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Pulmonary arterial hypertension (PAH) is characterized by pulmonary artery remodeling that
may subsequently culminate in right heart failure and premature death. Although there are
currently both non-pharmacological (lung transplantation, etc.) and pharmacological
(Sildenafil, Bosentan, and new oral drugs on trial) therapies available, PAH remains a
serious and fatal pulmonary disease. As a unique medical treatment, traditional herbal
medicine (THM) treatment has gradually exerted its advantages in treating PAH
worldwide through a multi-level and multi-target approach. Additionally, the potential
mechanisms of THM were deciphered, including suppression of proliferation and
apoptosis of pulmonary artery smooth muscle cells, controlling the processes of
inflammation and oxidative stress, and regulating vasoconstriction and ion channels. In
this review, the effects and mechanisms of the frequently studied compound THM, single
herbal preparations, and multiple active components from THM are comprehensively
summarized, as well as their related mechanisms on several classical preclinical PAH
models. It is worth mentioning that sodium tanshinone IIA sulfonate sodium and
tetramethylpyrazine are under clinical trials and are considered the most promoting
medicines for PAH treatment. Last, reverse pharmacology, a strategy to discover THM or
THM-derived components, has also been proposed here for PAH. This review discusses the
current state of THM, their working mechanisms against PAH, and prospects of reverse
pharmacology, which are expected to facilitate the natural anti-PAH medicine discovery and
development and its bench-to-bedside transformation.

Keywords: traditional herbal medicines, pulmonary arterial hypertension, active components, reverse
pharmacology, mechanism

1 INTRODUCTION

Pulmonary arterial hypertension (PAH), usually leading to ultimate right ventricular heart
failure, is a serious and fatal lung disease with high morbidity and mortality (Rosenkranz et al.,
2020). The PAH prevalence is near 1% of the global population, with the proportion of people
over 65 years increasing to up to 10% (Hoeper et al., 2016). Although the exact pathogenic
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mechanism of PAH is still poorly understood, pulmonary
arterial remodeling due to the excessive proliferation of
pulmonary artery smooth muscle cells (PASMCs) and the
injury of pulmonary artery endothelial cells (PAECs) mainly
manifested, possessing an overladen perivascular infiltration
immune response involving multi-immunity cell types, such as
B- and T-lymphocytes, neutrophils, and dendritic cells
(Humbert et al., 2019).

With a better understanding of the molecular mechanisms
underlying PAH, more treatment strategies have emerged, for
example, vasodilators or antiproliferative mediators for reversing
or inhibiting vasoconstriction (Zhang J. et al., 2018), the
proliferation of PAECs and PASMCs, and thrombosis and
mitotic pathways for ameliorating endothelial dysfunction and
effectively slowing down PAH (Archer et al., 2010). The related
drugs include prostacyclin (prostaglandin I2, iloprost, or
treprostinil), endothelin receptor blocker (bosentan,
ambrisentan, or macitentan), phosphodiesterase type 5
inhibitor (sildenafil, tadalafil, or vardenafil), or L-type calcium
channel blockers. These current therapies have been shown to
reduce symptoms or improve the quality of life of PAH patients.
Nevertheless, the prognosis of PAH is still poor and the mortality
rate is highly comparable to cancer (Xiang et al., 2018). Therefore,
there is an urgent need to discover or develop more effective
therapies for preventing or treating PAH.

Due to the provision of evidence-based medicine data and the
development of modernmedical technology in China, diagnosis and
treatment approaches for PAH have improved, as well as China’s
policies for PAH treatment since the 1970s, which are summarized
in Figure 1. As early as 1986–1990 (the seventh 5-year plan), finding
new and effective Chinese medicine treatments to improve the lung
and heart function of patients with PAH has been included as the
main task in the National Key Technology Research and
Development Plan of China (Zhai et al., 2010). Subsequently, in
2017, a China expert consensus was issued for PAH Screening,
Diagnosis, and Treatment to support clinical and scientific research.
In 2018, the Chinese Guidelines for the “Diagnosis and Treatment of
Pulmonary Hypertension” further adjusted the classification,
simplified the prognostic factors, and emphasized the diagnosis of
PAH in patients with positive pulmonary vasodilation tests and
clarified the targeted drug therapy, especially focusing on the
treatment of thromboembolic PAH. In the 2021 revision of “the
Chinese Guidelines for the Diagnosis and Treatment of Pulmonary
Hypertension,” genetic testing for PAH patients was added to
prevent the occurrence and development of hereditary pulmonary
hypertension (Figure 1).

Traditional herbal medicine (THM), mainly sourced from
Traditional Chinese medicine (TCM), Ayurveda, and
Japanese and Kampo medicine, were used to fight various
diseases as early as 5,000 years ago. According to statistics,
more than 80% of the population in developing countries rely
on THM for basic medical care (Tang et al., 2008). As a unique
medical treatment, THM treatment has gradually exerted its
advantages in the treatment of PAH worldwide through a
multi-level and multi-target approach. However, due to the
complexity of THM components and limited analytical
methods, currently, few PAH-treating THM have been

approved by the FDA and CFDA. For example, among the
total 1193 clinical trials reported in the U.S. National Library
of Medicine (https://clinicaltrials.gov/) by March 2021, only 3
are THM-related, which include tanshinone IIA sodium
sulfonate, beetroot juice and epicatechin. Meanwhile,
among 60 clinical trials reported in the Chinese clinical
trial registry (https:www.chictr.org.cn/index.aspx), 3 are
THM-related, which are tetramethylpyrazine phosphate,
rosuvastatin combined with garlic extract, and tanshinone
IIA sulfonic acid sodium (Table 1).

Although large-scale randomized controlled trials (RCT)
have yet to provide convincing evidence for their therapeutic
effects, clinical administration of THM, in forms such as
decoctions (Tsai et al., 2008), capsules (Lu et al., 2020),
granules (Kaur et al., 2015; Wang Y. et al., 2016), and
injections (Jiang et al., 2016), have been widely used in
daily medical care or preclinical studies. Recently,
numerous preliminary studies demonstrated that THM,
especially some active components derived from THM
(i.e., genistein, baicalein, quercetin, and hydroxysafflor
yellow A, astragalus polysaccharides, salvianolic acid A,
ursolic acid, oxymatrine, berberine, tetrandrine, and
ginsenoside Rb1), could serve as potential drug candidates
to prevent or cure PAH (Matori et al., 2012; Zhang B. et al.,
2014; Wang RX. et al., 2015; Li L. et al., 2016; Wang X. et al.,
2016; Yuan LB. et al., 2017; Yuan T. et al., 2017; He et al., 2017;
Hsu et al., 2018; Gao X. et al., 2020; Wande et al., 2020). These
studies may help discover and develop potential safer therapies
against PAH using THM.

In this review, we mainly focused on the preclinical studies of
THM for treating PAH. The compound prescriptions, single
herb, and active components from THM for PAH treatment
are comprehensively summarized. In addition, the potential
molecular mechanisms of THM’s therapeutic effects in classic
preclinical PAH models are classified and reviewed. Last but not
least, reverse pharmacology, an effective strategy for THM
investigations, is proposed to guide the discovery and
application of THM for treating PAH.

2 PRECLINICAL STUDIESOF TRADITIONAL
HERBAL MEDICINE FOR PULMONARY
ARTERIAL HYPERTENSION TREATMENT
Increasing preclinical investigations have been reported on
THM-based PAH treatment, including compound
prescriptions, single herbal preparations, and molecules
derived from THM. The therapeutic approaches and relative
markers of the current exploration of THM for the PAH
treatment were summarized in Figure 2. THM is mainly used
to treat PAH by reducing right ventricular hypertrophy,
inhibiting excessive proliferation and migration of PASMCs,
improving pulmonary vascular remodeling caused by hypoxia,
promoting apoptosis of PASMCs, and regulating the cell cycle.
Taking tanshinone IIA, as an example, reduces the right heart
hypertrophy index via reducing pathway (CaN-NFAT3) or
markers (GATA4 or MMP), as detailed below.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7208732

Xue et al. Traditional Herbal Medicine Discovery

https://clinicaltrials.gov/
https:www.chictr.org.cn/index.aspx
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


2.1 Compound Traditional Herbal Medicine
Prescriptions for Pulmonary Arterial
Hypertension Treatment
As a natural combinationmedicine, multi-component THMhave
been shown to synergistically delay or hinder the occurrence and
development of PAH. Based on the dialectical concept, THM
approaches are fundamentally different from that of Western
medicines in PAH diagnosis and treatment (Chan et al., 2010).
The pharmacodynamics evaluation and/or diagnosis for THM
treatment are more complex and comprehensive (Jiang, 2005),
where qi, blood circulation, hydration, and removing phlegm are
usually used as the key factors to formulate THM prescriptions.
THM decoction, capsule, and injections and other forms, such as
San Huang Xie Xin Tang, Qili Qiangxin capsule, and Qishen Yiqi
formula, were widely applied against PAH (Tsai et al., 2008;
Wang Y. et al., 2016; He et al., 2018; Lu et al., 2020; Wu et al.,

2021). For instance, San Huang Xie Xin Tang, composed of
Coptidis rhizoma, Scutellariae radix and Rhei rhizoma,
significantly attenuates U46619-induced arterial blood high
pressure by downregulating the expressions of
phosphodiesterase type 5 (PDE5), Rho-kinase (ROCK) II, and
cyclooxygenase-2 (COX-2) and upregulating the expression of
soluble guanylyl cyclase 1 (sGC1) (Tsai et al., 2008). Lu et al.
(2020) have reported that Qili Qiangxin capsule, composed of
Astragalus membranaceus, Panax ginseng C. A. Meyer, Aconitum
carmichaelii Debx., Salvia miltiorrhiza Bge., Draba nemorosa L.,
Alisma plantago-aquatica Linn., Polygonatum odoratum (Mill.)
Druce, Cinnamomum cassia Presl, Carthamus tinctorius L.,
Periploca sepium Bge., and Citri reticulatae pericarpium,
directly reverses RV remodeling via restoring mitochondrial
structure and lessening mitochondria-dependent apoptotic
pathway. In addition, network pharmacology analysis was
performed to predict targets and mechanisms of Qishen Yiqi

TABLE 1 | Current FDA and CFDA Clinical Trials for PAH involving THM components.

No Name of Assay Status Identifier Location

1* Efficacy and safety study of sodium Tanshinone IIA sulfonate on
pulmonary hypertension

Unknown NCT01637675 The First Affiliated Hospital of Guangzhou Medical
University Guangzhou, Guangdong, China

2* (-)-Epicatechin and pulmonary arterial hypertension Withdrawn NCT01880866 UCSF San Francisco, California, United States
3* BEET PAH: A study to assess the effects of beetroot juice in

patients with pulmonary arterial hypertension
Completed NCT02000856 Uppsala University Hospital Uppsala, Sweden

4 A randomized controlled pilot trial for efficacy and safety of
Tetramethylpyrazine phosphate in the treatment of pulmonary
hypertension

Prospective
registration

ChiCTR1800018664 • The First Affiliated Hospital of Guangzhou Medical
University

5 Efficacy and safety study of Tetramethylpyrazine phosphate on
pulmonary hypertension: a randomized controlled pilot trial
Chen et al. (2020c)

Prospective
registration

ChiCTR-IPR-
14005,379

• The First Affiliated Hospital of Guangzhou Medical
University

6 Efficacy of rosuvastatin combined with garlic extract on patients
of pulmonary hypertension: a randomized, controlled trial

Prospective
registration

ChiCTR-IPR-
17011827

• Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology

7 Efficacy and safety of Tanshinone IIA sulfonic acid sodium
aerosol inhalation

Prospective
registration

ChiCTR-IPR-
15006669

• Guangzhou Institute of Respiratory Diseases, The
First Affiliated Hospital, Guangzhou Medical
University

Note: A search of keyword “pulmonary hypertension” or “PAH” in the item “Condition or disease” at https://clinicaltrials.gov/(at March 15, 2021) yielded 1193 listed studies, 3 of
which were found and listed (1*-3*) in this table that are related to traditional herbs (4–7) items of the table via the use of search engine China clinical trial registry https: www.chictr.org.
cn/index. aspx.

FIGURE 1 | Brief history of PAH research in China.
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prescription for PAH treatment (Wu et al., 2021). Another
study showed that the combination of Aconiti Lateralis Radix
Praeparata and Fritillariae Thunbergii Bulbus significantly
improves MCT-induced PAH. However, it potentially
aggravated the heart injury due to the inhibition of the
PDK1/Akt/PDE4D axis and subsequent synergistic
activation of the βAR-Gs-PKA/CaMKII signaling pathway
(Zhuang et al., 2016). However, the safety of this
combination therapy was significantly improved when
ginseng was applied (Huang et al., 2018).

2.2 Single Herbal Components for
Pulmonary Arterial Hypertension Treatment
Because of the simpler formulation and curative effects, single
THM has been highly recognized and widely investigated.
Preparations from Chinese natural plants, such as Allium
sativum, Salvia miltiorrhiza Bge., Withania somnifera, and
Rhodiola rosea Linn., were used against PAH (Wang T. et al.,
2020; Xiang et al., 2018) (Table 2). In vitro evaluation confirmed
their anti-inflammatory and antioxidant activities. The potential
mechanisms were further clarified in in vivo studies, including

pulmonary vasoconstriction inducement (Fallon et al., 1998;
Bombicz et al., 2017), alleviating pulmonary vascular
remodeling and anti-oxidative stress response.

NO and ET-1 are the key vasodilators in the processes of
pulmonary vasoconstriction. Previous studies showed that Salvia
miltiorrhiza Bge. (Wang Y. et al., 2015), Crataegus oxyacantha
(Ahmadipour et al., 2017), Mimosa pigra (Rakotomalala et al.,
2013), Panax notoginseng (Zhao et al., 2015), and Allium
macrostemon Bunge (Han et al., 2017) increased NO production.

Pulmonary vascular remodeling is mainly manifested by the
damage of PAECs and apoptosis resistance of PASMCs. After
treating with Withania somnifera, the levels of NFκB and HIF1α
were decreased, and procaspase-3 increased significantly.
Therapies using Ocimum sanctum (Meghwani et al., 2018) or
Roxb. ex DC. (Meghwani et al., 2017) decreased the ratio of
apoptosis marker proteins; Bcl2/Bax. Rhodiola algida was
demonstrated to significantly improve pulmonary vascular
remodeling due to its multi-functions, i.e., decreasing
expression levels of PCNA, cyclin D1, and CDK4, inhibiting
degradation of p27Kip1, and improving chronic pulmonary
vasoconstriction, vasoproliferation, and vascular inflammation
(Kosanovic et al., 2013; Nan et al., 2018).

FIGURE 2 | The main biological phenomenon of THM against PAH and the relative markers involved.
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In addition, the regulation of Ca2+ is one of the effects of Salvia
miltiorrhiza Bge. on PAH (Wang Y. et al., 2015). Moreover,
Panax notoginseng reduces the expression of p38MAPK that has
been demonstrated to be an underlying mechanism in the
generation of PAH (Zhao et al., 2015).

2.3 Active Components From Traditional
Herbal Medicine for Pulmonary Arterial
Hypertension Treatment
There is accumulating evidence for the potential benefits of
active THM components in the treatment of PAH. They were
reported with clear pharmacodynamic and pharmacokinetic
efficacy and working mechanisms. These components under
preclinical studies are classified into the following categories:
flavonoids, alkaloids, glycosides, phenolic acids,
polysaccharides, terpenes, and volatile oil compounds.

2.3.1 Traditional Herbal Medicine-Derived Flavonoids
Flavonoids are a ubiquitous group of natural compounds
characterized by the flavan nucleus, possessing antibacterial,
antiviral, and anti-inflammatory effects. Table 3 shows ten
frequently studied flavonoids (sodium tanshinone IIA
sulphonate, tanshinone IIA, dashensu, quercetin, baicalin,
baicalein, puerarin, icariin, genistein, and hydroxysafflor
yellow A) derived from THM that have been reported with

anti-PAH activities. The chemical structures of these
flavonoids are depicted in Figure 3A.

Sodium tanshinone IIA sulfonate, a water-soluble salt solution
of sulfonated tanshinone IIA, is a widely used active agent
extracted from Salvia miltiorrhiza Bge. Over the past decades,
numerous publications have reported its efficacy in treating
cardiovascular diseases, and importantly, with no significant
side effects being reported (Zhou et al., 2019). Recent studies
demonstrated that it has positive effects on the treatment of
chronic hypoxia-induced PAH, predominantly by inhibiting the
intracellular calcium homeostasis and proliferation of PASMCs
and activating the hypoxia-inhibited PKG-PPAR-γ signaling
pathway in PASMCs (Jiang et al., 2016). Sodium tanshinone
IIA sulfonate also inhibits the PI3K/AKT/mTOR pathway and
inflammatory responses but increases apoptosis and autophagy in
hypoxia-induced PAH rats (Bao et al., 2020). Wang et al. reported
that sodium tanshinone IIA could prevent PAH development
primarily by suppressing TRPC1 and TRPC6 expression,
resulting in restored basal [Ca2+]i and weakened the
proliferation and migration of PASMCs (Wang et al., 2013).
Moreover, the inhibition of Kv2.1 channel expression was also
one of the mechanisms (Huang et al., 2009). With these data, the
translational effect of sodium tanshinone IIA sulfonate in treating
PAH has been accomplished in China (ChiCTR-IPR-15006669).

Tanshinone IIA is different from sodium tanshinone IIA
sulfonate in terms of solubility, as it is poorly soluble in water.
Nevertheless, significantly positive effects on PAH were reported

TABLE 2 | Single THM in the PAH treatment.

Latin binomial Origin Part used Experimental animal
model

Dose (mg/kg
body weight)

Pharmaceutical effects References

Allium sativum L. Allium Bulbous Hypoxia-induced PAH 100 Inhibits pulmonary vasoconstriction Fallon et al. (1998)
Allium ursinum L. Allium Leaf MCT-induced PAH for

8 weeks
20,000 The beneficial effects on PAH did not depend

on PED5
Bombicz et al. (2017)

Salvia
miltiorrhiza Bge.

Salvia Linn Roots MCT-induced PAH for
3 weeks

4,600,
14,000

Decreases ET-1 and thromboxane A2,
increases NO and prostacyclin, and reduces
the level of TGF-β1

Wang et al. (2015c)

Crataegus
oxyacantha

Crataegus L. Fruit Hypobaric hypoxia
stimulated to high
altitude

0.05, 0.10 Increases the NO concentrations and the
serum antioxidant capacities

Ahmadipour et al.
(2017)

Mimosa pigra Mimosa Linn Leaves Hypoxia-induced PAH
for 21 days

400 Restores the endothelium function and
increases the endothelial NO synthase

Rakotomalala et al.
(2013)

Panax
notoginseng

Araliaceae Roots and
rhizomes

Hypoxia-induced PAH
for 4 weeks

50 Decreases p38MAPK level and increases the
NO level

Zhao et al. (2015)

Allium
macrostemon
Bunge

Allium Bulbs PE-contracted PA rings 100–1000 Induces relaxation in PAs via an endothelium-
dependent mechanism involving Ca2+ entry,
PK-dependent NOS phosphorylation, and NO
signaling

Han et al. (2017)

Ocimum sanctum Ocimum Leaves MCT-induced PAH for
4 weeks

200 Decreases Nox-1 expression and increases
expression of Bcl2/Bax ratio

Meghwani et al.
(2018)

Roxb. ex DC. Combretaceae Stem bark MCT-induced PAH for
25 days

125, 250 Decreased expression of NOX1 and increases
the expression of Bcl2/Bax ratio

Meghwani et al.
(2017)

Rhodiola algida Rhodiola L. Roots Hypoxia-induced PAH 62.5, 125, 250 Suppresses the level of PCNA, cyclin D1, and
CDK4 and increases p27Kip1 expression

Kosanovic et al.
(2013), Nan et al.
(2018)

Withania
somnifera

Withania roots MCT-induced PAH for
3 weeks

50, 100 Decreases the level of ROS, IL-10, TNFα,
NFκB and HIF1α and increases the
procaspase-3

Kaur et al. (2015)

Eulophia
macrobulbon

Eulophia tubers MCT-induced PAH 15, 450, 1000 Reduces the vascular contractions and inhibits
intracellular Ca2+ release

Wisutthathum et al.
(2018)
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TABLE 3 | Flavonoids as THM-derived active components for PAH treatment.

Active
components

Experimental model Dose (mg/kg
body weight)

Cellular
targets

Mechanisms identified References

Sodium tanshinone
IIA sulphonate

Chronic hypoxia-
induced PAH

• 30 PASMCs • PKG↑, PPAR-γ↑, TRPC1↓, TRPC6↓, SOCE↓ (Huang et al., 2009; Wang et al.,
2013; Jiang et al., 2016; Bao
et al., 2020)

• 10, 30 PASMCs • Bax/Bcl2↑; PI3K↓, p-Akt↓, mTOR↓, p- mTOR
mTOR↓; S6K1↓, p-S6K1↓, LC3-I↑, LC3-II↑,
Beclin-1↑, p62↓; IL-6↓, IL-8↓, TNF-α↓

• 10 PASMCs • Kv2.1↓
Tanshinone IIA MCT-induced PAH • 10 — • TRPC1↓, TRPC6↓, [Ca2+]i↓, SOCE↓ Wang et al. (2013), Wang et al.

(2010), Luo et al. (2013), Zheng
et al. (2015)

Hypoxia-induced PA — PAs • Extracellular Ca2+ influx↓, intracellular Ca2+
release↓; Ca2+-activated K+ channels↑

Hypoxic PASMCs — PASMCs • Arrests in G1/G0-phase; p-Akt↓/
Skp2↓, p27↑

Hypoxia-induced PAH • 10 PASMCs • Kv2.1↑, Kv1.5↑, IKv currents↑
Dashensu Hypoxia-induced PAH • 80,

160, 320
PASMCs • TGF-β↓, p-Smad3↓ Zhang et al. (2018c), Liu et al.

(2020a)
Quercetin Hypoxia-induced PAH • 100 PASMCs • FOXO1↑, SENS3↑, p-mTOR/mTOR↓, p-P70

S6K/P70 S6K↓, p-4E-BPI/4E-BPI↓, LC3-I↑,
LC3-II↑, p62↓; cleaved-PARP↑, cleaved-
caspase3↑, cleaved-caspase9↑

He et al. (2015), He et al. (2017),
Cao et al. (2019b)

• 100 PASMCs • p-TrKA/TrKA↑, p-Akt/Akt↓, arrest G1/G0-
phase, cyclin D1↑, cyclin B1↓, Cdc2↓; Bax/
Bcl-2↑; MMP2↓, MMP9↓, CXCR4↓, integrin
β1↓, integrin α5↓

Hypoxic PASMCs — PASMCs • GRP78↑, p-IRE1↑, ATF6↑, p-eIF2a↓
MCT-induced PAH • 100 — • PCNA↓ Gao et al. (2012), Rajabi et al.

(2020)
• 30 — • miR-204↑, PARP1↓, HIF1α↓, NFATc2↓,

α-SMA↓, IL-1β↓, IL-8↓
Baicalin Hypoxia-induced PAH • 30 — • ADAMTS-1↑, collagen I↓ Zhang et al. (2014b), Huang et al.

(2014), Liu et al. (2015), Huang
et al. (2017)

• 100 PASMCs • p-Akt/Akt↓, HIF-α↓, p27↑
• 60 — • A2AR↑, SDF-1↓, CXCR4↓, p-PI3K/PI3K↓,

p-Akt/Akt↓
Hypoxic PASMCs MCT-
induced PAH Hypoxic
PASMCs

— PASMCs • HIF1α↓, AhR↓
• 100 PASMCs • TNF-α↓, IL-1β↓, IL-6↓, p-NF-κB/NF-κB↓,

VCAM↓, ICAM↓, BMPR2↑, p- Smad 1/5/8↑,
ID1↑; Cycclin B1↓, p27↑

Luan et al. (2015), Zhang et al.
(2017b), Xue et al. (2021)

• 100 — • NF-κB p65↓, IκB↑, BMP2↑, BMPR2↑,
BMP4↑, BMP9↑, ID1↑, ID3↑, Smad1/5/8↑;
gremlin-1↓, TGF-β1↓, p-Smad2/3↓; CD31↑,
E-cadherin↑, α-SMA↓

• 100 — • ET-1↓
Baicalein MCT-induced PAH Hypoxic

PASMCs
• 100 PASMCs • IL-6↓, TNF-α↓, IL-1β↓; MDA↓, SOD↑, GSH-

Px↑; PCNA↓, p-p38/p38↓, p-ERK/ERK↓,
p-JNK/JNK↓, NF-κB↓

Shi et al. (2018a), Shi et al.
(2018b), Hsu et al. (2018)

• 50, 100 — • p-Akt↓, p-ERK1/2↓, p-GSK3β↓, β-catenin↓,
ET-1↓, ETAR↓; eNOS↑, iNOS↓, vWF↓

• 50, 100 — • EndoMT↓ (CD31↑, N-cadherin↓, VE-
cadherin↑, vimentin↓, Snail↓, Slug↓, NF-κB↓,
BMPR2↑, collagen I↓, collagen III↓, LOX↓

Puerarin Hypoxic PASMCs — PASMCs • Cytosolic cyto C↑, mitochondria cyto C↓,
Bax↑, Bcl-2↓

Chen et al. (2012), Zhang et al.
(2019c), Yuan et al. (2019)

Hypoxia-induced PAH • 80 PASMCs • PCNA↓, Cyclin A↓, Cyclin D1↓, Cyclin E↓;
LC3B-I↓, LC3B-II↓, SQSTM1↑, BECN-1↓,
ATG5↓

Hypoxic PAECs — PAECs • Bax/Bcl-2↓, NO↑, ET-1↓, ROS↓, BMPR2↑,
p-Smad1/5↑, PPARγ↑, PI3K↑, p-Akt/Akt↑,
p-eNOS↑

Icariin MCT-induced PAH • 20, 40, 80 — • eNOS↑, PDE5↓, NO↑, cGMP↑ Li et al. (2016b), Lan et al. (2018),
Xiang et al. (2020)

• 40 — • ET-1↓
• 50, 100 — • TGF-β1↓, p-Smad2↓, p-Smad3↓, MMP2↓

Genistein Hypoxia-induced PAH • 60 HUVECs • p-eNOS↑, p-Akt/Akt↑, EPO↑, EPOR↑ Kuriyama et al. (2014)
(Continued on following page)
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in previous studies, especially the vasorelaxant effect (Jin et al.,
2008). The results revealed that the vasorelaxant effects were
exerted via suppression of extracellular Ca2+ influx, activation of
K+ channels in PASMCs (Wang et al., 2010; Zheng et al., 2015),
and inhibition of p27 degradation via Akt/Skp2-associated
pathway (Luo et al., 2013).

To sum up, there is no significant correlation between sodium
tanshinone IIA sulfonate and tanshinone IIA due to their
different chemical structures and pharmacokinetics and
pharmacological activities, although they have very similar
pharmacological effects on cardiovascular diseases or
pulmonary diseases. Further clinical studies are needed to
validate their efficacies and potential side effects.

Danshensu, another major active component in Salvia
miltiorrhiza, also has various therapeutic effects on cardiovascular
diseases (e.g., hypertension, atherosclerosis, myocardial ischemia,
and reperfusion) (Zhang J. et al., 2019), cerebral disorders (Bae et al.,
2019; Han et al., 2019), and organ fibrosis (Cao G. et al., 2019). It
could prevent PAH via TGF-β/smad3 associated pathway in the
hypoxia-induced PAH model and inhibit the proliferation of
PASMCs (Zhang N. et al., 2018; Liu G. et al., 2020).

Quercetin, a well-known natural flavonoid from daily diet and
herb medicines, has been frequently applied to treat a variety of
diseases such as cardiovascular diseases, cancers, and metabolic
diseases (Chen W. et al., 2020; Ezzati et al., 2020; Ferenczyova
et al., 2020). Increasing evidence confirms that quercetin also has
therapeutic effects on hypoxia or MCT-induced PAH.
Mechanically, quercetin inhibited the proliferation of PASMCs
via multi-signaling pathways, including the FOXO1-SENS3g-
mTOR apoptosis pathway (He et al., 2017), TrkA/Akt
signaling pathway (He et al., 2015), and excessive ERS and the
IRE1α pathway (Cao X. et al., 2019) in hypoxia-induced PAH. In
addition, quercetin improved the vascular remodeling and
proliferation in MCT-induced PAH via regulating the
expression of PARP1, miR-204, and their downstream targets,
HIF1α andNFATc2 (Gao et al., 2012; Rajabi et al., 2020). A recent
report by Soodeh Rajabi et al. further revealed that quercetin
ameliorated right ventricular disorders in rats with PAH by
decreasing inflammation, apoptosis, and fibrosis and
increasing the expression of miR-204 and the antioxidant-to-
oxidant ratio (Rajabi et al., 2021).

Baicalin, a monomeric flavonoid compound, is the main
medicinal component of Scutellaria baicalensis Georgi, which
has highlighted extensive pharmacological properties such as

cardiovascular diseases, cancer, hypertension, ischemic heart
disease, and atherosclerosis in numerous studies (Li Y. et al.,
2020; Liu X. et al., 2020; Xin et al., 2020; Singh et al., 2021). In
addition, a large body of publications have reported that baicalin
possessed a protective effect on hypoxia-induced PAH, which was
mediated by increasing the expression of ADAMTS-1 (Liu et al.,
2015), targeting the Akt/HIF1α/p27-associated pathway (Zhang
L. et al., 2014), enhancing A2AR activity, downregulating SDF-1/
CXCR4-induced PI3K/Akt signaling (Huang et al., 2017), and
suppressing the HIF1α and AhR pathways (Huang et al., 2014). In
the MCT-induced PAH model, treatment with baicalin
remarkably attenuates the pathogenesis, which was mainly
associated with blocking the NF-κB signaling pathway to
further trigger the BMP signaling pathway (Luan et al., 2015;
Zhang Z. et al., 2017) and regulating the TNF-α signaling pathway
(Xue et al., 2021). Thus, baicalin is a potential drug candidate for
PAH, although more clinical research is needed in the future.

Similar to baicalin, baicalein, another major flavonoid from
the roots of Scutellaria baicalensisGeorgi, exerts several beneficial
pharmacological effects such as anti-inflammatory and anti-
oxidant activities and thus was used for various diseases
including cancers, vascular diseases, and organ injury (Nik
Salleh et al., 2020; Tuli et al., 2020). Numerous reports were
focused on baicalein’s effects in treating pulmonary diseases,
especially PAH, and its improvement of vascular remodeling
in MCT-induced PAH was mainly by inhibiting the activation of
MAPK and NF-κB pathways (Shi et al., 2018a), suppressing the
Akt/Erk1/2/GSK3β/β-catenin/ET-1/ETAR signaling pathway
(Hsu et al., 2018), and preventing endothelial dysfunction via
inhibition of endothelial-to-mesenchymal transition (Shi et al.,
2018b; Hsu et al., 2018).

Puerarin, usually isolated from the Chinese medicinal herb
kudzu, has a positive therapeutic effect on PAH in preclinical
hypoxia-induced rat models (Wang S. et al., 2020). The potent
therapeutic effects are associated with enhancement of apoptosis,
reduction of autophagy, and inhibition of oxidative stress (Chen
et al., 2012; Zhang X. et al., 2019; Yuan et al., 2019). Sun and
collagens have demonstrated that puerarin promoted apoptosis
in hypoxia-induced HPASMCs via mitochondria-dependent
pathway (Chen et al., 2012). Additionally, autophagy was
tested with mRFP-GFP-LC3 in hypoxia-induced PAH and
results suggested that the biomarkers of autophagy were
inhibited significantly (Zhang X. et al., 2019). Furthermore,
inhibition of oxidative stress and activation of the BMPR2/
Smad and PPARγ/PI3K/Akt signaling pathways were also the

TABLE 3 | (Continued) Flavonoids as THM-derived active components for PAH treatment.

Active
components

Experimental model Dose (mg/kg
body weight)

Cellular
targets

Mechanisms identified References

MCT-induced PAH
associated RHF

• 1 PASMCs • ERβ↑ Matori et al. (2012)

Hydroxysafflor
yellow A

Hypoxia-induced PAH • 25, 50,
75, 100

PASMCs • PCNA↓, Ki67↓ Li et al. (2016a)

MCT-induced PAH • 10 — • IL-6↓, TNF-α↓, IL-1β↓; MDA↓, 8-
OHdG↓, SOD↓

Han et al. (2016)
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FIGURE 3 | Chemical structures of frequently studied THM-derived active components against PAH. (A) Flavonoids. (B) Alkaloids. (C) Phenolic acids. (D)
Glycosides.
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key mechanisms for the PAH treatment by puerarin (Yuan et al.,
2019).

Icariin, isolated from Epimedium pubescens, is a key active
flavonoid of Herba Epimedii, which potentially protects against
PAH. Increasing studies have focused the mechanisms of icariin
against MCT-induced PAH and the results have shown that the
improvement of vascular remodeling and inhibition of PASMCs
proliferation are mainly through inhibiting the TGFβ1-Smad2/3-
mediated inflammatory signaling pathway (Xiang et al., 2020)
and suppressing oxidative stress that targets the NO/cGMP
signaling pathway (Li LS. et al., 2016; Lan et al., 2018).

Genistein, a natural soybean-derived phytoestrogen, has been
shown to have cardioprotective, vasodilator, and anti-
inflammatory effects (Thangavel et al., 2019). Previous studies
suggested that it could be a potential candidate drug for PAH
based on its pharmacological properties. Since PAH is one of the
main causes of dysfunction and failure of the right heart (Tello
et al., 2021), genistein could reverse preexisting established PAH
and prevent the associated RHF by restoring downregulation of
estrogen receptor-β (ER-β) expression in the right ventricle and
lung (Matori et al., 2012). By systematic research, Chen et al.
(2019) have predicted the mechanism of action for genistein
concerning PAH and found its anti-PAH effect may be closely
related to PPARγ, apoptotic signaling pathway, and the nitric
oxide synthesis process, which were verified by Kuriyama et al. in
hypoxia-induced PAH. Moreover, they conclude that genistein
has positive effects for preventing hypoxic PAH through
improving PI3K/Akt-dependent, NO-mediated signaling in
association with enhancement of the EPO/EPOR system
(Kuriyama et al., 2014).

Hydroxysafflor yellow A, isolated from Carthamus tinctorius
L., is a key active component with powerful pharmacological
activities such as antioxidant, anti-inflammatory, anticoagulant,
and anticancer effects (Zhao et al., 2020). Some studies
demonstrated its efficacy for treating MCT-induced PAH
based on anti-inflammatory and anti-oxidant effects (Han
et al., 2016). The hydroxysafflor yellow A also protected
against hypoxia-induced PAH by inhibiting the proliferation
of PASMCs (Li L. et al., 2016).

The epidemiological studies indicated that the progress of
PAH was prevented with various sourced flavonoids such as
curcumin (Rice et al., 2016), isoliquiritigenin (Jin et al., 2019),
isorhamnetin (Chang et al., 2020), naringenin (Ahmed et al.,
2014), rulin (Li et al., 2014), chrysin (Li XW. et al., 2015), silibinin
(Zhang T. et al., 2020), formononetin (Cai et al., 2019), apigenin
(He et al., 2020), and isoquercitrin (Zhang Y. et al., 2017). When
treated with the flavonoid of curcumin, isoliquiritigenin,
isorhamnetin, or naringenin, hypoxia- or MCT-induced PAH
rodents were significantly protected, with changes in inhibited
inflammatory markers such as TNF-α, IL-1β, IL-6 (Ahmed et al.,
2014; Rice et al., 2016; Jin et al., 2019; Zhang T. et al., 2020; Chang
et al., 2020), and BMP signaling (Chang et al., 2020).
Interestingly, the oxidative stress levels in PAH rodents,
including decreased ROS and elevation of NOX4, were
alleviated by treatment of naringenin, rulin, and chrysin
(Ahmed et al., 2014; Li et al., 2014; Li XW. et al., 2015).
Regulation of apoptosis signaling pathway, as one of the

pathogenic mechanisms of PAH, was investigated in some of
the flavonoid studies. For example, formononetin significantly
improved hypoxia-induced apoptosis in PASMCs, potentially by
suppressing the PI3K/AKT and ERK pathways (Cai et al., 2019),
and the other study verified that PAH was prevented by apigenin
via inhibiting the HIF1α-Kv1.5 channel pathway to induce
mitochondria-dependent apoptosis in PASMCs (He et al.,
2020). In addition, isoquercitrin ameliorated MCT-induced
pulmonary vascular remodeling via inhibiting PASMCs
proliferation and blocking the PDGF-Rβ signaling pathway
(Zhang Y. et al., 2017).

In summary, as the largest class of polyphenols, flavonoids
have shown both chemopreventive and chemotherapeutic
potential in the treatment of PAH. Further basic research and
clinical study are needed to explore and validate these preclinical
findings with full consideration of the side effects of flavonoids for
PAH patients.

2.3.2 Traditional Herbal Medicine-Derived Alkaloids
Alkaloids, with a variety of biological activities, are nitrogen-
containing basic compounds of plant origins, such as
Polygonaceae, Leguminosae, Apocynaceae, Solanaceae, Fangke,
Rutaceae, Papaveraceaen, and Ranunculaceae. More than 3,000
distinct kinds of alkaloids have been identified. Increasing studies
have focused on pharmacological activities such as anti-cancer,
antiangiogenic, anti-inflammatory, and anti-proliferation
(Alasvand et al., 2019; Liu C. et al., 2019; Mondal et al., 2019).
In recent years, more and more researchers have also paid
attention to the treatment of PAH by alkaloids. Mechanically,
certain alkaloids have been shown capable of preventing and
treating PAH via anti-inflammatory, antioxidant, autophagy,
promoting PASMCs apoptosis, disrupting cell cycle, and
inhibiting proliferation and migration (Guo et al., 2014; Wang
X. et al., 2016; Luo et al., 2018; Chen M. et al., 2019). Therefore,
the efficacies for PAH of seven frequently studied and applied
alkaloids derived from THM, including tetramethylpyrazine,
tetrandrine, berberine, betaine, isorhynchophylline,
oxymatrine, and aloperine, along with the corresponding
experimental models and identified mechanisms, are
summarized in Table 4. The chemical structures of these
alkaloids are depicted in Figure 3B.

Tetramethylpyrazine, extracted from the traditional herbal
medicine Ligusticum, effectively prevents and reverses PAH in
different animal models such as chronic hypoxia-induced PAH,
sugen/hypoxia-induced PAH, andMCT-induced PAH in rodents
(Chen et al., 2020c). In hypoxia-induced PAH,
tetramethylpyrazine improved pulmonary vascular leakage and
attenuated the elevation of ROS, HIF1α, and VEGF protein levels
(Zhang et al., 2011). Besides, the protective effects on PAH were
verified in MCT-induced PAH mainly through inhibiting the
proliferation and inflammation of PASMCs, specifically by
regulating the activation of the PI3K/Akt signaling pathway
(Huang et al., 2021). Furthermore, Cao et al. have previously
demonstrated that tetramethylpyrazine could be a worthwhile
therapeutic agent in treating PAH dogs induced by acute hypoxia
through the induction of plasma ET-1 levels (Cao et al., 1998).
Nowadays, the clinical trial of tetramethylpyrazine in PAH
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treatment is ongoing (registered with www.chictr.org.cn as
ChiCTR-IPR-14005379). Therefore, tetramethylpyrazine has
the potential to be a novel and inexpensive medication for
PAH (Chen et al., 2020c).

Tetrandrine, sourced from Stephania tetrandra S. Moore, has
various pharmacological effects, including antihypertensive,
anticancers, and anti-asthmatic activities (Bhagya and
Chandrashekar, 2016; Lin et al., 2019; Luan et al., 2020). A
recent study suggested that tetrandrine displayed a preferential
vasodilator effect on PAH (Kwan and Wang, 1993; Kim et al.,
1997). Tetrandrine inhibited calcium agonist-induced contractile
responses with depression of the maximal contraction of PA rings
to a varying extent (Wang et al., 2002). In addition, tetrandrine
attenuated MCT-induced PAH by regulating NO signaling
pathway, antioxidant, and antiproliferation effects (Wang X.
et al., 2016).

Berberine, a natural component extracted from the herbal
plant Rizoma Coptidis, has been applied in various diseases due
to its multiple biochemical and pharmacological activities such
as antiviral (Warowicka et al., 2020), anti-inflammatory
(Ehteshamfar et al., 2020), antitumor (Gu et al., 2020), and
cardioprotective effects (Feng X. et al., 2019). Recent studies
have suggested that the protective effect of berberine against
hypoxia-induced PAH may be achieved mostly through
regulating the BMPR2 and TGF-β signaling pathway (Chen
M. et al., 2019) and inhibiting the Trx1/β-catenin signaling
pathway (Wande et al., 2020). In addition, another study has

demonstrated that norepinephrine-induced proliferation and
migration of PASMCs can be decreased by berberine mainly
through the PP2A signaling pathway, and this therapeutic
effect was confirmed in PAH patients and PAH models
(Luo et al., 2018). However, berberine has not been
clinically studied, and its therapeutic effect and toxicity on
PAH need to be further verified.

Betaine, a highly important alkaloid extracted from Lycium
barbarum THM, possesses numerous pharmacological activities,
including anti-inflammatory, antifibrosis, and antioxidation
(Zhao et al., 2018). Notably, many studies have found that
betaine possesses outstanding anti-inflammatory abilities
against a series of inflammatory diseases, such as MCT-
induced PAH, and the inflammatory factors, including NF-κB,
TNF-α, and IL-1β. The levels of MCP-1 and ET-1 were decreased
when treated with betaine (Yang et al., 2018). Since betaine is also
used as a dietary supplement, it could be a potentially promising
medicine for preventing or alleviating symptoms for PAH
patients.

Isorhynchophylline, a tetracyclic oxindole alkaloid isolated
from the THM Uncaria rhynchophylla, has been used clinically
to treat cardiovascular and cerebrovascular diseases (Yang W.
et al., 2020; Qin et al., 2021). The effect of isorhynchophylline on
PAH was explored due to its antioxidant, anti-inflammatory,
anticoagulation, and antiproliferation activities. The results
suggested that isorhynchophylline could inhibit PASMCs
proliferation via suppression of PDGF-Rβ phosphorylation

TABLE 4 | Alkaloids as THM-derived active components for PAH treatment.

Active
components

Experimental model Dose (mg/kg body
weight)

Cellular
targets

Mechanisms identified References

Tetramethylpyrazine Chronic hypoxia-PAH • 100 PASMCs • Intracellular calcium homeostasis↓ Zhang et al. (2011), Chen
et al. (2020c), Huang et al.
(2021)

Sugen/hypoxia-PAH MCT-
induced PAH

• 120 PMVECSs • ROS↓, HIF1α↓, VEGF↓

Hypoxia-induced vascular
leakage

• 40, 80,160 PASMCs • Arrests G0/G1-phase; p-PI3K/PI3K↓,
p-Akt/Akt↓

Dogs with acute pulmonary
alveolar hypoxia

• 80 — • ET-1 Cao et al. (1998)

Tetrandrine MCT-induced PAH • 50 PASMCs • Protein kinase type 1↑, iNOS↓, SOD↑,
GSH↑, CAT↑, MDA↓

Wang et al. (2016a)

Contracted PA rings and
tracheal segments

• 30 μM PAs • Inhibits contractile responses Wang et al. (2002)

Berberine Sugen/hypoxia-PAH • 20 PASMCs • p-PP2Ac/t-PP2Ac↓, p-Akt/Akt↓, p-ERK1/
2↓, p-P38↓, PCNA↓

Luo et al. (2018)

• 20, 100 PASMCs • BMPR-II↑, P-Smad1/5↑, TGF-β↓,
p-Smad2/3↓, PPARγ↑

Chen et al. (2019a)

• 100 PASMCs • Trx1↓, β-catenin↓ Wande et al. (2020)
Betaine MCT-induced PAH • 100, 200, 400 — • MCP-1↓, ET-1↓, NF-κB↓, TNF-α↓, IL-1β↓ Yang et al. (2018)
Isorhynchophylline MCT-induced PAH • 1000 PASMCs • Cyclin D1↓, CDK6↓, P27Kip1↑, p-PDGF-

Rβ↓, p-ERK1/2↓, p-STAT3↓
Guo et al. (2014)

Oxymatrine Hypoxia- and
monocrotaline-
induced PAH

• 50 — • MCP-1↓, IL-6↓, SDF-1↓, VCAM-1↓, ICAM-
1↓, TGF-β↓, ET-1↓, VEGF↓, Nrf2↑, SOD1↑,
HO-1↑; HIF1α↓, NF-κB↓; Nrf2↑, SOD↑,
HO-1↑

Zhang et al. (2014a)

Aloperine PDGF-BB-induced
PASMCs proliferation MCT-
induced PAH

• 25, 50, 100 PASMCs • Arrests G0/G1-phase; NF-κB↓ Chang et al. (2019)
• 25, 50, 100 — • Rho A↓, ROCK1↓, ROCK2↓, ROCK↓ Wu et al. (2017a)
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and attenuate pulmonary remodeling after MCT induction (Guo
et al., 2014).

Oxymatrine, one of the primary active components of the
THM Sophora flavescens Ait., exerts positive pharmacological
effects such as anti-inflammatory, antioxidant, and antiviral
effects, inhibiting the immune reaction, and activity against
hepatic fibrosis (Lan et al., 2020). Pharmacological research
showed that oxymatrine could prevent PAH through its
antiproliferative activity in PASMCs and anti-inflammatory
and antioxidant effects in hypoxia- or MCT-induced PAH
animal models (Zhang B. et al., 2014).

Aloperine, a quinolizidine alkaloid extracted from THM
Sophora flavescens Ait., has protective effects on the
cardiovascular system. Its positive effect on PAH was
demonstrated in MCT-induced PAH rats, which is partially
related to RhoA/ROCK pathway (Wu F. et al., 2017). In
addition, it negatively regulated NF-κB signaling pathway
activity and suppressed HPASMCs proliferation in vitro
(Chang et al., 2019).

Previous studies have revealed that PAH could be prevented or
treated in experimental models by other alkaloids such as
α-solanine, colchicine, and capsaicin. Administration of
α-solanine decreases distal pulmonary artery remodeling in
both MCT-induced and sugen/hypoxia-induced PAH, with
possible mechanisms demonstrated in in vitro experiments
such as AXIN2/β-catenin axis and Akt/GSK-3α pathway (Nie
et al., 2017). The inflammatory response was significantly
inhibited and the vascular remodeling was alleviated in the
MCT-induced PAH animal models when treated with
capsaicin or colchicine (Lee et al., 2013; Xu et al., 2017).
Capsaicin pretreatment prevented PAH mainly through the
p38MAPK pathway (Xu et al., 2017), and colchicine treatment
reversed PAH through multiple effects, including inhibiting
inflammatory factors, promoting apoptosis, and suppressing
the fibrotic biomarkers (Lee et al., 2013).

2.3.3 Traditional Herbal Medicine-Derived Phenolic
Acids
Phenolic or phenol carboxylic acids are one of the main classes of
plant phenolic compounds, which contain phenolic acids, simple
phenols, coumarins, hydrolysable tannins, and stilbenes, and
lignins are the most abundant secondary metabolites with one
or more hydroxyl groups attached directly to the aromatic ring.
They are considered the foremost agents responsible for the
biological functions and disease cure (Kumar and Goel, 2019).
Notably, phenolic acids are strong natural antioxidants and
possess a variety of functions, including anti-inflammatory,
antimicrobial, anticancer, antiallergic, antiviral, and
antithrombotic effects (Pacheco-Ordaz et al., 2018; Wang
J. et al., 2019; Abotaleb et al., 2020; Cardoso et al., 2020).
More recently, phenolic acids have attracted interest as a novel
therapeutic agent for preventing and treating PAH. The phenol
acids from THMwith specifically curative effect for the treatment
of PAH, such as resveratrol, paclitaxel, salvianolic acid A,
magnesium lithospermate B, and osthole, and the identified
mechanisms of treating PAH are summarized in Table 5 and
their chemical structures in Figure 3C.

Over the past two decades, increasing attention has been given
to resveratrol (3,5,4′-trihydroxystilbene), which is a dietary
phytoalexin compound with various pharmacological actions
such as anti-inflammatory, antioxidant, antiproliferative, and
antifibrotic (Chudzińska et al., 2020). Importantly, the
multiple actions attributed to resveratrol on the systemic and
cardiac vasculature may also target the mediators of PAH
(Chicoine et al., 2009). In recent studies, the remarkable
efficacy of resveratrol in preventing and treating the PAH has
been demonstrated in experimental animal models of PAH
induced by hypoxia and MCT (Csiszar et al., 2009; Yang et al.,
2010; Paffett et al., 2012; Chen et al., 2014; Wilson et al., 2016; Xu
et al., 2016; Guan et al., 2017; Yu et al., 2017; Li C. et al., 2020;
Chen et al., 2020d; Liu YY. et al., 2020; Vazquez-Garza et al.,
2020). In the hypoxia-induced PAH model, resveratrol has
protective effects mainly through preventing PASMC arginase
II induction and proliferation that is mediated by the PI3K-Akt
signaling pathway (Chen et al., 2014; Guan et al., 2017),
enhancing the activation of SIRT1 (Yu et al., 2017), inhibiting
the differentiation of Th17 cells (Li C. et al., 2020), suppressing
HIF1α expression, and upregulating the Nrf-2/Trx-1 signaling
pathway (Xu et al., 2016). In MCT-induced PAH, resveratrol also
significantly alleviated the proliferation in PASMCs and vascular
remodeling of PAH by improving swollen mitochondrial and
cardiomyocyte apoptosis in RV (Yang et al., 2010), inhibiting
inflammation and oxidative stress (Csiszar et al., 2009),
promoting decreased atrogin-1 levels induced by MCT (Paffett
et al., 2012), and targeting NR4A3/cyclin D1 pathway regulated
by miR-638 (Liu YY. et al., 2020). In addition, a systematic
analysis on the molecular mechanism of resveratrol for
treating PAH was recently reported, which showed that the
effect might be closely associated with targets, such as AKT1,
MAPK3, SIRT1, and SRC, and biological processes, such as cell
proliferation, inflammatory response, and redox balance (Chen
et al., 2020d). In summary, multiple beneficial effects of
resveratrol via multiple targets have been reported in
experimental animal models. However, additional preclinical
studies followed by clinical trials are essential before
resveratrol can be considered a magic bullet for PAH
(Chicoine et al., 2009).

Paclitaxel, an antiproliferative drug, has been used to prevent
and treat cardiovascular diseases (Baumgartner and Schindewolf,
2020) and has been approved by the U.S. Food and Drug
Administration to be used for the prevention of drug-eluting
stent-induced restenosis (Leopardi et al., 2014). Given the
excessive PASMC proliferation as one of the main
characteristics of PAH, researchers have applied paclitaxel to
PAH, another vascular disease, and explored its action
mechanisms. The results suggested that paclitaxel has positive
effects on MCT-induced PAH in rats, which may be associated
with the increased expression of p27Kip1 and decreased expression
of cyclin B1 (Zhao et al., 2019), or suppressed FoxO1-mediated
autophagy (Feng et al., 2019b). Moreover, paclitaxel was applied
to another PAH mouse model induced by Schistosoma mansoni
and obtained satisfactory effect by blocking proximate Th2
inflammation rather than suppressing distal TGF-β activation
(Kassa et al., 2019).
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Salvianolic acid A, a polyphenol extracted from Salvia
miltiorrhiza Bge., was found to possess pharmacological effects
such as cardiovascular protective effects (Wu et al., 2020),
nervous system protective effects (Xu et al., 2020), and anti-
diabetes effects (Zhou et al., 2020). Recently, the therapeutic
effects on PAH by salvianolic acid A were investigated, and it was
found that it exhibited a potent inhibitory effect on vascular
remodeling through activating the BMPR2-Smad pathway (Chen
YC. et al., 2016) and inhibiting apoptosis and endothelial-to-
mesenchymal transition (EndMT) (Yuan T. et al., 2017; Chen
et al., 2017). Therefore, the treatment of polyphenolic natural
antioxidants may be an effective way to attenuate PAH.

Magnesium lithospermate B is an active component of the
water-soluble fraction of Salvia miltiorrhiza, which possesses
pharmacological activities such as anti-inflammation (Gao
et al., 2019; Qu et al., 2020), antioxidation (Liu YL. et al.,
2019), anti-excitotoxicity (Yang et al., 2015), and anti-
apoptosis (Wang M. et al., 2019). Nowadays, researchers have
investigated the therapeutic effect on hypoxia-induced PAH and

determined that magnesium lithospermate B might be a potent
drug for PAH through suppressing NOX/ROS/ERK pathway (Li
et al., 2019a) and NOX/VPO1 pathway (Li et al., 2019b).
However, its therapeutic effect on PAH needs to be verified in
more models to solidify its potential value in the clinic.

Osthole, which belongs to the secondary metabolites of
phenolic acids, is coumarin and a principal component
isolated from THM Cnidium monnieri (L.). Previous studies
have revealed that osthole has the pharmacological activities of
anti-inflammation, regulating cell cycle, and antiproliferative and
vasodilative properties, and its positive effects on PAH have been
demonstrated in animal models induced by MCT and in PDGF-
BB-induced rat PASMC growth in vitro (Li et al., 2017; Yue et al.,
2020). Osthole can suppress the progression of vascular
remodeling in MCT-induced PAH mediated through
modulation of the NF-κB p65 signaling pathway (Li et al.,
2017). In vitro, the positive effect partly contributed to the
downregulation of the TGF-β1/Smad/p38 signaling pathway
(Yue et al., 2020). Moreover, a global proteomics study

TABLE 5 | Phenolic acids as THM-derived active components for PAH treatment.

Active
components

Experimental model Dose (mg/kg
body weight)

Cellular
targets

Mechanisms
identified

References

Resveratrol Hypoxia-induced PAH
Hypoxic PASMCs

— PASMCs • PI3K↑, p-Akt/Akt↓ Chen et al. (2014), Xu et al. (2016), Guan et al.
(2017), Yu et al. (2017), Li et al. (2020a)

— PASMCs • P21↑, P27↑, MMP9↓, MMP2↓, p-PI3K/
PI3K↓, p-Akt/Akt↓

• 25 — • SIRT1↑
• 40 PASMCs • p-STAT3↓, p-MYPY1↓, RhoA↓, GEF-H1↓
• 40 — • IL-6↓, TNF-α↓, IL-1β↓, VEGF↓, GSH↑,

SOD↑, WST-1↓, HIF1α↓, p-Akt↓, p-ERK↓,
Nrf1↑, Nrf2↑, Trx-1↑

MCT-induced PAH
hypoxic PASMCs

• 30 — • Cardiomyocyte apoptosis Csiszar et al. (2009), Yang et al. (2010), Paffett
et al. (2012), Wilson et al. (2016), Chen et al.
(2020d), Liu et al. (2020d), Vazquez-Garza
et al. (2020)

• 25 PASMCs • TNFα↓, IL-1β↓, IL-6↓, PDGFα/β↓, eNOS↑,
NADPH↓

• 3 PASMCs • atrogin-1↑
• 25 PASMCs • miR-638↑, NR4A3↓, Cyclin D1↓
• 25 — • Inhibits ventricular dysfunction and

pathological remodeling changes
Paclitaxel MCT-induced PAH • 2 — • p27Kip1↑, cyclin B1↑ Feng et al. (2019b), Zhao et al. (2019)

• 5 PASMCs • p-FoxO1↓, nuclear FoxO1↑, p- FoxO1/t-
FoxO1↓, LC3B-II↓, Beclin1↓

Schistosoma
mansoni-induced PAH

• 25 — • IL-4↓, IL-13↓, IL-17F↓, TGF-β↓ Kassa et al. (2019)

Salvianolic acid A MCT-induced PAH • 0.3, 1, 3 — • AST↓, ALT↓, LDH↓, NT-proBNP↓, ET-1↓,
Bax/Bcl-2↓, BMPR2↑, Smad1/5↑

Chen et al. (2016b), Chen et al. (2017)

• 0.3, 1, 3 PAECs • ROS↓, TGF-β1↓, RhoA↓, p-Cdc42↓,
p-Cofilin↓, Nrf2↑, HO-1

Hypoxia-induced
EndoMT in HPAECs

— PAECs • CD31↑, ROS↓, p-Smad1/5↑, p-Smad2/
3↓, p-ERK↓, p-cofilin↓

Yuan et al. (2017b)

Magnesium
lithospermate B

Hypoxia-induced PAH • 5, 15 PASMCs • α-SMA↑, SM 22α↑, OPN↓, Cyclin D1↓ (Li et al., 2019a; Li et al., 2019b)
• NOX2↓, NOX4↓, VPO1↓, HOCl↓, p-ERK↓

Osthole MCT-induced PAH • 10, 20 — • p-NF-κB p65↓, IκBα/β↑, TNF-α↓, COX-
2↓, IL-1β↓, IL-6↓

Li et al. (2017), Yao et al. (2018), Yue et al.
(2020)

— — • RPL15, Cathepsin S, Histone H3.3,
HMGB1

Hypoxic PASMCs — PASMCs • TGF-β1↓, p-Smad2↓, p-Smad3↓, p-P38/
P38↓, cyclin D1↓, CDK4↓, cyclin E1↓,
CDK2↓, p53↑, p27↑, p21↑)
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deciphered the novel function of osthole against PAH, which
identified the most related target proteins as RPL15, Cathepsin S,
Histone H3.3, and HMGB1 (Yao et al., 2018). Therefore, osthole
is purposed to be a candidate for new drug development to
prevent or treat PAH.

Notably, based on their anti-inflammatory, antioxidant, and
anti-proliferative properties, more phenolic acids are explored
in preclinical studies for the treatment of PAH. For example,
honokiol alleviates MCT-induced PAH by reducing the
expression of CyPA and autophagy markers (Wang X. et al.,
2019); magnolol ameliorates pneumonectomy and MCT-
induced PAH in rats through inhibition of Akt/ERK1/2/
GSK3β/β-catenin pathway (Chang et al., 2018); paeonol
ameliorated the hypoxia-induced PASMC proliferation in an
ERK1/2-dependent manner (Zhang L. et al., 2018); apple
polyphenol reversed pulmonary vasoconstriction through
enzyme expression and cation channel activities, thus has
effects of PASMC relaxation and PAEC protection (Hua
et al., 2018); carvacrol attenuated the pulmonary vascular
remodeling by partly promoting PASMC the intrinsic
apoptotic pathway (Zhang et al., 2016); and schisandrin B
mediated vascular relaxation evoked by a direct effect on
PASMCs via TGF-β1downstream signal pathways (Wu
J. et al., 2017). Moreover, chlorogenic acid, a widely
distributed acid, inhibited hypoxia- and MCT-induced PAH
via regulating the c-Src-mediated signaling pathway (Li QY.
et al., 2015). Ursolic acid exerted beneficial effects on PAH-
induced RV dysfunction and remodeling by regulating PPARα-
dependent fatty acid metabolism (Gao X. et al., 2020). Ellagic
acid ameliorated MCT-induced PAH via exerting the
antioxidative property inhibiting NLRP3 inflammasome
signal pathway in rats (Tang et al., 2015).

2.3.4 Traditional Herbal Medicine-Derived Glycosides
Glycosides are naturally occurring substances and have strong
therapeutic potential and clinical utility (Khan et al., 2019). In

treating PAH, numerous glycosides from THM, such as
astragaloside IV, salidroside, asiaticoside, ginsenoside Rb1, and
notoginsenoside R1, possess outstanding effects, which have one
or multi-targets hits during the process of PAH pathogenesis in
hypoxia- or MCT-induced experimental models. The identified
mechanisms of the frequently studied glycosides are summarized
in Table 6, and their chemical structures are depicted in
Figure 3D.

Astragaloside IV, a high-purity component extracted from
Astragalus membranaceus, has been confirmed to possess
various pharmacological effects, including antioxidative,
anti-inflammatory, cardioprotective, and anticancer (Zhang
J. et al., 2020; Wei et al., 2020; Yin et al., 2020). Recent studies
have investigated the anti-inflammation effect of astragaloside
IV on hypoxia- or MCT-induced PAH in rats and suggested
that it decreases the levels of ET-1, Ang II, TNF-α, and IL-6 in
hypoxia-induced PAH (Zhang X. et al., 2018) and attenuates
the vascular remodeling in experimental PAH through
inhibiting the NLRP-3/calpain-1 pathway (Sun et al., 2021).
Additionally, astragaloside IV treatment suppressed the
expression levels of Jagged-1, Notch-3, and Hes-5 and then
inhibited the pulmonary vascular remodeling in vitro and in
vivo mainly through the Notch signaling pathway (Yao et al.,
2021). Therefore, astragaloside IV affects multiple targets,
including NLRP-3 inflammasome, calpain-1, and Notch-3,
to reverse PAH.

As a medicinal plant with broad application prospects, the
ability of Rhodiola to treat PAH in rodents has been proven
(Kosanovic et al., 2013). However, due to the unclear material
basis, the mechanical actions of Rhodiola in the treatment of PAH
are limited. For this reason, in-depth studies were focused on
salidroside, the pivotal active ingredient in Rhodiola, for its
therapeutic effects and pharmacological mechanisms in PAH.
Huang et al. found that salidroside attenuated hypoxia-induced
PAH by elevating PASMCs apoptosis via an A2aR-related
mitochondria-dependent pathway (Huang et al., 2015).

TABLE 6 | Glycosides as THM-derived active components for PAH treatment.

Active
components

Experimental model Dose (mg/kg
body weight)

Cellular
targets

Mechanisms identified References

Astragaloside IV Hypoxia-induced PAH • 10, 50 PASMCs • ET-1↓, Ang II↓, TNF-α↓, IL-6↓ Zhang et al. (2018d),
Yao et al. (2021)• 2 — • PCNA↓, Jagged-1↓, Notch-3↓, Hes-5↓

MCT-induced PAH • 40, 80 PAECs • NLRP-3↓, caspase-1↓, ASC↓, IL-18↓, IL-1β↓,
calpain-1↓

Sun et al. (2021)

Salidroside Hypoxia-induced PAH • 16, 32, 64 PASMCs • A2aR↑ Huang et al. (2015),
Chen et al. (2016a)• 2, 8, 32 PASMCs • PCNA↓, p-AMPKα1↑, AMPKα1↑, P53↑,

P27↑, P21↑, Bax/Bcl-2↑, Cl-caspase 9↑, Cl-
caspase 3↑

Asiaticoside Hypoxia-induced PAH • 50 PASMCs • TGF-β1↓, p-Smad2/3↓ Wang et al. (2015b),
Wang et al. (2018b)• 50 PAECs • ET-1↓, NO↑, cGMP↑, p-Akt/Akt↑, p-eNOS/

eNOS↑
Ginsenoside Rb1 Hypoxic PASMCs — PASMCs • SOCE↓ Jiang et al. (2007),

Wang et al. (2015a)MCT-induced PAH • 10, 40 — • CaN↓, NFAT3↓, GATA4↓
Notoginsenoside
R1

Hypoxia–hypercapnia-induced
pulmonary vasoconstriction

• 8, 40, 100 PASMCs • p-ERK/t-ERK↓, ERK1↓, ERK2↓ Xu et al. (2014)
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Additionally, salidroside inhibited PASMCs proliferation
induced by chronic hypoxia via AMPKα1-P53-P27/P21
pathway and reversed apoptosis resistance via AMPKα1-P53-
Bax/Bcl-2-caspase 9-caspase 3 pathway (Chen M. et al., 2016).
Hence, the regulation of apoptosis is believed to be the key
mechanism of salidroside in treating chronic hypoxia-
induced PAH.

Asiaticoside is a saponin monomer isolated from THM
Centella asiatica, which has a therapeutic effect on hypoxia-
induced PAH in rats. It is mainly through blocking TGF-β1/
SMAD family member 2/3 signaling, inducing apoptosis in
PASMCs (Wang XB. et al., 2015), promoting NO production
mediated by enhancing the phosphorylation of serine/
threonine-specific protein kinase/eNOS, and
preventing apoptosis in endothelial cells (Wang X. et al.,
2018).

Ginsenoside Rb1, the bioactive ingredients of roots from
Panax ginseng, is one of the most frequently studied natural
ingredients with multiple pharmacological effects, including
anti-inflammation (Gao H. et al., 2020), neuroprotection
(Chen H. et al., 2020), antiviral (Kang et al., 2021), and
myocardial protection (Li CY. et al., 2020). Ginsenoside
Rb1 is also one of the components in total ginsenosides.
Previous research studies confirmed that total ginsenoside is
effective in improving the MCT-induced PAH and its
secondary RHF, mainly through the antioxidative effect
(Qin et al., 2008; Qin et al., 2016). In addition, ginsenoside
Rb1 attenuated ET-1-induced contractile response via
increasing pulmonary vasodilation (Wang RX. et al., 2015).
Besides, ginsenoside Rb1 also alleviates cardiac hypertrophy
induced by MCT via regulating the expressions of cardiac
hypertrophic biomarkers such as CaN, NFAT3, and GATA4

(Jiang et al., 2007). In general, ginsenoside Rb1 improves PAH
and its secondary RHF through the joint regulation of the lung
and heart, supporting it as a promising new drug worthy of
further study.

Notoginsenoside R1, a major bioactive saponin extracted from
THM Panax notoginseng, exhibits potent anti-inflammatory,
neuroprotective, anti-ischemia-reperfusion injury
characteristics and anti-apoptosis properties (Guo et al., 2019).
Recent research studies hypothesized that notoginsenoside R1
attenuated the activation of the ERK pathway, further inhibiting
the hypoxia-hypercapnia-induced vasoconstriction (Xu et al.,
2014). Subsequently, Zhao et al. reported the preventive effect
of Panax notoginseng saponin injection via regulating the
p38MAPK pathway on a rat model of hypoxia-induced PAH
(Zhao et al., 2015).

Recently, the elucidation of the mechanisms of PAH by
various components has also become the main direction of
THM researchers. For example, glycosides, including
polydatin, paeoniflorin, echinacoside, and punicalagin, have
prevention and treatment effects on hypoxia-induced PAH in
rodents (Miao et al., 2012; Shao et al., 2016; Gai et al., 2020; Yu
et al., 2020). Among them, polydatin reverses remodeling
through suppressing the expression of PKC, increasing the

level of NO, and decreasing the Ang II and ET contents (Miao
et al., 2012); paeoniflorin ameliorates BMPR2
downregulation-mediated EndMT and thereafter improves
Su5416/hypoxia-induced PAH in rats (Yu et al., 2020);
echinacoside has a beneficial effect on hypoxia-induced
PAH through regulating PA endothelium and smooth
muscle function (Gai et al., 2020). Punicalagin treatment
protects against hypoxia-induced endothelial dysfunction
and PAH in rats via antioxidant actions (Shao et al., 2016).
In addition, ruscogenin also exerts dose-dependent effects on
MCT-induced PAH through the inhibition of the NF-κB
signaling pathway.

At present, numerous studies focused on the PAH treatment by
glycosides have shown that they exert therapeutic effects by affecting
inflammation, oxidative stress, proliferation, cell apoptosis, cell cycle
metastasis, and ion channels. Among them, anti-inflammation and
antioxidation are the most prominent, which are mainly achieved by
suppressing the NLRP-3 signal and inhibiting the TGF-β1/Smad2/3
signaling and ERK signaling pathways.

2.3.5 Other Active Components Derived From
Traditional Herbal Medicine
In addition to the four types of active components derived from
THM reviewed above, other types of THM ingredients were also
reported on their effects treating PAH. For example, volatile oil,
terpenes, and polysaccharides from THM also contain potential
active ingredients against the development of PAH.

Basigin (Bsg), a transmembrane glycoprotein, promotes
cell proliferation, myofibroblast differentiation, and matrix
metalloproteinase activation. Cyclophilin A (CyPA) binds to
its receptor Bsg and elevates PASMCs proliferation and
inflammatory cell recruitment. The latest study reported
that celastrol could be a novel drug for PAH and associated
RHF in models induced by MCT, hypoxia, or SU5416/hypoxia
that inhibits the expression of Bsg and CyPA (Kurosawa et al.,
2021). Triptolide, which has the same source as celastrol, also
has a beneficial effect on MCT-induced PAH by promoting
regression of PA neointimal formation (Faul et al., 2000).
Interestingly, dihydroartemisinin, an artemisinin derivative
used to treat malaria, also possesses an excellent effect on
treating MCT-induced PAH, mainly through downregulating
β-catenin and upregulating the Axin2/GSK-3β, further
attenuating the vascular remodeling (Tang et al., 2020).
Moreover, it inhibits proliferation, migration, and oxidative
stress in hypoxia-induced HPAECs, and autophagy is believed
to be the underlying mechanism (Yu et al., 2018).
Representative terpene saponins, including glycyrrhizin,
18β-glycyrrhetinic acid, all isolated from the widely used
THM Glycyrrhiza uralensis Fisch., alleviate the MCT-
induced PAH in rats. As the inhibitor of high mobility
group box-1, glycyrrhizin attenuates the pulmonary
vascular remodeling and PAH (Yang et al., 2014).
Similarly, 18β-glycyrrhetinic acid improves the MCT-
induced PAH by inhibiting oxidative stress in rats (Zhang
M. et al., 2019).
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Recently, astragalus polysaccharides have been shown
to significantly improve MCT-induced PAH by inhibiting the
NF-κB signaling pathway, promoting eNOS synthesis and the
secretion of NO, and further improving pulmonary vascular
remodeling (Yuan LB. et al., 2017). In short, although the
activity of the natural antioxidant polysaccharides against
PAH was reported, their mechanism is still undefined.

3MECHANISMSOF TRADITIONALHERBAL
MEDICINE-DERIVED ACTIVE
COMPONENTS FOR PULMONARY
ARTERIAL HYPERTENSION TREATMENT
IN RODENTS

MCT, hypoxia, and sugen/hypoxia-induced PAH are the main classic
models for preclinical PAH studies. The PAHpathogenesis combined
with chemical information of THM yields potential molecular targets
of treating PAH, and the in vivo and/or in vitro effects of these targets
can be further investigated. Here, in order to clarify the interaction
between the key targets of THM in the treatment of PAH and to
provide ideas for the discovery of further combination drugs and new
therapeutic targets, the behaviors of active components of THM in the
treatment of MCT-, hypoxia/sugen-, and hypoxia-induced PAH are
shown, respectively, in Figures 4, 5. As shown in Figure 4, the
mechanisms of different THM-derived active compounds in the
MCT-induced PAH mouse model are summarized. For example,
ursolic acid alleviates PAH by regulating the PPARα-FoxO1-LC3

signaling pathway and inhibiting autophagy. For fibrosis-related
pathways, quercetin inhibits the miR-204-PARP1-HIF-α pathway
to reduce the expression of α-SMA,MMP2, and other fibrosis-related
proteins. Baicalin, icariin, colchicine alkali, and salvianolic acid inhibit
the expression of fibrosis-related proteins by inhibiting the TGF-
β-smad2/3 pathway. Formononetin and isolicorice inhibit the PDGF-
BB-ERK1/2-PCNA signaling pathway to regulate the excessive
proliferation of PASMCs. Tetrandrine suppresses the expression of
oxidative stress-related factors glutathione peroxidase, superoxide
dismutase, catalase, and endothelial nitric oxide synthase to relieve
pulmonary hypertension. Mechanisms for hypoxia-induced PHA are
summarized in Figure 5, illustrating that THM-related active
components inhibit cell autophagy, apoptosis, cycle, and other
processes, then affect cell migration, smooth muscle cell
proliferation, oxidative stress, fibrosis, and inflammation, and
finally inhibit the occurrence and development of pulmonary
hypertension. For instance, osthole, dashensu, berberine, and
asiaticoside inhibit the phosphorylation of samd2/3 by inhibiting
TGF-β, thereby inhibiting pulmonary fibrosis, whereas quercetin
inhibits the phosphorylation of ERK by inhibiting GPR78, thereby
affecting the cell apoptosis to relieve PAH.

4 LESSONS LEARNED FROM
TRADITIONAL CHINESE MEDICINE
THEORY AND FUTURE CHALLENGES
Although numerous preclinical and clinical studies of THM have
proved their efficacy against PAH, large multi-center clinical

FIGURE 4 | Role and mechanisms of frequently studied active components derived from THM in treating MCT-induced PAH.
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trials are still recommended and expected. There are many
challenges and difficulties in conducting clinical trials for
THM. First, the material basis of THM is less clear, making
the settings of exposure-response and toxic-effect studies more
complex. Secondly, there are obvious differences between
experimental rodent models and patients in PAH disease
development. In addition, the patient’s medication compliance
should be taken into account in the clinical trials. Moreover, since
the oral medication is the main approach of THM, the solubility
and bioavailability of THM-derived components should be
carefully considered in clinical trials (Gambini et al., 2015; Liu
et al., 2016).

The advantage of THM in treating cardiovascular diseases
(Yang J. et al., 2020) and chronic diseases such as bronchitis
(Yang, 2017), pulmonary fibrosis (Zhang et al., 2021), and
immune disorders (Liu W. et al., 2020) is convincing since it
is less likely to cause drug resistance and has lesser side effects.
Notably, the safety evaluation of THM-derived active ingredients
is also essential. However, it should be emphasized that alkaloids
have shown specific toxicity (Edgar et al., 2015). MCT, a kind of
pyrrolizidine alkaloids found in more than 6000 natural pant
species worldwide, can induce hepatic cirrhosis megalocytosis,
PAH, and RHF (Ghodsi and Will, 1981; Kay et al., 1982). Aconiti
Lateralis Radix Praeparata and Fritillariae Thunbergii Bulbus
show certain aggravated cardiotoxicity in the treatment of
experimental PAH, which is attenuated by the co-presence of

ginseng (Zhuang et al., 2016; Huang et al., 2018). This strategy
also proved a TCM theory that certain herbal combinations may
serve to “detoxify” in a prescription.

Interestingly, PAH may alter the intestinal flora and fecal
microbiota composition (Callejo et al., 2018; Thenappan et al.,
2019). Moreover, the composition and metabolism of gut
microbiota can be modulated by THM, and conversely, gut
microbiota can also transform THM compounds (Feng et al.,
2019a). This is consistent with another classic TCM theory
that the lung and the intestine are on the outside/inside of
each other. Indeed, the THM-derived active components are
the medicinal substances of PAH, and the metabolites or
secondary metabolites produced by the active ingredients
through a series of processes in vivo may also have a
therapeutic effect on PAH. Some THM directly exert their
beneficial effects on lung infection at least in part through
intestinal flora or intestinal lung signals (Lu et al., 2019; Lee
et al., 2021). However, whether some of the THM’s beneficial
effects on PAH could be through the regulation of intestinal
flora remains an open question to be explored further. Similarly,
whether the THM metabolites in the body influence PAH has
also become a new direction for anti-PAH drug development in
the future.

It is worth pointing out that reverse pharmacology is a
strategy uniquely suited for anti-PAH THM discovery
(Figure 6). First of all, the clinical THM collections with

FIGURE 5 | Role and mechanisms of frequently studied active components derived from THM in treating sugen-hypoxia/hypoxia-induced PAH.
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high safety and reliable efficacy provided the directions for
preclinical research. For instance, the discovery of
artemisinin was inspired by the ancient TCM classics books
and completed after numerous clinical and experimental tryouts
(Tu, 2011). So we can achieve the goal of screening safe and
effective drug candidates based on the clinical practices of TCM.
Secondly, the identification of THM components and the level
of pharmacokinetics in the body are the material basis for
post-clinical research. Since there is insufficient evidence to
clarify the transformation process and limited understanding
of ADME processes of THM, it is difficult to determine which
active components play a key role in the pathological process
and target changes of the disease (Hao et al., 2014). Therefore,
accurate chemical group analysis is currently an important
means for THM to find target organs/tissues/cells in the body.
At present, the global detection and identification of target or
non-target components can be found through a single mass
spectrometry analysis. At the same time, the realization of the
structural analysis of the components is a quick way to find
compounds with similar components. For example, based on
the characteristics of PAH ion channel disorder and
accumulation of inflammation in lung tissue, the
cardiovascular drug tanshinone IIA sodium sulfonate,
which is commonly used in clinics to regulate ion channels
and inhibit inflammation, has been found to have a better
improvement effect on experimental PAH (Huang et al.,

2009; Jiang et al., 2016; Bao et al., 2020). Furthermore, the
preclinical PAH model was established in vivo and in vitro to
verify the efficacy of the THM. Moreover, the potential targets
and pathways can be confirmed through preclinical
experiments and molecular biotechnology. Finally, as a
potential drug candidate for the treatment of PAH, it must
undergo further clinical and large-scale verification.

To verify the efficacy of THM in different PAHmodels in vivo,
combined multi-omics technologies, including transcriptomics,
proteomics, metabolomics, single-cell sequencing, and 16S
sequencing have become emerging tools for tapping the
interactive pathways and multiple targets during the THM
treatment (He et al., 2017). In vitro, the use of omics to
perform high-throughput screening of the primary ingredients
and tissue-specific metabolites obtained in the early stage has
become an important means to consolidate true active
ingredients that are most relevant to PAH. Based on the
currently identified PAH pathogenic targets or pathways, high-
throughput screening of other components with the common
nucleus structure can be applied to discover the new drugs.
Finally, the established targets of THM components should be
explored and verified in the PAH setting to “repurpose” the old
drug. At present, clinical trials for sodium tanshinone IIA and
sulfonate tetramethylpyrazine have been launched, and successful
outcomes will offer novel and natural drugs for treating PAH. The
pathogenic mechanism/target and component combinative

FIGURE 6 | Proposal of reverse pharmacology to discover potential new drug candidates derived from THM that can treat PAH.
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analysis of PAH will provide further opportunities for THM. The
potential targets obtained could be verified through preclinical
studies such as animal models and cell models to further guide the
development of new drugs.

5 CONCLUSION AND FUTURE
PERSPECTIVES

THM are valuable natural sources for discovering and
developing novel drugs for preventing and treating PAH
with unique properties. Over half of the current drugs and
formulations are derivatives of active components from THM.
Currently, most anti-PAH THMs are in the early stage of
preclinical research. Compared to the clinical application of
the 12 FDA-approved drugs for the treatment of PAH
(tadalafil, sildenafil, Riociguat, bosentan, ambrisentan,
macitentan, epoprostenol, room-temperature stable
epoprostenol, treprostinil, inhaled treprostinil, inhaled
iloprost, and oral treprostinil), there is only limited use of
THM or a combination of Chinese and Western medicine to
improve the complications of PAH patients by TCM
physicians, due in part to the lack of large-scale and multi-
center RCT evidence for the efficacy and safety.

Although the diagnosis and treatment approaches of
Chinese medicine are fundamentally different from modern
medicine, evidence-based Chinese medicine and the
integration of Chinese medicine principles and medication
with modern science and medicine is an area of tremendous
ongoing interest and effort (Wang J. et al., 2018). Generally, the
role of THM in PAH treatment is weaker than that of chemical
drugs. THM is characterized by the individual adjustment of
multiple components and multiple targets, enabling the body
to transform from an abnormal to normal state, while chemical
drugs are primarily for a single target (Xiang et al., 2018). For
example, sildenafil and vardenafil, which are approved to treat
PAH by FDA, can inhibit phosphodiesterase-5 (PDE-5) and
prevent the lungs from breaking down the natural substances
that cause blood vessel relaxation. Riociguat can cause

pulmonary artery cells to produce more cyclic GMP, which
is a substance that relaxes the pulmonary artery. Proved by
numerous studies, the efficacy of resveratrol for PAH was
attributed, in part, to reduced PASMC proliferation,
increased eNOS and NO bioavailability, reduced oxidative
stress, decreased inflammatory cytokine levels, and
decreased lung leukocyte infiltrate and iNOS levels
(Chicoine et al., 2009).”

In this review, we summarize the updated clinical investigation
and trials, preclinical findings on the chemical basis,
pharmacological efficacies, action targets, and identified
mechanisms of THM and their active components for the
PAH therapeutics. Moreover, inspired by traditional Chinese
medicine theory, a reverse pharmacology strategy is proposed
here to guide the bedside-bench-bedside drug discovery and
transformation of THM in the PAH setting.
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GLOSSARY

ADAMTS-1 A disintegrin-like and metalloproteinase with
thrombospondin type 1vmotif

AhR Aryl hydrocarbon receptor

Ang II Angiotensin II

Bax Bcl2-associated X

Bcl2 B-cell lymphoma-2

BMP Bone morphogenetic protein

BMPR2 Bone morphogenetic protein receptor 2

CaMKII Calmodulin-dependent kinase II

CAT Catalase

CDK2 Cyclin-dependent kinase 2

CDK4 Cyclin-dependent kinase 4

CFDA China Food and Drug Administration

COX-2 Cyclooxygenase-2

CXCR4 C-X-C motif chemokine receptor 4

CyPA Cyclophilin A

CytoC Cytochrome c oxidase

eNOS Endothelial nitric oxide synthase

EPO Erythropoietin

EPOR Erythropoietin receptor

ERK1 Extracellular regulated protein kinase 1

ERK2 Extracellular regulated protein kinase 2

ERS Endoplasmic reticulum stress

ET-1 Endothelin-1

FDA U.S. Food and Drug Administration

FoXO1 Forkhead box proteins 1

GATA4 GATA-binding protein 4

GSH Glutathione synthetase

GSK3β Glycogen synthase kinase-3β

HIF1α Hypoxia-inducible factor 1-alpha

HMGB1 High mobility group protein B1

HO-1 Heme oxygenase-1

ICAM-1 Intercellular adhesion molecule-1

IL-10 Interleukin-10

IL-1β Interleukin-1β

IL-6 Interleukin-6

iNOS Inducible nitric oxide synthase

vWF von Willebrand factor

ATG5 Autophagy protein 5

IRE1α Inositol-requiring enzyme 1α

MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemotactic protein-1

MCT Monocrotaline

MDA Malondialdehyde

MMP2 Matrix metalloproteinase-2

MMP7 Matrix metalloproteinase-7

MMP-9 Matrix metalloproteinase-9

mTOR Mammalian target of rapamycin

NADPH Nicotinamide adenine dinucleotide phosphate

NFAT3 Nuclear factor of activated T cells 3

NFATc2 Nuclear factor of activated T cells cytoplasmic 2

NF-κB Nuclear factor kappa-B

NLRP-3 Nod-like receptor pyrin containing-3

NO Nitric Oxide

NOX1 NADPH oxidase 1

NOX4 NADPH oxidase 4

Nrf2 Nuclear factor erythroid 2-related factor 2

p38MAPK Mitogen-activated protein kinase

PA Pulmonary artery

PASMCs Pulmonary artery smooth cells

NOS Nitric oxide synthase

PAH Pulmonary arterial hypertension

PARP1 Poly ADP-ribose polymerase-1

PCNA Proliferating cell nuclear antigen

PDE4D cAMP-specific 3’,5’-cyclic phosphodiesterase 4D

PDGF-Rβ Platelet-derived growth factor β receptor

PDK1 3-Phosphoinositide dependent kinase-1

PED5 Phosphodiesterase type-5

PI3K Phosphoinositide 3-kinase

PKA Protein kinase A

PKG Protein kinase G

PP2A Protein phosphatase 2A

PPAR-γ Peroxisome proliferator-activated receptor-γ

PASMCs Pulmonary artery smooth muscle cells

RCT Randomized controlled trials

RHF Right heart failure

RhoA ras homolog family member A

ROCK Rho-associated coiled-coil containing protein kinase

ROS Reactive oxygen species

RPL15 60S ribosomal protein L15

sGC Soluble guanylyl cyclase

SIRT1 Silent information regulation 2 homolog1

Skp2 S-phase kinase-associated protein 2

Smad3 Smad family member 3
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SOCE Store-operated Ca2+ entry

SOD Superoxide dismutase

SOD1 Superoxide dismutase 1

SQSTM1 Sequestosome-1

STAT3 Signal transducers and activators of transcription 3

TCM Traditional Chinese medicines

TGF-β1 Transforming growth factor-β1

THM Traditional herbal medicine

TNFα Tumor necrosis factor-alpha

TrkA Tyrosine receptor kinase A

TRPC1 Short transient receptor potential channel 1

TRPC6 Short transient receptor potential channel 6

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor.
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