
the anti-inflammatory factor IL-10, which effectively
counteracted inflammation. The same conclusion was reached
by Wang et al. (159) in their experiment.

4.4.3 Paeoniflorin regulates the survival and
fate of macrophages

The regulation of macrophage survival and fate by
paeoniflorin mainly covers three aspects: proliferation,
apoptosis, and pyroptosis. Macrophage apoptosis is a non-
negligible feature of atherosclerotic plaque progression,

Frontiers in Immunology

14

especially in early stages of the lesion, and macrophage
apoptosis greatly inhibits the progression of atherosclerotic
plaque (172). It has been shown that microRNA (miRNA)-124
is a key regulator of inflammation and immunity (173). It has
been shown that miR-124 can effectively inhibit the proliferation
of macrophages (174), and is essential for the inducibility and
maintenance of the M2 phenotype of macrophages (175). A
study by Huang et al. (176) found that paeoniflorin inhibited
proliferation and inflammation of THP-1 cells and promoted
their apoptosis through upregulation of miR-124, thereby
inhibited atherosclerotic plaque progression.

Pyroptosis is an inflammatory form of programmed cell
death activated by the caspase family (e.g., caspase-1) and
accompanied by cell swelling, osmotic lysis, and activation of
NOD-like receptor family pyrin domain containing 3 (NLRP3)
inflammatory vesicles (177). Excessive pyroptosis causes the
release of large amounts of inflammatory cytokines (178). By
reducing the pyroptosis of cells or tissues, it is beneficial to
reduce the local inflammatory response of organisms and
promote the repair of damaged tissues and disease recovery
(179). Xu et al. (180) focused on macrophage pyroptosis, and
their study found that paeoniflorin monomer derivative (MDP)
could inhibit macrophage polarization and pyroptosis, and the
mechanism behind this may be related to TLR4/NLRP3/
GSDMD signaling pathway inhibition.
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4.4 .4 Paeoniflorin inhibits the migration and
aggregation of macrophages, and blocks
macrophage foaminess

Macrophages play a central role in the development of
atherosclerotic cardiovascular disease (ASCVD), including
coronary artery disease, peripheral artery disease, cerebrovascular
disease and aortic atherosclerosis. In each vascular bed, migration
and aggregation of macrophages help to maintain the
inflammatory local reaction, spread plaque development and
facilities thrombosis (181). Zhang et al. (182) showed that
paeoniflorin significantly inhibited macrophage migration. Shao
et al. also experimentally confirmed the anti-macrophage
migration ability of paeoniflorin (161). While Zhang et al.
experimentally demonstrated that paeoniflorin could significantly
reduce macrophage aggregation (168).

Foam cell formation and accumulation are important markers
of early atherosclerotic lesions, and previous studies have shown
that their formation within the intima is mainly due to impaired
cholesterol efflux or excessive uptake of ox-LDL by macrophages
(183). The conversion of macrophages to foam cells is consistently
accompanied by an overproduction of pro-inflammatory cytokines
and chemokines (4), which deepens and aggravates atherosclerosis.
Lietal. (125) showed that paeoniflorin successfully blocked oxLDL-
induced foam cell formation in macrophages.

4.4.5 Other protective effects of paeoniflorin
on macrophages

In addition to the various mechanisms mentioned above for
macrophages, paeoniflorin has some other protective effects,
mainly including both blunting the immune response to
atherosclerosis and repairing damaged cellular DNA. IL-33 is a
newly discovered member of the IL-1 family, first identified in 2005
(184).IL-33 is usually released after cellular damage and acts as an
“alarm” to early warning the immune system and activate the repair
process (185). The inhibition of IL-33 production can blunt the
immune response characteristic of atherosclerosis, thus exerting a
cytoprotective effect (186). Li et al. (187) found that paeoniflorin
could reduce IL-33 in two ways. Firstly, paeoniflorin suppressed IL-
33 production by reducing TLR4 expression and inhibiting LPS-
induced NF-xB activation and P38MAPK phosphorylation. In
addition, paeoniflorin further reduced IL-33 production by
inhibiting Ca®" influx and triggering subsequent inhibition of
NF-xB and P38MAPK activation. Kim et al. (188) then
investigated the issue of LPS-induced cytotoxicity and found that
paeoniflorin protected macrophages from LPS-induced toxicity by
increasing macrophage viability, reducing NO and PGE2, and
repairing macrophage DNA in a dose-dependent way.

4.5 Paeoniflorin and platelet function

When some environmental factors change (e.g., alteration of
blood rheological parameters, generation of blood turbulence,
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upregulation of procoagulant substances in atherosclerotic
lesions, etc.), platelets are activated, trigger a coagulation
cascade effect that leads to the formation of arterial thrombi.
These thrombi may lead to vascular obstruction and eventually
to life-threatening acute coronary events (189). In contrast to
platelet activation pathways that are dependent on physiological
agonists, shear stress-induced platelet aggregation (SIPA) occurs
only in pathological conditions (e.g., vascular stenosis or
atherosclerotic lesions) (190). Under high shear stress
conditions, binding of VWF to glycoprotein (GP) Ib leads to
signal transduction, which activates platelets (191). When
platelets are activated, degranulation of the platelet surface and
GP IIb/Illa activation leads to the stabilization of platelet
aggregation and subsequent acceleration of thrombosis (192,
193). In clinical practice, prothrombin time (PT), activated
partial thromboplastin time (aPTT), thrombin time (TT), and
fibrinogen (FIB) are the commonly used anticoagulant-related
measures (194). Recent studies have shown that paeoniflorin
exerts an important antithrombotic function by inhibiting
platelet aggregation and activation (Figure 9).

Ngo et al. (195) showed that paeoniflorin inhibited SIPA
through the interaction of vVWF with platelet surface GP Ib, and
selectively inhibited shear stress-induced platelet aggregation
and activation and significantly prevented thrombosis with no
increased risk of hemorrhage. Ye et al. (196) based on
experiments in spontaneously hypertensive rats (SHR) also
found that paeoniflorin treatment significantly upregulated 6-
keto-prostaglandin Fla (6-keto-PGFla), fibronectin (FN), and
urokinase-type plasminogen activator (uPA) levels. Paeoniflorin
treatment also inhibited the expression of fibrinogen (FIB), D-
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PAEONIFLORIN

FIGURE 9

Anti-platelet function of paeoniflorin. Paeoniflorin exerts an
important antithrombotic function by inhibiting platelet
aggregation and activation. DD, d-dimer; ET, endothelin; FIB,
fibrinogen; FN, fibronectin; GP Ib, glycoprotein Ib; JNK, c-Jun
N-terminal kinase; MAPK, mitogen-activated protein kinase; p38,
p38 mitogen-activated protein kinase (MAPK); PAI, plasminogen
activator inhibitor; PGFla, 6-keto prostaglandin Fla; PGI2,
prostacyclin; t-PA, tissue-type plasminogen activator; TXA2,
thromboxane A2; TXB2, thromboxane B2; u-PA, urokinase-type
plasminogen activator; vWF, von Willebrand factor.
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dimer (DD) and thromboxane B2(TXB2), thereby suppressed
platelet aggregation and activation, where uPA may be mediated
through the regulation of p38 and JNK MAPK signaling
pathways. Another study based on Wistar rats also showed
that paeoniflorin inhibited platelet aggregation and activation
by increasing tissue-type plasminogen activator (tPA) activity
and decreasing the production of plasminogen activator
inhibitor (PAI), prostaglandin 12 (PGI2), and thromboxane A2
(TXA2) (197).

Zhu et al.’s experiments based on New Zealand white rabbits
(198) and Xie et al.’s experiments based on Sprague-Dawley (SD)
rats (199) focused on the platelet anticoagulation of paeoniflorin,
and their experimental results showed that paeoniflorin
significantly prolonged TT, APTT and PT and reduced FIB
levels in vivo, demonstrating a good antithrombotic effect. This
conclusion was also confirmed by Fang et al. based on Swiss mice
(165). In addition, Xie’s study also showed that paeoniflorin
significantly lower the levels of ET while significantly elevate
eNOS content, and the activation of eNOS promoted the
sustained release of NO, resulting in endothelium-dependent
vasodilation (199). Therefore, paeoniflorin can be considered a
safe, thrombosis-reducing vasoprotective agent.

4.6 Other protective effects
and mechanisms

4.6.1 Homeostatic regulation of mast cells

Mast cells have been considered primarily as effectors of
allergy. In the last two decades, the role of mast cells in other
processes (physiological/pathological) has been gradually
acknowledged. Mast cells interact with the surrounding
microenvironment, and release a series of bioactive mediators
to specifically recognize and respond to various stimuli (200).
Recently, a large volume of evidence has demonstrated that mast
cells have a significant impact on cardiovascular disease,
particularly on the development and progression of
atherosclerotic plaques (201). When activated, mast cells
release a series of substances, such as growth factors,
histamine and chemokines, which cause matrix degeneration,
apoptosis, and inflammatory cell recruitment, ultimately leading
to a series of adverse cardiovascular events (202).

IgE (FcRI) on the surface of mast cells can cross-link with
high-affinity receptors for immunoglobulin E (IgE) to secrete
granules that are filled with inflammatory mediators and can
induce a variety of biological activities (203). A study by Zhang
et al. (204) found that paeoniflorin inhibited in vitro DNP-BSA-
induced mast cell degranulation, and inhibited IgE-mediated
histamine release and calcium inward flow. Paeoniflorin also
downregulates the phosphorylation levels of key kinases such as
ERK1/2, P38 and Phospholipase C (PLC), and reduces IgE-
mediated release 5-hydroxytryptamine (5-HT; serotonin), MCP-
1,1L-8, and TNF-0,, suppressed the local inflammatory response.
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Meanwhile, they found through molecular docking experiments
that paeoniflorin may be a potential FcRI ligand.

Wang et al. (205) investigated phorbol 12-myristate 13-
acetate plus calcium ionophore A23187 (PMACI)-induced
HMC-1 cells and found that pre-processing with paeoniflorin
significantly attenuated PMACI-induced TNF-o. and IL-1B
production and significantly inhibited PMACI-induced
histamine (HA) release and caspase-1 activation in HMC-1
cells. Further studies showed that the mechanism of the above
effects was that paeoniflorin inhibited the activation of NF-kB
and MAPK signaling pathways. Zhao et al. (206) designed
experiments following two stimulation pathways (IgE-
dependent and IgE-independent stimulation) induced by RBL-
2H3 cells and showed that paeoniflorin may inhibit the release of
HA and B-hexosaminidase (3-Hex) by regulating intracellular
Ca®" concentration in mast cells, while paeoniflorin can regulate
local inflammation through MAPK and PI3K/Akt pathways to
regulate local inflammation. In addition, paeoniflorin can
regulate mast cell proliferation and apoptosis by modulating
NF-kB activity. Thus, the stabilizing effect of paeoniflorin on
mast cells appears to be a promising new mechanism for the
inhibition of atherosclerosis (Figure 10).

4.6.2 Improvement of lipid metabolism

Impaired lipid metabolism plays a fundamental role in the
pathogenesis of atherosclerosis (207). The liver working as the
largest metabolic organ in the body took on the assignment in
lipid metabolism by influencing lipid production, lipolysis, and
serum lipoprotein uptake and secretion. Many clinical and
experimental researches have shown that dysfunction of
hepatic lipid metabolism is closely associated with the onset of
atherosclerosis (208). Recent studies have shown that the
Hydroxyproline-O-galactosyltransferase (GALT)2-angiogenin-
like protein 3-lipoprotein lipase (GALT2-AngPTL3-LPL)
pathway affects lipid metabolism from three aspects. Firstly,
GALT2 directly regulates HDL metabolism of mammalian
(209); secondly, GALT2 act as an inhibitor of ANGPTL3,
which causes dyslipidemia (210); thirdly, LPL activity is
controlled by ANGPTL3, and LPL is a key enzyme in lipid
metabolism (211). Yang et al. (212) studied lipid metabolism in
Wistar hyperlipidemic rats and showed that oral administration
of paeoniflorin significantly reduced cholesterol, plasma
triglyceride, and LDL levels and increased HDL levels. Xiao
et al. (213) further explored the possible mechanisms using ApoE”"
mice. Their study showed that paeoniflorin elevated plasma HDL-
cholesterol levels and decreased plasma concentrations of LDL-
cholesterol, total cholesterol, triglycerides, malondialdehyde, and 8-
isoprostane by downregulating the expression of ANGPTL3 and
upregulating the expression of GALT2 and LPL, alleviating
dyslipidemia in mice. A study conducted by Li et al. (214) using
SD rats also demonstrated that paeoniflorin reversed fructose-
induced insulin resistance and hepatic steatosis, thereby
inhibiting adipogenesis.
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The protective effects and mechanisms of paeoniflorin on mast
cell. The stabilizing effect of paeoniflorin on mast cells appears
to be a promising new mechanism for the inhibition of
atherosclerosis. 5-HT, 5-hydroxytryptamine; Akt, serine-
threonine kinase; Ca2+, calcium2+; FcRI, high-affinity receptors
for IgE; HA, histamine; IL-8, interleukin 8; IL-1B, interleukin 1p;
MCP-1, monocyte chemoattractant protein-1; NF-xB, the
nuclear factor-kB; PI3K, phosphatidylinositol-4,5-bisphosphate
3-kinase; PKC, protein kinase C.

From the point of view of cholesterol metabolism, the level of
cholesterol in circulating plasma is the result of the balance of
various factors and its level depends mainly on intestinal
absorption, hepatic synthesis and the degree of hepatic
conversion to bile acids (215). In this process, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR) is one of the
most key enzymes involved in cholesterol biosynthesis in living
organisms (216). When cholesterol synthesis decreases, cells begin
to deplete stored cholesterol and the number of low-density
lipoprotein receptors (LDLR) increases, as LDLR plays a crucial
role in cholesterol endocytosis, leading to a decrease in TC and
LDL-C levels and affecting other lipid metabolic processes (217).
Peroxisome proliferator-activated receptor (PPAR)-ou plays a
critical role in the pathogenesis of hepatic steatosis and
enhances hepatic clearance of excess cholesterol (218). CYP7AL
is also closely associated with cholesterol metabolism, as it plays
an instrumental role in bile acid metabolism (219). Hu et al. (220)
found in the SD rat model of hyperlipidemia that oral
administration of paeoniflorin significantly reduced serum levels
of TC, LDLC, free cholesterol (FC), and cholesteryl ester (CE) in
hyperlipidemic rats, while decreasing HMG-CoAR activity and
upregulating the expression of LDLR, PPAR-0, and CYP7Al,
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effectively regulated hepatic cholesterol synthesis and metabolism.
In addition, paeoniflorin also significantly increased hepatic SOD
levels, decreased hepatic MDA levels, increased serum NO
concentration and NOS activity, and protected liver from
oxidative stress. PPARY-LXRo-ABCA-1 is an important
regulatory pathway for cholesterol export (221). PPARY agonists
induce ABCALI transcription (222). Oxidized cholesterol also
activates LXR to induce ABCAI transcription; and LXRo
transcription is also influenced by PPARy (223). Zhang et al.
(224) conducted experiment using C57BL/6] mice and found that
paeoniflorin can lower cholesterol and improve lipid metabolism
by inhibiting the PPARy-LXRo.-ABCA-1 pathway.

The above evidence suggests that paeoniflorin can
significantly suppress serum levels of “Negative cholesterol”
(such as LDL) and increase levels of “Positive cholesterol”
(such as HDL), thereby regulating lipid metabolism and
playing a critical role in inhibiting the development and
progression of atherosclerosis (Figure 11).

5 Concluding remarks and
future perspectives

Paeoniflorin has numerous protective effects in the
development of atherosclerosis. The many protective effects
can be attributed to the following mechanisms, such as anti-
inflammatory/oxidant/recruitment/activation/proliferation/
migration/apoptosis, adhesion regulation, homeostatic
regulation, control of lipid metabolism, and regulation of
vascular regeneration. All of these actions are based on
different pathways and interact with each other.

5.1 Summary of the direct molecular
targets of paeoniflorin

The molecular targets of paeconiflorin sorted out in this paper
are very complicated, and the link between many various targets
and signaling pathways (synergistic and antagonistic effects)
cannot be clearly explained yet. For some cellular effects,
current studies have only observed macroscopic results, e.g.,
cell migration, aggregation, foaming, etc., and the molecular
mechanisms and gene targets behind them have not been
studied in depth. Previous studies have found that some of the
pharmacological effects of paeoniflorin are achieved possibly
through: (1) regulation of the inflammatory response of immune
cells through the balance of Th17 and Treg; (2) acts on HLA-DR
and CD80 to regulate antigen presentation in the innate
immunity function; (3) activating the LXR pathway, which
regulates cholesterol metabolism and thus exerting anti-
atherosclerotic effects; (4) regulates the inflammatory response
of relevant cells and maintains cellular homeostasis through NF-
kB, JNK, and ERK signaling pathways; (5) regulation of cell
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Other protective effects and mechanisms of paeoniflorin. Paeoniflorin can exert important anti-atherosclerotic effects by regulating lipid
metabolism. ABCA1, ATP binding cassette transporter Al; ACCa, acetyl-CoA carboxylase-a; Akt, serine-threonine kinase; ALT, alanine
aminotransferase; AMPK, AMP-activated protein kinase; ANGPTL3, Angiopoietin-like 3; AST, aspartate aminotransferase; CPT1, carnitine
palmitoyltransferase 1; CYP7AL, cytochrome P450 7A1; FAS, fatty acid synthase; GALT2, Hydroxyproline-O-galactosyltransferase; HMGCR, anti-
hydroxy-3-methylglutaryl-CoA reductase; LDLR, low-density lipoprotein receptor; LPL, lipoprotein lipase; LXRa, liver X receptor o; MDA,
malondialdehyde; Nrf2, nuclear factor E2-related factor 2; PPAR—-a, peroxisome proliferator—activated receptor o; PPAR—y, peroxisome proliferator
—activated receptor vy, SCD1, stearoyl-CoA desaturase 1; SOD, superoxide dismutase; SREBP1c, sterol regulatory element-binding protein 1c.

recruitment and adhesion by acting on ICAM-1 and VCAM-1
targets; (6) modulating the survival and fate of atherosclerosis-
associated cells by acting on Bcl-2 and Bax targets; (7) regulation
of relevant cellular phenotypic changes through STAT and TLR
targets; (8) plays an important role against cellular oxidative
stress through NO and SOD.

5.2 Drug ability and lead optimization
of paeoniflorin

The wide variety of actions of paeoniflorin fully demonstrates
that it can play an essential role in the prevention and treatment of
atherosclerosis and has a large potential for clinical applications.
Drug similarity is a very important aspect in translational
medicine, and we examined the drug similarity of paeoniflorin
through the SwissADME website (225) and Lipinski parameters
showed good drug similarity. A bioavailability Score of 0.55 shows
that paeoniflorin is highly worthy of further development as a
new drug.

The oral bioavailability ensures the effective drug
concentration achieved physiologically (226). As we presented
in the previous pharmacokinetic content, the low permeability
may be one of the direct factors for the relatively low
bioavailability of paeoniflorin (21). Meanwhile, the lack of
lipophilicity and the efflux effect (p-glycoprotein-mediated)
may be another reason for the low permeability of
paeoniflorin (18). The low bioavailability of paeoniflorin due
to poor permeability, efflux of transporter proteins, and
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degradation by intestinal lumen hydrolysis greatly limit its
clinical application, so pharmacologists have been working in
various ways to optimize the drug.

One of the optimization paths is to improve the stability by
structural modification of paeoniflorin. Paeoniflorin-6'-O-
benzenesulfonate (also known as CP-25) is a new ester
derivative of paeoniflorin developed by Wei et al. (227). It is
mainly metabolized to paeoniflorin in vivo to exert
pharmacological effects. Compared to paeoniflorin, the
pharmacokinetics of CP-25 (in rats) reflects higher lipid
solubility, resulting in superior absorption and distribution,
while it has lower clearance and can stay in the body for longer
periods of time, thus obtaining higher bioavailability (227). The
development of paeoniflorin phospholipid complexes (228) and
carrier micelle complexes (229) also greatly improved the
lipophilicity and oral bioavailability of paeoniflorin. The
pharmacological actions of paeoniflorin derivatives on
atherosclerotic CVD remain to be investigated.

5.3 Animal experiments and clinical trials

Our review found that the protective effect of paeoniflorin
against atherosclerosis has only been studied in rodents (mainly
mice and rats). There are very few studies based on APOE” and
LDLR”" mice, that are currently the most mainstream animal
models of atherosclerosis. However, there is a lack of validated
studies in other large animal models, such as rabbit, quail,
canines, porcine and monkeys.
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However, until now, we still lack clinical data on paeoniflorin
in CVD patients. Therefore, there is an urgent need for a
multicenter, large-scale randomized design, placebo-controlled
and blinded design clinical trial to evaluate the efficacy and
safety of paeoniflorin based on a clinical perspective.

5.4 Potential effect of paeoniflorin
on other risk factors associated
with atherosclerosis

Two risk factors, hypertension and diabetes, have been
relatively well studied. Relevant studies in epidemiology have
shown that modifiable risk factors such as smoking, unhealthy
diet, obesity and lack of physical activity, as well as underlying
genetic factors, contribute to atherosclerosis (230). Numerous
topical studies have further found that smoking induces
oxidative stress, vascular inflammation, platelet clotting, and
vascular dysfunction, which adversely affects the cardiovascular
system (231). Dietary mediators and dietary habits in different
regions also have an impact on atherosclerosis (232). Abnormal
lipid metabolism, insulin resistance, inflammation, endothelial
dysfunction, adipokine imbalance, and inflammatory vesicle
activation, all of which are thought to underlie the relationship
between unhealthy eating habits/obesity and atherosclerosis
(233). Studies on sedentary lifestyle (physical inactivity) and
cardiovascular events have shown that endothelial dysfunction
due to reactive oxygen species may induce atherosclerosis (234).
These risk factors are likely to be affected by paeoniflorin, further
studies are warranted to elucidate whether paeoniflorin can
prevent CVD by attenuating these risk factor associated
vascular cell dysfunction.

In recent decades, the research of botanical drugs has made
many remarkable achievements. The bioactive ingredients of
some traditional herbal medicines have been developed into new
drugs for clinical applications. Through literature review, we
found that paeoniflorin can exert anti-atherosclerotic effects
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