
Chinese Herbal Medicines 14 (2022) 234–243
Contents lists available at ScienceDirect

Chinese Herbal Medicines

journal homepage: www.elsevier .com/locate /chmed
Review
Molecular mechanisms of isoflavone puerarin against cardiovascular
diseases: What we know and where we go
https://doi.org/10.1016/j.chmed.2021.12.003
1674-6384/� 2022 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors.
E-mail addresses: 18810084632@163.com (Y.p. Zhao), houwenbin@irm-cams.ac.cn (W.b. Hou).
Weida Qin a,b, Jianghong Guo a, Wenfeng Gou a, Shaohua Wu a,b, Na Guo c, Yuping Zhao c,⇑, Wenbin Hou a,b,⇑
a Tianjin Key Laboratory of Radiation Medicine and Molecular Nuclear Medicine, Institute of Radiation Medicine, Peking Union Medical College & Chinese Academy of Medical
Sciences, Tianjin 300192, China
b Tianjin University of Traditional Chinese Medicine, Tianjin 301617, China
c State Key Laboratory Breeding Base of Dao-di Herbs, National Resource Center for Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China
a r t i c l e i n f o

Article history:
Received 30 November 2021
Revised 9 December 2021
Accepted 29 December 2021
Available online 23 March 2022

Keywords:
cardiovascular disease
molecular mechanism
puerarin
signaling pathways
a b s t r a c t

Puerarin (Pue), known as a phytoestrogen, has salient bioactivities and is promising against cardiovascu-
lar diseases. This article summarizes the underlying molecular mechanisms of Pue in treating cardiovas-
cular diseases, especially regulating the intracellular signal transduction, influencing ion channels,
modulating the expression of microRNA, and impacting on the autophagy, which are mainly involved
in the inflammatory signaling pathways, fatty acid/lipid metabolism, oxidative stress, apoptosis, and
the like. The protective effect of Pue against cardiovascular diseases mainly involves attenuating the
myocardial injury and decreasing the myocardial fibrosis, improving the myocardial ischemia/reperfu-
sion injury, as well as inhibiting the myocardial hypertrophy and atherosclerosis. The molecular mecha-
nisms of Pue’s cardiovascular protective effects for the first time and comment on the state-of-the-art
research methods and principles of Pue’s regulation of small molecules were reviewed, so as to provide
the rationale for its basic research and clinical applications.
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1. Introduction

Cardiovascular disease (CVD) is a major cause of death and
health burden globally (Mirzadeh Azad, Arabian, Maleki, &
Malakootian, 2020; Piko, Kosa, Sandor, & Adany, 2021). Therefore,
the prevention and treatment of CVD are particularly imperative.
The onset of CVD is often complicated by multiple symptoms, so
clinical medications are mostly used in combination with multiple
drugs, such as Compound Danshen Dripping Pills combined with
conventional antihypertensive drugs in the treatment of hyperten-
sion (Chen et al., 2021) and Rosuvastatin combined with Ezetimibe
Tablets against hyperlipidemia (Barrios & Escobar, 2021). Given the
characteristics of multi-target, multi-channel, and multi-level
interactions, searching for CVD related active ingredients from tra-
ditional Chinese medicines (TCMs) is always a hot topic in and out-
side China (Li et al., 2018; Xu et al., 2021). For example,
astragaloside IV displayed a neuroprotective effect in rats with
neurological disorders through the Sirt1/Mapt pathway (Shi
et al., 2021) and JAK2/STAT3 pathway (Xu, Yang, Huang, &
Huang, 2021). Likewise, isoflavone puerarin (Pue), as a monomer
derived from TCM extracts, also showed the multi-target effect.

The main source of Pue (8-C-b-D-glucopyranosyl-7,4-hydroxy-
isoflavone, C21H20O9, Fig. 1) is the dried roots of leguminous plant
Pueraria lobata (Willd.) Ohwi. The Chinese Pharmacopoeia stipulates
that the content of Pue in P. lobata shall not be less than 13%. P.
lobata is sweet/pungent in flavor, cool in nature, and belongs to
the meridians of spleen and stomach; it promotes body fluids
and quenches thirst, raises yang and relieves diarrhea, and pro-
motes meridian and collaterals. It is widely used for quenching
thirst, treating dizziness, headache, stroke and hemiplegia, chest
pain, among others (Wang, Nie, Zhu, & Liu, 2021). Modern pharma-
cological studies have shown that Pue has the noteworthy effects
of lowering blood sugar, lowering lipids, lowering blood pressure
and anti-myocardial ischemia (Song, Li, Qiao, Qian, & Ye, 2014;
Zhou, Zhang, & Peng, 2014), which are closely related with the tra-
ditional application of P. lobata. Modern pharmacology studies
clarified that some components of Pue exhibited excellent
estrogen-like effects (Dong et al., 2020; Zhang, Wang, Zhao, &
Luo, 2018), while epidemiological studies have associated the
CVD morbidity with the level of endogenous estrogen in the body
(Knowlton & Lee, 2012; Menazza & Murphy, 2016). However, the
long-term estrogen replacement therapy increases the risk of
endometrial cancer and breast cancer (Lan et al., 2017). Thus, Pue
as a phytoestrogen has good potential application in CVD. Happily,
the Pue injection has been used in the clinic and achieved certain
therapeutic effects (Xie, Dong, Mu, Pan, & Zhang, 2018; Zheng
et al., 2017). Pue exhibited various cardiovascular protective effects
Fig. 1. Source of Pue and its
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through various mechanisms of action, such as activating endothe-
lial nitric oxide synthase (eNOS) (Li et al., 2017) to reduce blood
pressure in spontaneously hypertensive rats, and inhibiting the
rat myocardial fibrosis via the TGFb pathway (Jin et al., 2017).
However, so far the molecular mechanisms of Pue’s cardiovascular
protective effect, as well as its basic studies and clinical applica-
tions, have not been well reviewed and summarized. Here, we
reviewed the in vivo and in vitro pharmacological investigations
of Pue against CVD in recent years, and summarized its molecular
mechanisms and research methods (Table 1), with view to con-
tributing to the subsequent drug target research and expansion
of clinical applications.

2. Signaling pathways involved in Pue’s cardiovascular effects

2.1. NF-jB signaling pathway

The nuclear factor-kappa B (NF-jB) signaling pathway is con-
sidered the canonical pathway in modulating the inflammatory
response, in which there is the binding between extracellular stim-
ulating factors and receptors on the cell membrane (Adelaja et al.,
2021). The extracellular stimuli, such as tumor necrosis factor-
alpha (TNF-a), activate IjB kinase (IKK), thereby releasing NF jB;
the latter translocates to the nucleus and mediates the transcrip-
tional regulation of pro-inflammatory genes (Tsai et al., 2015).
Pue protected the myocardia by alleviating inflammatory
responses (Deng et al., 2022; Ni et al., 2020). Poly (ADP-ribose)
polymerase-1 (PARP-1) helps maintaining the structural integrity
of chromosomes and genome stability, participates in the DNA
repair and cell death, and such like. High mobility group box pro-
tein 1 (HMGB1) is a DNA binding protein in the nucleus; the acti-
vation of PARP-1 induces the release of pro-inflammatory HMGB1
from the nucleus (Bangert et al., 2016). It binds to Toll-like recep-
tors (TLRs) and activates the TLR4, which subsequently leads to the
activation of NF-jB pathway to induce the inflammation and pro-
mote the fiber formation (Deng et al., 2022; Ni et al., 2020). Sup-
pressing the expression of PARP1 could inhibit the binding of
HMGB1 to DNA and prevent the release of HMGB1 into the extra-
cellular fluid; Pue showed the inhibitory effect on PARP1 and pre-
vented the TLR4-NF-jB inflammatory signaling pathway mediated
by HMGB1 (Ni et al., 2020).

In the rat myocardial fibrosis (MF) model, Pue (400 mg/kg) was
administered for 10 weeks (Ni et al., 2020). When compared with
the control, the degree of MF in the Pue group was significantly
suppressed. Extract rat primary cardiac fibroblasts (CFs) and use
LPS to induce CFs fibrosis. The 5 lg/mL Pue reduced the levels of
PARP1, HMGB1, inflammatory factors and fibrosis-related proteins
cardioprotective effect.



Table 1
Cardiovascular disease animal/cell model of Pue’s cardiovascular protective effect and its potential mechanism on different signaling pathways.

Animal/Cell models Routes Doses Time Pathways Molecular changes References

SD (female, 150–180 g) + OVX + ACC i.p. 50 mg/kg/d 8 week PPARa PPARa", NEFA;, ATP" (Hou et al., 2021)
C57BL6/J + AngⅡ (2.5 lg/kg,15 d) oral 50 mg/kg/d 15 d MicroRNA miR-15b", miR-195" (Zhang, Liu, & Han, 2016)
NRCs + H/R Pre-treated 50, 100, 200 lmol/L 2 h Autophagy BAG3", LC3-II",

p62;,
Akt", mTOR;

(Tang et al., 2017)
SD + AB SC 100 mg/kg/d 3 weeks (Liu et al., 2015)
Primary cardiomyocytes + H/R Pre-treated 50, 100, 200 lmol/L 24 h (Ma, Gai, Yan, Jian, &

Zhang, 2016)
C57BL6/J (male, 23.5–27.5 g) + TAC Premixed

in feed
65 mg/kg/d 1 week + 8

weeks
TGFb-1/smad2 TGF-b1;, MCP-1;, a-SMA;,

Smad2;, Smad3;,
CO-1;, CO-3;

(Jin et al., 2017)

HUVEC + TGF-b1 (10 ng/mL) Pre-treated 10, 25, 50 lmol/L 30 min + 48 h (Jin et al., 2017)
C57BL6/J(male,18–22 g) + MI i.p. (48 h) 50, 100, 200 mg/kg/d 4 weeks (Tao et al., 2016)
Wistar rats (150–180 g) + TAC oral 400 mg/kg/d 1 week + 10

weeks
TLR4-NF-jB TLR4;, NF-jB; (Ni et al., 2020)

SD (150–180 g) + AB i.p. 50 mg/kg/d 6 weeks Nrf2 Keap 1;, Nrf2",
ROS;

(Cai et al., 2018)
NRCFs + AngⅡ (1 lmol/L) 10, 100, 1000 lmol/L 24 h (Cai et al., 2018)
C57BL6/J (male, 25 ± 2 g) + ISO (5 mg/kg, 30 d) oral 600, 1200 mg/kg/d 40 d TGFb-1 PPARa", PPARc", TGF-b1; (Chen, Xue, & Xie, 2012)
SD (200–220 g) + STZ (60 mg/kg, 72 h) + ACC i.p. 50, 100, 200 mg/kg/d 8 weeks NF jB TNF-a;, NF jB ;,

COX-2;, ICAM-1;
(Yin et al., 2019)

H9c2 + HG (33 nmol/L) Pre-treated 10�4, 10�5, 10�6 mol/L 12 h (Yin et al., 2019)
C57BL6/J (male, 20–25 g) + MI/R

(30 min + 3 h/24 h)
i.p. 100 mg/kg 15/30 min NLRP3 SIRT1", NLRP3;, TLR4; (Wang et al., 2020)

SD (male, 240–260 g) + IR (30 min/24 h) oral (40 min) 10, 30, 100 mg/kg 24 h (Wang et al., 2021)
SD (male, 240–250 g) + IR (45 min/2h) Jugular vein 2.5 mL/kg (40 g/L) 2 h eNOS/NO eNOS", NO" (Li, Lin, Qiao, Ding, &

Lu, 2015)
SD (male,180–200 g) + MI i.p. 50, 100 mg/kg/d 4 weeks VEGFA", Ang-Ⅰ", Ang-Ⅱ" (Ai et al., 2015)
SD (male, 220 ± 5 g) + IR(30 min/2h) Tail vein 50 mg/kg 24 h Autophagy ANRIL" (Han et al., 2021)
SD (male, 150–180 g) + ACC i.p. 50 mg/kg/d 6 weeks Nrf2 Nrf2", HO-1", NQO1" (Zhao et al., 2018)
Wistar rats (200–250 g) + burn i.p. 10 mg/kg 1, 3, 6, 12, 24 h p38-MAPK NF jB ;, TNF-a; (Liu et al., 2015)
H9c2 + H/R (6 h/12 h) Pre-treated 50, 100, 200 lmol/L 1 h MicroRNA MicroRNA-21" (Xu et al., 2019)
HUVECs + TNFa (10 ng/mL) After treatment 10, 20, 50 lmol/L 6 h NF-jB TNF-a;, NF-jB; (Hu, Zhang, Yang, Wang, &

Sun, 2010)
New Zealand white rabbits (2.0–2.1 kg) + HLD i.p. 20 mg/kg/d 6 weeks (Ji, Du, Li, & Hu, 2016)
HAVSMCs + PM2.5 (400 mg/L) + 24 h Pre-treated 12.5, 25, 50 lmol/L 1 week eNOS/NO eNOS",NO" (Shi et al., 2019)
SHR (male), Wistar Kyoto (WKY) i.p. 40, 80 mg/kg/d 9 weeks (Shi et al., 2019)

Note: i.p.: Intraperitoneal injection; SC: Subcutaneous injection; SD: Sprague–Dawley rats; OVX:Bilateral ovariectomy ACC:Abdominal aortic constriction; NRCs:Neonatal rat cardiomyocytes; AB: Aortic banding; H/R: Hypoxia/
reoxygenation; HUVEC: Human umbilical vein endothelial cells; ISO: Isoprenaline; TAC: Transverse aortic constricition; HG: High-glucose; HAVSMCs: Human aortic vascular smooth muscle cells; SHR: Spontaneously hypertensive
rats; HFD: High-fat diet; MI: Myocardial infarction; STZ: Streptozotocin.
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a-SMA, collagen-1 and collagen-3 in primary cardiac fibroblasts
(CFs) after three hours of exposure (Ni et al., 2020). The long-
term hyperglycemia destroys the delicate equilibrium between
inflammatory factors production and scavenging, leading to car-
diomyocyte apoptosis, fibrosis, hypertrophy, which can further
lead to ventricular dysfunction (Varga et al., 2015). Pue inhibited
the TNF-a stimulation and ameliorated the diabetes-related
myocarditis in streptozotocin (STZ)-induced diabetic rats (Yin
et al., 2019). In rat hyperglycemia, TNF-a can be induced to stimu-
late cardiomyocytes, which subsequently leads to the activation of
NF-jB pathway to induce inflammation. Pue blocked this process
and inhibited the release of inflammatory factors promoted by
NF-jB (Hu et al., 2010; Yin et al., 2019). Atherosclerosis is driven
and regulated by inflammatory cells, and the endothelial cell
adhesion factors (adhesion molecules, AMs) are up-regulated
(Bäck, Yurdagul, Tabas, Öörni, & Kovanen, 2019). In vitro, Pue
(20 lmol/L and 50 lmol/L) inhibited the AMs expression stimu-
lated by TNF-a in human umbilical vein endothelial cells (HUVECs)
by regulating the NF jB pathway for 2 h (Hu et al., 2010). In a rab-
bit atherosclerosis model induced by the high-fat diet, the contin-
uous intraperitoneal injection of Pue (20 mg/kg/d) for six weeks
inhibited the development of atherosclerosis, as Pue inhibited IjBa
and the phosphorylation of p65-NF-jB blocked its translocation
into the nucleus, thereby preventing the production of adhesion
factors (Ji et al., 2016). Both in vivo and in vitro studies confirmed
that Pue blocked the inflammatory pathway regulated by NF-jB
(Fig. 2) and reduced a series of reactions after myocardial injury
by inhibiting the inflammation.
2.2. Nrf2 signaling pathway

Pue also inhibits the oxidative stress pathway to exert the car-
diovascular protection (Cai et al., 2018; Zhao et al., 2018). Nrf2 is
Fig. 2. Molecular mechanism of Pue protects myoca
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an essential endogenous transcription factor responding to the
oxidative stress in myocardial cells and myocardial fibroblasts
(Fig. 2); it is also an important negative regulator of myocardial
fibroblast proliferation (Li et al., 2009; Zhao et al., 2018). Once
the myocardium is damaged, the expression of Nrf2 increases tem-
porarily and then drops to the basal level. The activation of Nrf2
inhibited the oxidative stress and eliminated the reactive oxygen
species (ROS) (Cai et al., 2018; Luo et al., 2018). In rats, after the
abdominal aortic band was narrowed and the cardiomyocytes
were induced by angiotensin II (AngII), the expression of Nrf2 in
cardiomyocytes was inhibited, and the level of ROS increased,
which promoted the myocardial fibrosis (Cai et al., 2018). The
intraperitoneal injection of Pue (50 mg/kg/d) showed a significant
inhibition of myocardial fibrosis in these rats. In vitro, Pue reduced
the myocardial Keap1 by activating Nrf2, and promoted the
expression of two downstream target proteins HO-1 and recombi-
nant NADH Dehydrogenase, Quinone 1 (NQO1), thereby reducing
the level of ROS in myocardial cells (Cai et al., 2018). In a rat model
of myocardial hypertrophy induced by abdominal aortic constric-
tion (AAC), the intraperitoneal injection of Pue (50 mg/kg/d) acti-
vated Nrf2 and inhibited the activation of p38-MAPK, up-
regulated the metabolic enzyme UGT1A1, promoted the activation
of Nrf2 and regulated the downstream genes HO-1 and NQO1
(Zhao et al., 2018). Therefore, the myocardial protective effect of
Pue may be related to the activation of Nrf2-HO-1/NQO1 pathway,
which improves the antioxidant level of cardiomyocytes and
reduces the myocardial damage caused by oxidative stress.
2.3. PPARa signaling pathway

Peroxisome proliferator-activated receptor a (PPARa) is a
ligand-activated transcription factor that plays important roles in
the fatty acid metabolism and energy homeostasis; pathologically,
rdium by regulating different signal pathways.
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the occurrence and development of cardiac hypertrophy involve
the inactivation or activation of PPARa (Planavila, Iglesias, Giralt,
& Villarroya, 2011). PGC-1 directly binds to PPARa or enhances
the PPARa activity, and regulates the expression of diverse genes
related to the mitochondrial energy metabolism (Barjaktarovic,
Merl-Pham, Braga-Tanaka, Tanaka, & Azimzadeh, 2019). In car-
diomyocytes, when PPARa is inhibited, the expressions of down-
stream estrogen-related receptors (ERRa), nuclear respiration
factor (NFR1), and TFAM involved in mitochondrial biogenesis
are inhibited, leading to disorders of mitochondrial energy meta-
bolism and causing cardiac muscle hypertrophy, which may evolve
to heart failure (Dong, Zhang, & Bao, 2018; Zhang, Su, Ahmed,
Zheng, & Jin, 2020). Pue, as a PPAR agonist, could increase the
PPARa expression and regulate the mitochondrial energy metabo-
lism of cardiomyocytes (Fig. 2). Pue protected against pressure-
overload-induced cardiac structure injury and exerted beneficial
effects against the cardiac hypertrophy in a rat model (Hou et al.,
2021). In vitro, its molecular mechanism is to upregulate the
expression of PPARa, PGC-1a and PGC-1b, up-regulate the expres-
sion of fatty acid metabolism-related genes and decrease the
expression of glucose metabolism-related genes, thereby increas-
ing the production of ATP and reducing the hypertrophy of car-
diomyocytes caused by fatty acids accumulation. Strikingly, the
inhibition of PPARa by GW6471 treatment restored these changes
(Hou et al., 2021). These results suggest that Pue may be an agonist
of PPARa, which prevents the myocardial hypertrophy by impact-
ing on the myocardial lipid-related metabolism and preventing the
fatty acid accumulation.

2.4. TGF-b signaling pathway

Many cells have TGF-b receptors on the surface, and the TGF-b
signaling pathway is an important regulator of fibroblast activation
and differentiation (Blyszczuk et al., 2017). After TGF-b binds to its
specific receptor TbRⅡ, it phosphorylates TbRⅠ, thereby activating
the downstream SMAD2/3 signaling, which in turn regulates the
expressions of collagen (collagen-1 and collagen-3) and alpha-
smooth muscle actin (a-SMA) of myofibroblasts (Yao et al.,
2019). Thus, enhancing the TGF-b/SMAD signaling pathway could
increase the area of fibrosis; Pue reduced the production of TGF-
b and inhibited the myocardial fibrosis (Fig. 2) (Chen et al.,
2012). In mice undergoing the transverse aortic coarctation (TAC)
for eight weeks, Pue (65 mg/kg/d) was administered for one week
after the operation (Jin et al., 2017). Pue protected mouse heart
fibrosis by blocking the endothelial-mesenchymal transition
(EndMT) process (Jin et al., 2017). In a HUVEC EndMT model, Pue
up-regulated the PPAR-c and TGF-b1/Smad2-mediated inhibition
of EndMT, thereby inhibiting expressions of collagen-1/-3 and
myofibroblast expression of a-SMA (Jin et al., 2017). In mice, Pue
(200 mg/kg/d) reduced the aggregation of macrophages by inhibit-
ing the expression of MCP-1 and decreased the TGF-b expression in
macrophages, thereby inhibiting the TGF-b/SMAD pathway and
reducing myocardial fibrosis after myocardial infarction (Tao
et al., 2016).

2.5. NLRP3 signaling pathway

The dysregulation of NOD-like receptor protein 3 (NLRP3)
inflammasome could cause excessive inflammation and plays a
pivotal role in many human diseases (Huang, Xu, & Zhou, 2021).
NF-jB can be rapidly transferred to the nucleus after being acti-
vated by various signaling pathways, where it up-regulates the
transcriptions of NLRP3 inflammasome and downstream active
protein precursors, and triggers a series of inflammatory responses
(Schunk, Kleber, Mrz, Pang, & Speer, 2021; Seok, Kang, Cho, Lee, &
Lee, 2020). SIRT1 is a nicotinamide adenine dinucleotide (NAD+)
238
dependent class III histone deacetylase (HDAC) that targets NF-
kB, a critical transcription factor in the regulation of proinflamma-
tory cytokine production to adapt the gene expression level to the
metabolic activity; if the SIRT1 signal is activated, the transfer of
Ac-NF-jB and NF-jB to the nucleus can be inhibited (Yang et al.,
2012). Pue inhibits the inflammation caused by myocardial ische-
mia–reperfusion injury via this pathway (Fig. 2). In the mouse
myocardial ischemia–reperfusion injury model, the intraperitoneal
injection of Pue (100 mg/kg) 15 min before ischemia effectively
inhibited the cardiomyocyte apoptosis induced by the inflamma-
tion (Wang et al., 2020). Pue activated the SIRT1 signal and inhib-
ited the transfer of NF-jB to the nucleus, thereby inhibiting the
expression of NLRP3; nicotinamide (NAM), an inhibitor of SIRT1,
reversed the effects of Pue (Wang et al., 2020). In rats, Pue inhib-
ited the NLRP3 inflammasome through the TLR4/Myd88/NF-jB
pathway to prevent the myocardial ischemia–reperfusion injury
(Wang et al., 2021). The activated TLR4 promoted the transfer of
NF-jB to the nucleus and enhanced the expression of NLRP3. Pue
acts through the TLR4/Myd88/NF-jB pathway, but the specific
mechanism remains elusive (Wang et al., 2021). It is more possible
that Pue protects against the myocardial ischemia–reperfusion
injury through the NLRP3 signaling pathway. It is worth mention-
ing that SIRT1 is currently the most widely studied Sirtuin protein
and a popular drug design target in recent years. However, the
effect of Pue on the SIRT1 signal has not been fully investigated,
and further studies are warranted.

2.6. eNOS/NO signaling pathway

The endothelial nitric oxide synthase (eNOS) and NO have sig-
nificant cardioprotective effects (Fraccarollo et al., 2008). In rats
with myocardial ischemia–reperfusion injury, the Pue injection
(40 mg/mL) had no direct effect on the expression of eNOS in rat
myocardial cells, but it up-regulated the phosphorylation of eNOS
Ser1179/1177 and Ser635/633, thereby up-regulating the expression of
eNOS, promoting the production of NO (Fig. 2), and alleviating the
myocardial injury (Li et al., 2015). In spontaneously hypertensive
rats, Pue of 40 mg/kg/d significantly reduced the blood pressure
(Shi et al., 2019), with eNOS as a key target in lowering the blood
pressure by Pue.

In rats, Pue upregulated the vascular endothelial growth factor
(VEGF), vascular endothelin-1, and vascular endothelin-2, which
improved the endothelial function and promoted the myocardial
angiogenesis. Pue improved the vascular endothelial function,
but whether eNOS is involved in this process is uncertain (Ai
et al., 2015). In AngII-induced hypertensive rats, Pue protected
against the vascular endothelial dysfunction and end-organ dam-
age by up-regulating the phosphorylated Enos (Li et al., 2017),
thereby reducing the systolic blood pressure. Pue can relax blood
vessels, lower the blood pressure and improve the vascular
endothelial function via the eNOS signaling pathway (Fig. 2); it is
a potential antihypertensive drug.

2.7. p38-MAPK signaling pathway

The mitogen-activated protein kinases (MAPKs) is a group of
serine-threonine protein kinases that can be activated by different
extracellular stimuli, such as cytokines, neurotransmitters, hor-
mones, cellular stress, cellular adhesion, among others (Yang
et al., 2015). When cells are stimulated by external factors, p38-
MAPK is activated (Fig. 2), which subsequently activates NF-jB
in the nucleus and promotes the development of inflammation
(Ito et al., 2006). Pue (10 mg/kg) improved the ultrastructure of
cardiomyocytes after severe burns in rats (Liu et al., 2015). It inhib-
ited the activation of p38-MAPK, reduced the content of TNF-a in
serum, and inhibited the activity of myeloperoxidase (MPO) and



W. Qin, J. Guo, W. Gou et al. Chinese Herbal Medicines 14 (2022) 234–243
decreased the malondialdehyde (MDA) content in the myocardial
tissue (Liu et al., 2015). It is believed that the migration and prolif-
eration of vascular smooth muscle cells (SMCs) into the intima are
the key pathological basis of atherosclerosis (Wan, Liu, & Yang,
2018). In human aortic vascular smooth muscle cells (HAVSMCs),
Pue inhibited the p38-MAPK signaling pathway, which inhibited
the proliferation of VSMCs caused by fine particulate matter
(PM2.5), thereby playing a role in anti-atherosclerosis (Wan
et al., 2018). Therefore, the inhibition of p38-MAPK by Pue can
not only inhibit inflammation and protect the myocardia, but also
inhibit the proliferation of VSMCs to prevent atherosclerosis
(Fig. 2). However, the knowledge about the crosstalk between the
above signaling pathways is very limited, and how these pathways
cooperate or antagonize warrants deeper studies.
3. Pue regulates expression of microRNA

Some studies have shown that mRNAs is an important regula-
tory factor of gene expression and is also involved in the regulation
of cardiomyocyte apoptosis (Natarajan, Smith, Wehrkamp, Mohr, &
Mott, 2013). MicroRNA-15b and microRNA-195 are two expressed
genes belonging to the miR-15 family. MiR-15 family members
share a common seed domain, which targets multiple members
in the canonical and atypical TGF-b pathways (Fig. 2). The activa-
tion of TGF-b pathway causes the myocardial fibrosis and induces
the heart disease (Porrello et al., 2013). The overexpression of miR-
15b and miR-195 interferes with the activation of SMAD2 and
SMAD3, leading to an inhibition in the TGF-b signal transduction
(Tijsen et al., 2014). Pue attenuates the cardiac hypertrophy partly
through increasing the miR-15b/195 expression; suppressing the
non-canonical TGF-b pathway and knocking out miR-15b and
miR-195 eliminated the protective effect of Pue on the myocardial
hypertrophy (Zhang et al., 2016). MicroRNA-21 (miR-21) is one of
the most highly expressed miRNAs in cardiac macrophages and
emerged as an important miRNA in cardiac biology; it is a crucial
post-transcriptional regulator of gene expression and plays an
important role in cell differentiation, apoptosis and oxidative stress
(Li et al., 2020). The loss of miR-21 targeting genes in mouse
Fig. 3. Molecular mechanism of Pue t
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macrophages prevented its pro-inflammatory polarization and
subsequent pressure-overload-induced cardiac fibrosis and dys-
function (Ramanujam et al., 2021). Therefore, miR-21 could be a
central regulator of cardiac fibrosis. In the hypoxia/reoxygenation
(H/R) model of rat H9C2 cardiomyocytes, Pue inhibited the
oxidative stress and apoptosis of H/R-treated H9C2 cells by
up-regulating miR-21 (Fig. 2); after the transfection of miR 21
inhibitor, the inhibitory effect of Pue on the apoptosis of H9C2 car-
diomyocytes was eliminated (Xu et al., 2019). mRNA-122 regulates
Caspase-8 and promotes the apoptosis of mouse cardiomyocytes
(Zhang et al., 2017), inhibition of miR-24 can inhibit endothelial
cell apoptosis and reduce myocardial infarction size (Fiedler
et al., 2011). Knockdown of miR-208a helps to attenuate apoptosis
and improve cardiac function after myocardial infarction (Hasahya
et al., 2015). Thus, whether Pue may also interact with other
miRNA needs to be further verified.
4. Pue regulates autophagy

Some studies have shown that enhancing autophagy at the
early stage of ischemia–reperfusion injury reduced the apoptosis
and played a protective role (Gu et al., 2020). BAG3 is a protein
involved in the regulation of autophagy; the overexpression of
BAG3 promoted the formation of LC3-II and the process of autop-
hagy (Knezevic et al., 2015). In rats, Pue directly increased the tran-
scription and translation of BAG3 (Fig. 3), thereby increasing the
autophagy of hypoxia-reoxygenated cardiomyocytes and inhibit-
ing cardiomyocyte apoptosis (Ma et al., 2016). Pue decreased the
activation of mTOR, an important inhibitor of autophagy induction,
by blocking PI3K/Akt (Tang et al., 2017; Yuan et al., 2014); repress-
ing the mTOR increased the autophagic activity. Pue may promote
the phosphorylation of Akt, inhibit the activity of mTOR, reduce the
ratio of LC3-II/LC3-Ⅰ and promote the degradation of p62-c-MYC,
thereby protect the myocardium from the hypoxia-reperfusion
injury. The mechanism is shown in Fig. 3.

Interestingly, recent reports indicated that Pue ameliorated the
myocardial injury caused by reperfusion of the rat heart by inhibit-
ing autophagy (Han et al., 2021), which is contrary to the results of
hrough regulation of autophagy.
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previous studies (Fig. 3). In the H/R model of rat H9C2 cardiomy-
ocytes, the expression of autophagy-related genes LC3-II and
Beclin-1 was up-regulated, and the expression of LC3-I was inhib-
ited, indicating that the H/R injury promoted the autophagy of car-
diomyocytes. The transfection of ANRIL reduced the viability of
cardiomyocytes and aggravated the H/R damage by promoting
the autophagy (Han et al., 2021). However, this effect was partially
reversed by 400 lmol/L Pue. In vivo, Pue up-regulated the expres-
sion of ANRIL (Han et al., 2021) and inhibited the process of autop-
hagy. Why the results of two reports are contrary may be related to
the role of autophagy itself. Autophagy is a double-edged sword
(Lockshin & Zakeri, 2004); the excessive or insufficient autophagy
may cause diseases, and Pue may help regulating the balance of
autophagy.
5. Other mechanisms

The unbalanced uptake and oxidation of fatty acids lead to the
lipid accumulation in heart tissues, which is also crucial for the
occurrence and progression of heart disease. The fatty acid translo-
cator (FAT or CD36) is a long-chain fatty acid (LC-FA) transporter
that significantly participates in the fatty acid uptake in cells. After
the cellular uptake of LC-FA, the complex liposomes form and there
is the b-oxidation process under the action of fatty acid-binding
protein (FABP); the expression of CD36 in the nucleus is promoted,
which increases the uptake of LC-FA on the membrane (Wu et al.,
2020), thereby forming a cycle to induce the cardiac fat toxicity.
Pue could affect the expression of FATs and inhibit the myocardial
lipotoxicity (Fig. 4). In the lipotoxic cardiomyopathy mouse model,
Pue (100 mg/kg/d) inhibited the Na+-K+-ATPase-mediated CD36
expression and systemic inflammation, reduced the myocardial
lipotoxicity (Qin et al., 2016), and improved the myocardial injury.
Fig. 4. Diagram of mechanism of action of Pue in
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Of note, Pue inhibited the sodium ion reflux (Lin et al., 2020),
potassium ion efflux (Xu, Zhang, Gao, Ma, & Zhang, 2014; Zhang
et al., 2011), calcium ion overload (Zhang, Wei, Sun, & Gao,
2012), and sodium/calcium exchange (Zhang et al., 2003); it
dose-dependently prolongs the duration of action potential,
thereby improving arrhythmia (Fig. 4) (Xu et al., 2016).
6. Discussion and conclusion

Each signaling pathway regulates downstream molecules based
on its unique function or action. Nevertheless, no matter how com-
plex their regulatory mechanisms are, they directly or indirectly
affect the onset of CVDs, and there may be a synergistic effect
between them. The miRNA indirectly affects the myocardial fibro-
sis by affecting TGF-b (Tijsen et al., 2014), and the expression of
miRNA also affects the cardiomyocyte apoptosis (Li et al., 2020),
but the specific mode of action is currently unknown. The inflam-
matory pathways, especially TGF-b, TLR, SIRT1, and p38-MAPK
pathways, activated NF-jB (Ni et al., 2020; Wan et al., 2018;
Wang et al., 2021; Wang et al., 2020; Yin et al., 2019), increased
the NLRP3 expression to induce inflammation, and promoted
myocarditis, myocardial fibrosis and atherosclerosis; Pue could
act on these targets and pathways to inhibit the production of
inflammatory factors. The TGF-b pathway can not only activate
the SMADs family, up-regulate the phosphorylation of Smad2
and Smad3, and increase the production of CO-1, CO-3 and a-
SMA to promote the formation of myocardial fibrosis (Jin et al.,
2017), but also activate p38-MAPK, thereby activating NF-jB and
promoting the expression of inflammatory factors (Wan et al.,
2018). The activation of p38-MAPK may also activate PPARa,
increase mitochondrial energy metabolism, reduce fatty acid accu-
mulation, increase ATP synthesis, and prevent the cardiac hyper-
trophy caused by the fat accumulation. However, whether the
regulating ion channels and CD36 expression.
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above-mentioned effects of Pue are mediated by the p38-MAPK
pathway has not been confirmed. Nrf2 is a critical regulator of
the antioxidant response. After it is activated, it can promote the
expression of HO-1 and NQO1, thereby eliminating ROS and
inhibiting the oxidative stress. It is also regulated by a variety of
pathways. Pue can directly activate Nrf2, and Nrf2 could also be
activated through the Akt pathway after activating the SIRT1 signal
(Wang, Zhang, Liu, Cui, & Cui, 2020; Wang et al., 2020), but this has
not been confirmed. In addition, there are contradictions in the
mechanism of Pue. For example, in regulating autophagy, Pue
can directly increased the transcription and translation of BAG3
(Ma et al., 2016), thereby increasing the autophagy of myocardial
cells after injury and inhibiting the myocardial apoptosis. However,
Pue was thought to up-regulate ANRIL to inhibit the autophagy
(Han et al., 2021). The contradiction may be related to the role of
autophagy under physiological conditions. Autophagy repairs cells
by degrading aging organelles and helps maintain the normal cel-
lular activities. However, the excessive or insufficient autophagy
can lead to the disease onset (Lockshin & Zakeri, 2004); Pue may
regulate the balance of autophagy process as a neutralizer. It is
interesting to screen out other autophagy modulators that are
structurally similar to Pue.

The above-mentioned pathways have differential effects on cel-
lular functions, e.g., the PPARa pathway affects the lipid metabo-
lism (Planavila et al., 2011), NF-jB and NLRP3 (Schunk et al.,
2021; Seok et al., 2020) impact on the inflammation, Nrf2 influ-
ences the oxidative stress and apoptosis (Li et al., 2009; Zhao
et al., 2018), autophagy affects the apoptosis, the eNOS/NO path-
way (Fraccarollo et al., 2008) influences the blood vessels, TGF-b
affects the myocardial fibrosis, which indirectly explain the com-
plexity of the causes of CVD. In fact, these pathways constitute
the regulatory network of CVD at the molecular level. Pue showed
multiple effects on these pathways and targets. As long as Pue has
an effect on any position in the network, it may eventually have a
profound impact on CVD.

Understanding the effect of Pue on these pathways can not only
guide the basic research of Pue or P. lobata, but also guide clinical
drug taboos, drug compatibility and predicting potential adverse
reactions. On the other hand, it helps provide evidence-based
medicines for the clinical application of P. lobata. Pue can be used
in cardiovascular indications such as anti-myocardial fibrosis, anti-
myocardial ischemia, inhibiting myocardial hypertrophy and anti-
atherosclerosis, and the mechanism studies of Pue help ensure the
rational use in clinical settings. In this review, the dose and dura-
tion of Pue used in animal studies are also summarized, which
has reference value for the clinical administration of Pue or P.
lobata. Despite a lot of studies on the molecular mechanism of
Pue against CVDs, many underlying mechanisms should be further
unveiled, and there might be more potential pathways to explore,
so as to provide references for rational clinical application and
evidence-based medicines.
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