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Editorial on the Research Topic

Therapeutic Effects of Herbal Medicines: How Can We Best Investigate Bioactive Metabolites?

Since ancient times, natural products have always been used as remedies for more or less serious
pathologies. The great advantage of traditional medicine lies above all in the wealth of experience
obtained “in the field” by experimenting with different natural products and different preparations to
deal with specific diseases.

Only recently, starting from the information of traditional medicine, an attempt has been made to
apply a more “scientific” approach, trying to actually evaluate which molecules present in the natural
preparation have the therapeutic effect.

The awareness of being able to “take a cue” from the natural world in the process of developing
new drugs has also developed from this approach, especially as these compounds are generally well
tolerated and with reduced (or no) side effects.

In this context, therefore, traditional medicine plays a predominant role in the discovery of new
drugs based on natural products, leading to the continuous need to study new herbal matrices for
pharmaceutical and nutraceutical purposes, coupled with a continuous progress of the techniques
applied to the characterization of natural matrices and to the evaluation of the observed biological
activities, in order to better identify the bioactive compounds.

Herbal medicines contain hundreds or even thousands of primary and secondarymetabolites, and it
is a vital task for pharmacologists to explore which components contribute to the therapeutic effects of
herbal medicines and which compounds do not. The complexity and low content of the chemical
constituents of these metabolites in herbal medicines pose complex challenges. Up to now, the active
components of most herbal medicines remain obscure, which hinders further pharmacological study
and development of herbal medicines. In this scenario, the possibility of evaluating and characterizing
herbal medicines is of great importance in order to obtain a product that is safe for human health,
standardized, whose effects have been studied and evaluated from all points of view.

In general, the absorption of these metabolites needs to be understood in order to evaluate their
potential therapeutic effects. Up to now, pharmacologists have tried many methods and techniques
to explore the pharmacodynamics of herbal medicines. This includes the in vivo characterization of
metabolites by pharmaco-metabonomics techniques or ex vivo models focusing on the delivery, for
example, in the gastrointestinal tract.

In this Research Topic, the main goal aims to attract innovative original contributions in the
interdisciplinary area in order to understand the relative impact of different compounds/compound
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classes to reported pharmacological effects, but also to highlight
the state of the art on profiling of metabolites’ pharmacokinetics
in vivo, on new unreported biological activities or biological
targets, and on new bioactive compounds as leads for the
pharmaceutical industry.

This result can be achieved through a multidisciplinary
approach that involves not only pharmacology and botany,
but also disciplines such as analytical chemistry (which
guarantees the quality and reproducibility of data),
pharmaceutical chemistry, physiology, and biochemistry.

Through an integration of these disciplines and
knowledge, it is possible to describe and characterize most
of the observed.

In the papers accepted after peer review in this Research Topic,
it is also highlighted that in recent years the search for products of
natural origin that can be used as they are or as lead compounds
for the pharmaceutical development of new drugs is increasingly
a central element of scientific research.

What we have seen so far has foundations in the traditional
use of many products of plant origin, as highlighted by Zeng
et al., Fan et al., and Wang et al. Today these uses are being
rediscovered, however, trying to follow a more scientific and
systematic approach, associating what has been traditionally
observed with chemical characterization and innovative
techniques for evaluating biological activity in order to find
a possible correlation. Han et al., Wan et al., Zheng Li et al., and
Xu et al., which report approaches to proteomics,
metabolomics and new strategies, respectively, amply
highlight this.

Other authors such as He et al., Gao et al., and Yang et al.,
focus their attention on specific markers of some native products
and try to evaluate their targets and their respective biological
effects.

Jing et al., Gao et al., Hui-Yu Li et al., and Zixuan Li et al.,
instead closely evaluate traditional uses with respect to specific
pathways involved in various pathologies.

Nan et al., Xuerui Wang et al., and Su et al., instead evaluate
how pills and capsules containing natural products can show
therapeutic and/or preventive effects against human pathologies.
Interesting the work of Pan et al., which reports how
metabolomics studies carried out by hyphenated analytical
approaches of LC-MS allow to evaluate and correlate the
effects of EGCG on A549 cells.
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Sarcandra glabra (Thunb.) Nakai is a folk medicine with a long history in China, which has
been applied to treat sore throat, abscess, even tumor and so on. Meanwhile, it is also
used as tea in some areas. At present, more than 200 chemical compounds have been
isolated and identified from it, such as, sesquiterpenes, flavonoids, phenolic acids,
coumarins and so on. Pharmacological studies have already confirmed that the
extracts of S. glabra have many effects, such as antibacterial, antiviral, anti-
inflammatory, anti-tumor, and anti-thrombocytopenia, especially the effects of anti-
tumor and anti-thrombocytopenia are confirmed in clinic. Therefore, this paper
systematically summarized the traditional uses, botany, phytochemistry, pharmacology,
and toxicity of S. glabra, in order to provide a beneficial reference of its further research.

Keywords: Sarcandra glabra (Thunb.) Nakai, traditional uses, phytochemistry, pharmacology, toxicity

INTRODUCTION

S. glabra is a perennial evergreen plant belonging to the Chloranthaceae family, and its resources are
widely distributed throughout China, Japan, Korea, and Southeast Asia (Xu et al., 2011). S. glabra is
commonly called Zhong Jie Feng in Chinese, because its ripe fruits resemble shiny red coral beads, it is
also known as Cao Shan Hu. Meanwhile, after soaking S. glabra in hot water for a period of time, it
will emit attractive aroma and taste delicious. Therefore, it is also regarded as tea in some areas (Yang,
1992; Han et al., 2013), also known as Jiu Jie Cha.
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S. glabra has high medicinal value. S. glabra has been used as a
folk medicine since the Qing Dynasty (Chen and Li, 2015),
commonly applied by numerous ethnic groups in clinical
practice in China, such as Han, Miao, Dong, Yao, Zhuang,
etc., which has been officially listed in Chinese Pharmacopoeia
since 1977. Traditionally, S. glabra is widely used to treat
traumatic fracture, joint swelling and pain, sore throat,
abscess, bleeding, and other diseases (Jia and Li, 2005). In
modern clinical practice, it also has been applied to treat
upper respiratory tract infection (Li, 2003), pneumonia (He
et al., 2003), gastritis (Chen et al., 2012), viral myocarditis (Li,
2004), tumor (Cong et al., 2005; Song, 2017), and
thrombocytopenia (Jiang and Zhou, 2003; Su and Luo, 2009),
with significantly clinical therapeutic effect. Owing to the
advantages of definite clinical effect, good safety, and
abundant resources, many Chinese patent medicines with S.
glabra as primary ingredient have been developed in modern
times, 38 kinds of which have been approved for marketing by the
State Food and Drug Administration of China (Figure 1).

In recent decades, considerable work has been done on
pharmacology and phytochemistry of S. glabra. Many studies
have proved that S. glabra exhibits a plenty of pharmacological
effects, such as anti-inflammatory (Tsai et al., 2017), antibacterial
(Jiang et al., 2000), antiviral (Cao et al., 2012), anti-tumor (Zhang
et al., 2014), antioxidant (Liu et al., 2016), and anti-
thrombocytopenic effects (Lu et al., 2018b). So far, over 200
chemical compounds have been isolated from S. glabra, including
sesquiterpenes, flavonoids, coumarins, phenolic acids, lignans,
anthraquinones and steroids. Among them, flavonoids are
considered to be important bioactive components in S. glabra,
which are also closely related to anti-thrombocytopenic activity of
S. glabra (Xu et al., 2005). However, findings on pharmacology

and phytochemistry are still difficult to comprehensively reflect
its pharmacological effects and mechanisms, most
pharmacological studies are still focused on exploring the
activity of crude extracts, and the correlation between
pharmacological effects and chemical components has yet to
be fully established. Thus, there are many issues that deserve
further investigation.

At present, reviews on S. glabra are not comprehensive enough
(Han and Wu, 2017; Yang, 2017), and the chemical constituents
and mechanism of pharmacological effects are deficiency, which
impedes further research of S. glabra. In this paper, we used
“Sarcandra glabra” as the keywords to collect information related
to S. glabra fromWeb of Science, Science Direct, Springer, Google
Scholar, PubMed, China National Knowledge Infrastructure
(CNKI), and other professional websites, as well as classic
books of herbal medicine. This paper intended to make a
comprehensive and systematic review about S. glabra, so as to
enhance further understanding of its traditional uses, botany,
phytochemistry, pharmacology, and toxicity. This paper would
also provide a beneficial reference for its in-depth research,
development and utilization.

BOTANY

The genus Sarcandra comprises three accepted species worldwide
(Chen and Cheng, 1994). Sarcandra glabra (Thunberg) Nakai is a
species of the genus Sarcandra, widely distributed in the south of
the Yangtze River in China, as well as other Asian countries,
including Korea, Japan, Malaysia, Philippines, Vietnam, India,
etc. (Zhou, 1993; Chen and Cheng, 1994). It is a semi-shade plant,
prefers a warm and humid environment, but avoids direct

FIGURE 1 | Chinese patent medicines made from S. glabra.
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sunlight, thus, it usually grows in ravines, slopes, valleys, and wet
places under forests.

S. glabra derives from the dried whole plant of Sarcandra
glabra (Thunb.) Nakai (synonym: Chloranthus glaber (Thunb.)
Makino), which belongs to the genus Sarcandra of the
Chloranthaceae family. It is a perennial evergreen subshrub
with a height of approximately 50–120 cm. Its stem is erect,
usually branched, and the nodes of the stem and branches are
obviously swollen, which also have obvious longitudinal grooves
and ridges between the nodes. Its leaves are opposite, leathery or
papery, and glabrous on both surfaces. The shape of leaves is
ovate or oval, about 6–17 cm long and 2–6 cm in wide. Its leaves
are similar to tea leaves, the apex is acuminate, the base is wedge-
shaped, the edges are serrated, and the marginal teeth are hard
bone. Its petiole is approximately 1 cm in length. The stipule is
small, like a sheath. There are small yellow-green flowers on the
top of the branches, with a fragrant smell, no perianth, and cluster
into spikes. S. glabra is monoecious, in which the stamens are
clubbed to cylindrical, while the pistil is globose. Its fruit looks
like pearl, which turns into shiny red at maturity, about 3–4 mm
in diam. The florescence ranges from June to July, and the fruit
period is from August to October. The whole plant of S. glabra is
shown in Figure 2 [(Cheng, 1982), http://ppbc.iplant.cn/sp/
15108].

TRADITIONAL USES

S. glabrawas first found in the Tang Dynasty’s medical book “Ben
Cao Shi Yi” (AD 741) under the name of Jie gu mu, and then it
was recorded in the Ming Dynasty’s Plant book “Ru Nan Pu Shi”
(AD 1620) in the name of Shan hu (Chen and Li, 2015). However,

its medicinal value was first appeared in “Sheng Cao Yao Xing Bei
Yao” (AD 1711) in the Qing Dynasty: “Boiling it in water to drink,
reducing fever”. According to “Ben Cao Gang Mu Shi Yi” (AD
1765), S. glabra could treat traumatic injury and fracture. In
traditional clinical practice, S. glabra was effective in the
treatment of joint swelling and pain, sore throat, carbuncle,
tumor, trauma, bleeding, etc. In particular, the production
technology of Miao nationality using S. glabra to treat
traumatic fracture has been included in the list of National
Intangible Cultural Heritage Protection at present (http://www.
ihchina.cn/). Furthermore, in both ancient and modern times, S.
glabra has been commonly used by Miao nationality to treat
postpartum abdominal pain and dizziness; Dong nationality to
treat appendicitis; the nationality of Yao and Zhuang to treat
stomachache, dysentery, and influenza; Dai nationality to treat
gastric ulcer; the nationality of Jinpo and Lahu to treat many
gynecological diseases such as irregular menstruation,
dysmenorrhea, and puerperal metrorrhagia (Jia and Li, 2005).

S. glabra has long been regarded as an edible plant in some
areas. According to the records of Xingan County Chronicles
in Jiangxi Province, people grind S. glabra with salt, rice,
sesame and houttuynia in pottery bowls, then mix it with
well water to drink, which is locally called Lei Cha. Lei Cha has
been popular in the region since the Ming and Qing Dynasties,
at present, Lei Cha in Gannan of Jiangxi Province has been
included in the list of National Intangible Cultural Heritage
Protection (http://www.ihchina.cn/). The Dong, Miao, Shui,
Buyi and other ethnic groups in Guizhou province use S. glabra
to make tea instead of ordinary tea in daily life. Especially, the
Dong people prefer to make camellia oleifera for consumption
through mixing S. glabra tea with glutinous rice, peanuts,
soybeans and other condiments they like. Hence, the above

FIGURE 2 | Sarcandra glabra. (A–C) represent the whole plants (A), inflorescence (B) and fruits (C) of S. glabra.
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TABLE 1 | Compounds presenting in S. glabra.

No Chemical component Extract Part References

Sesquiterpenes
1 Chloranthalactone A Dichloromethane Aerial parts Tsui and Brown (1996)
2 Chloranthalactone B EtOH Whole plant Hu et al. (2009)
3 Chloranthalactone E EtOH Whole plant Zhu et al. (2008b)
4 Chloranthalactone E 8-O-β-D-glucopyranoside EtOH Whole plant Li et al. (2006a)
5 Chloranthalactone F Et2O Leaves Takeda et al. (1993)
6 Chloranthalactone G Dichloromethane Aerial parts Tsui and Brown, (1996)
7 Chloranoside A EtOH Whole plant Hu et al. (2009)
8 Chloranoside B Et2O Leaves Takeda et al. (1993)
9 Chloranthalactone A photodimer Acetone Leaves Okamura et al. (1995)
10 Sarcandralactone A EtOH Whole plant He et al. (2010)
11 Sarcandralactone B EtOH Whole plant He et al. (2010)
12 Sarcandralactone C EtOH Whole plant Ni et al. (2013)
13 Sarcandralactone D EtOH Whole plant Ni et al. (2013)
14 Sarcandralactone E EtOH Whole plant Ni et al. (2013)
15 8β, 9α-dihydroxylindan-4(5),7(11) -dien-8α,12-olide EtOH Whole plant Zhu et al. (2008b)
16 9-hydroxyheterogorgiolide EtOH Whole plant Hu et al. (2009)
17 Shizukanolide E EtOH Whole plant Hu et al. (2013)
18 Shizukanolide F EtOH Whole plant Hu et al. (2013)
19 Shizukanolide H EtOAc Whole plant Zheng et al. (2014)
20 4α-hydroxy-5αH-lindan-8 (9)-en-8,12-olide EtOH Whole plant Li et al. (2011)
21 Chlorajapolide C EtOAc Whole plant Zheng et al. (2014)
22 Sarcaglabrin A MeOH Aerial parts Yang et al. (2020)
23 Glabranol A EtOH Aerial parts Oanh et al. (2010)
24 Glabranol B EtOH Aerial parts Oanh et al. (2010)
25 Sarcaglaboside A EtOH Whole plant Li et al. (2006a)
26 Sarcaglaboside B EtOH Whole plant Li et al. (2006a)
27 Sarcaglaboside C EtOH Whole plant Li et al. (2006a)
28 Sarcaglaboside D EtOH Whole plant Li et al. (2006a)
29 Sarcaglaboside E EtOH Whole plant Li et al. (2006a)
30 Sarcaglaboside F EtOH Whole plant Hu et al. (2009)
31 Sarcaglaboside G EtOH Whole plant Hu et al. (2009)
32 Sarcaglaboside H EtOH Whole plant Hu et al. (2009)
33 Atractylenolide II Et2O Leaves Takeda et al. (1993)
34 Atractylenolide III EtOH Whole plant Wang et al. (2007)
35 Atractylenolide IV EtOH Whole plant Hu et al. (2013)
36 8β,9α-dihydroxyeudesman-4(15),7(11)-dien-8α,12-olide EtOH Whole plant Zhu et al. (2008b)
37 Neolitacumone B EtOH Whole plant Ni et al. (2013)
38 1α,8α,9α-trihydroxyeudesman-3(4),7(11)-dien-8β,12-olide EtOH Whole plant Wang et al. (2012)
39 3-eudesmene-1β,7, 11-triol EtOH Whole plant He et al. (2010)
40 (-)-istanbulin A EtOH Whole plant Zhu et al. (2008b)
41 Istanbulin A EtOAc Whole plant Zheng et al. (2014)
42 Istanbulin B EtOAc Whole plant Zheng et al. (2014)
43 Furanodienone EtOH Whole plant Luo et al. (2005a)
44 (-)-4β,7α-Dihydromadendrane Et2O Leaves Takeda et al. (1993)
45 Spathulenol Dichloromethane Aerial parts Tsui and Brown, (1996)
46 PipelolA EtOH Whole plant Wang et al. (2010a)
47 Sarcaboside A EtOH Whole plant Li et al. (2012a)
48 Sarcaboside B EtOH Whole plant Li et al. (2012a)
49 Glabralide A EtOH Whole plant Yang et al. (2018)
50 Glabralide B EtOH Whole plant Yang et al. (2018)
51 Glabralide C EtOH Whole plant Yang et al. (2018)
52 Sarcandrolide A EtOH Whole plant He et al. (2010)
53 Sarcandrolide B EtOH Whole plant He et al. (2010)
54 Sarcandrolide C EtOH Whole plant He et al. (2010)
55 Sarcandrolide D EtOH Whole plant He et al. (2010)
56 Sarcandrolide E EtOH Whole plant He et al. (2010)
57 Sarcandrolide F EtOH Whole plant Ni et al. (2013)
58 Sarcandrolide G EtOH Whole plant Ni et al. (2013)
59 Sarcandrolide H EtOH Whole plant Ni et al. (2013)
60 Sarcandrolide I EtOH Whole plant Ni et al. (2013)
61 Sarcandrolide J EtOH Whole plant Ni et al. (2013)
62 Sarcaglabrin B MeOH Aerial parts Yang et al. (2020)
63 Sarcaglabrin C MeOH Aerial parts Yang et al. (2020)

(Continued on following page)
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TABLE 1 | (Continued) Compounds presenting in S. glabra.

No Chemical component Extract Part References

64 Shizukaol A EtOH Roots Wei et al. (2019)
65 Shizukaol B EtOH Seeds Wang et al. (2015b)
66 Shizukaol C EtOH Seeds Wang et al. (2015b)
67 Shizukaol D EtOH Whole plant Ni et al. (2013)
68 Shizukaol E EtOH Roots Wei et al. (2019)
69 Shizukaol G EtOH Seeds Wang et al. (2015b)
70 Shizukaol H EtOH Whole plant Ni et al. (2013)
71 Shizukaol I EtOH Whole plant Luo. (2004)
72 Shizukaol N EtOH Seeds Wang et al. (2015b)
73 Sarglabolide A EtOH Seeds Wang et al. (2015b)
74 Sarglabolide B EtOH Seeds Wang et al. (2015b)
75 Sarglabolide C EtOH Seeds Wang et al. (2015b)
76 Sarglabolide D EtOH Seeds Wang et al. (2015b)
77 Sarglabolide E EtOH Seeds Wang et al. (2015b)
78 Sarglabolide F EtOH Seeds Wang et al. (2015b)
79 Sarglabolide G EtOH Seeds Wang et al. (2015b)
80 Sarglabolide H EtOH Seeds Wang et al. (2015b)
81 Sarglabolide I EtOH Seeds Wang et al. (2015b)
82 Sarglabolide J EtOH Seeds Wang et al. (2015b)
83 Sarglabolide K EtOH Seeds Wang et al. (2015b)
84 Chlorajaponilide E EtOH Whole plant Ni et al. (2013)
85 Chlorahololide F EtOH Whole plant Ni et al. (2013)
86 Spicachlorantin F EtOH Whole plant Ni et al. (2013)
87 Chlorahololide D EtOH Roots Wei et al. (2019)
88 Henriol D EtOH Whole plant Ni et al. (2013)
89 Cycloshizukaol A EtOH Roots Wei et al. (2019)
90 Sarglaperoxide A EtOH Seeds Wang et al. (2016)
91 Sarglaperoxide B EtOH Seeds Wang et al. (2016)
92 Dihydrovomifoliol Acetone Whole plant Wu et al. (2012b)
93 Dihydrovomifoliol-O-β-D-glucopyranoside Acetone Whole plant Wu et al. (2012b)
94 Drovomifoliol-O-β-D-glucopyranoside Acetone Whole plant Wu et al. (2012b)
95 Cis-abscisic acid Acetone Whole plant Wu et al. (2012b)
96 β-D-glucopyranosylabscizate Acetone Whole plant Wu et al. (2012b)
97 Asicariside B1 Acetone Whole plant Wu et al. (2012b)

Diterpenes
98 15-hydroxy-12-oxolabda-8-(17),13E-dien-19-oicacid EtOH Whole plant Luo. (2004)
99 12R,15-dihydroxylabda-8 (17),13E-dien-19-oicacid EtOH Whole plant Luo. (2004)
100 12S,15-dihydroxylabda-8 (17),13E-dien-19-oicacid EtOH Whole plant Luo. (2004)
101 9R-12S,15-dihydroxylabda-8 (17),13E-dien-19-oic acid EtOH Whole plant Luo. (2004)

Triterpenes
102 Sarcandroside A MeOH Whole plant Luo et al. (2005b)
103 Sarcandroside B MeOH Whole plant Luo et al. (2005b)
104 Lupeol EtOH Whole plant Luo et al. (2005a)
105 24-hydroxy lupeol EtOH Whole plant Luo et al. (2005a)
106 Betulinic acid Dichloromethane Aerial parts Tsui and Brown, (1996)
107 Ursolic acid EtOH Whole plant Fu and Liang, (2013)
108 Oleanolic acid EtOH Whole plant Fu and Liang, (2013)

Flavonoids
109 Kaempferol Aqueous Whole plant Yuan et al. (2008)
110 Kaempferol-3-O-β-D-glucuronide Aqueous Whole plant Huang et al. (2008)
111 Quercetin EtOH Whole plant Zou et al. (2007)
112 Quercetin-3-O-glucuronide Aqueous Stems Duan et al. (2010)
113 Quercetin-3-O-β-D-glucuronopyranoside methyl ester Aqueous Whole plant Huang et al. (2008)
114 Quercetin-3-O-α-D-glucuronide Aqueous Whole plant Huang et al. (2008)
115 Quercetin-3-O-α-L-rhamnoside EtOH Whole plant Tong et al. (2010)
116 Rutin EtOH Whole plant Fu and Liang, (2013)
117 Hyperoside EtOH Whole plant Fu and Liang, (2013)
118 Epimedin C Aqueous Whole plant Li et al. (2010)
119 Astilbin EtOH Whole plant Wang et al. (2010b)
120 Neoastilbin EtOH Whole plant Wang et al. (2010b)
121 Isoastilbin EtOH Whole plant Wang et al. (2010b)
122 Neoisoastilbin EtOH Whole plant Wang et al. (2010b)
123 Pinostrobin EtOH Whole plant Wang et al. (2007)
124 7-Methylnaringenin EtOH Whole plant Luo et al. (2005a)

(Continued on following page)
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TABLE 1 | (Continued) Compounds presenting in S. glabra.

No Chemical component Extract Part References

125 5-hydroxy-7-methoxy-dihyflavanones EtOH Whole plant Luo et al. (2005a)
126 5-hydroxy-7, 4′-dimethoxyflavanone EtOH Whole plant Wang et al. (2007)
127 (+)-3,3′,5,5′,7-pentahydroxy-diflavanone EtOH Whole plant Zhu et al. (2008a)
128 5-dihydroxy-7,4′-dimethoxy-dihyflavanones Dichloromethane Aerial parts Tsui and Brown, (1996)
129 5,4′-dihydroxy-7-methoxy-dihyflavanones EtOH Whole plant Luo et al. (2005a)
130 5,7,4′-trihydroxy-8-C-β-D-glucopyranosylflavanone Aqueous Whole plant Huang et al. (2008)
131 5,7,3′,4′-tetrahydroxy-6-C-β-D-glucopyranosylflavanone Aqueous Whole plant Yuan et al. (2008)
132 Isoliquiritigenin EtOH Whole plant Zou et al. (2007)
133 2′,4′-dihydroxy-6′-methoxy-dihydrochalcone Dichloromethane Aerial parts Tsui and Brown, (1996)
134 2′,4′-dihydroxy-4,6′-dimethoxy-dihydrochalcone Dichloromethane Aerial parts Tsui and Brown, (1996)
135 2′,6′-dihydroxy-4′-methoxydihydrochalcone Dichloromethane Aerial parts Tsui and Brown, (1996)
136 2′,6′-dihydroxy-4,4′-dimethoxy-dihydrochalcone; calomelanen Dichloromethane Aerial parts Tsui and Brown, (1996)
137 2′-hydroxy-4′,6′-dimethoxy-dihydrochalcone Dichloromethane Aerial parts Tsui and Brown, (1996)
138 2′-hydroxy-4,4′,6′-timethoxy-dihydrochalcone Dichloromethane Aerial parts Tsui and Brown, (1996)
139 3’-(7″-allylphenyl) -2′,4′,4′-trihydroxy-6′- methoxydihydrochalcone EtOH Whole plant Li et al. (2006b)
140 Cilicicone B MeOH Whole plant Zheng et al. (2016)
141 β,2,3′,4,4′,6-Hexahydroxy-α-(α-L-rhamnopyranosyl) dihydrochalcone MeOH Whole plant Zheng et al. (2016)
142 Catechin 3-O-α-L-rhamnopyranoside EtOH Whole plant Li. (2006)
143 Pelargonidin 3-rhamnosylglucoside / Fruits Ishikura. (1971)
144 Cyaniding 3-rhamnosylglucoside / Fruits Ishikura. (1971)
145 Glabraoside A EtOH Whole plant Li et al. (2006b)
146 Glabraoside B EtOH Whole plant Li. (2006)
147 Glabraoside C EtOH Whole plant Wang et al. (2012)
148 Glabraoside D EtOH Whole plant Wang et al. (2012)

Organic acids
149 Rosmarinic acid Aqueous Whole plant Huang et al. (2007)
150 Rosmarinic acid-4-O-β-D-glucoside Aqueous Whole plant Li et al. (2010)
151 Methyl rosmarinate Aqueous Whole plant Huang et al. (2007)
152 Ethyl rosmarinate EtOH Whole plant Zhu et al. (2008a)
153 Caffeic acid Aqueous Whole plant Huang et al. (2007)
154 Caffeic acid ethyl ester EtOH Whole plant Li et al. (2012b)
155 Vinyl caffeate EtOH Whole plant Li et al. (2012b)
156 Caffeic acid 3,4-dihydroxyphenethyl ester EtOH Whole plant Lian. (2006)
157 Chlorogenic acid EtOH Whole plant Li et al. (2012b)
158 Neochlorogenic acid EtOH Whole plant Li et al. (2012b)
159 Cryptochlorogenic acid EtOH Whole plant Li et al. (2012b)
160 Methyl 5-O-caffeoylquinilic acid Aqueous Whole plant Huang et al. (2008)
161 3-O-caffeoylshikimic acid EtOH Whole plant Li et al. (2012b)
162 4-O-caffeoylshikimic acid EtOH Whole plant Li et al. (2012b)
163 5-O-caffeoylshikimic acid EtOH Whole plant Li et al. (2012b)
164 Protocatechuic acid EtOH Whole plant Li et al. (2012b)
165 Isovanillic acid Aqueous Stems Duan et al. (2010)
166 Caryophylic acid Aqueous Whole plant Li et al. (2010)
167 Ferulic acid EtOH Whole plant Li. (2006)
168 N-trans-feruloyltyramine EtOH Whole plant Zhu et al. (2008a)
169 Fumarc acid Aqueous Whole plant Wang and Ma, (1979a)
170 Succinic acid EtOH Whole plant Tong et al. (2010)
171 Phthalic acid EtOH Whole plant Tong et al. (2010)
172 Dibutyl phthalate Aqueous Whole plant Huang et al. (2007)
173 P-hydroxybenzoic acid Aqueous Whole plant Li et al. (2010)
174 3,4-dihydroxy benzoic acid Aqueous Whole plant Huang et al. (2007)
175 3-methoxy-4-hydroxybenzoic acid Aqueous Whole plant Li et al. (2010)
176 Methyl 3,4-dihydroxyphenyll actate Aqueous Whole plant Huang et al. (2007)
177 Benzyl 2-β-glucopyranosyloxybenzoate Acetone Whole plant Wu et al. (2012a)
178 Palmitic acid EtOH Whole plant Wang et al. (2007)
179 Stearic acid EtOH Whole plant Zeng and Luo, (2005)
180 N-pentadecanoic acid EtOH Whole plant Wang et al. (2007)
181 N-docosanoic acid EtOH Whole plant Tong et al. (2010)
182 N-heptadecanoic acid EtOH Whole plant Tong et al. (2010)

Coumarins
183 Esculetin EtOH Whole plant Xu et al. (2008)
184 Isoscopoletin EtOH Whole plant Wang et al. (2010b)
185 Scopletin EtOH Whole plant Xu et al. (2008)
186 Fraxetin EtOH Whole plant Xu et al. (2008)

(Continued on following page)
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records illustrate the safety of S. glabra as a medicine from
another point of view.

PHYTOCHEMISTRY

Since the 1970s, the chemical constituents of S. glabra have gained
the interest of the scholars at home and abroad. Up to now, over
200 compounds have been isolated and identified from S. glabra,
including sesquiterpenes, flavonoids, phenolic acids, coumarins,
lignans, anthraquinones, volatile oil, a small quantity of amino
acids, trace elements, polysaccharides and proteoglycans. Among
them, flavonoids are considered to be the main active
components in S. glabra. The chemical constituents reported
are listed in Table 1 and their corresponding structures are shown
in Figures 3–7.

Terpenoids
There are sesquiterpenes (1–97), diterpenes (98–101) and
triterpenes (102–108) in S. glabra, among them,
sesquiterpenes are the most abundant substances, including
the characteristic components such as chloranthalactone,
chloranoside, sarcandralactone, shizukaol, and sarglabolide.
Sesquiterpenes isolated and identified from S. glabra have been
reported to possess anti-inflammatory, antibacterial and
antitumor effects, etc. (He et al., 2010; Wang P. et al., 2015,
Wang et al., 2016). For instance, chloranthalactone E (3),

atractylenolide III (34) and sarcandrolides A-C (52–54)
exhibited reportedly antitumor effects (Wang et al., 2007; He
et al., 2010), while shizukaol B (65), shizukaol G (69) and
sarglabolide A (73) showed anti-inflammatory activities (Wang
P. et al., 2015). Sarglaperoxide A (90) possessed anti-
inflammatory and antibacterial effects, inhibiting 53.6% nitric
oxide (NO) production at 25 μM and 64.5% Staphylococcus
aureus growth at 25 μg/ml (Wang et al., 2016).

Flavonoids
So far, over 40 flavonoids have been found in S. glabra
(109–148). Flavonoids are the main components within S.
glabra, and now are considered to be the main bioactive
components in the treatment of thrombocytopenia.
Flavonoids are also often used as important indicators to
control the quality of S. glabra. Astilbin (119), as one of the
active components of S. glabra, was reported to play an anti-
thrombocytopenic role in rat bone marrow megakaryocytes by
up-regulating transforming growth factor beta (TGF-β1)
content and down-regulating thermoplastic polyolefin
(TPO) content, which may be the effective component
against thrombocytopenia (Tang et al., 2014). Besides, there
were differences in the content of total flavonoids in different
parts of S. glabra. The content of total flavonoids in leaves
reached 3.17%, which was higher than that in roots (2.38%)
and stems (2.11%) (Li et al., 2007). The results suggested that
the medicinal part could be selected according to the clinical

TABLE 1 | (Continued) Compounds presenting in S. glabra.

No Chemical component Extract Part References

187 Isofraxidin EtOH Whole plant Wang et al. (2007)
188 Scoparone EtOH Whole plant Wang et al. (2007)
189 Fraxidin Aqueous Whole plant Yuan et al. (2008)
190 Scopolin Acetone Whole plant Wu et al. (2012b)
191 Fraxin EtOH Whole plant Xu et al. (2008)
192 Isofraxidin-7-O-β-D-glucopyranoside Aqueous Whole plant Yuan et al. (2008)
193 Eleutheroside B1 EtOH Whole plant Luo et al. (2005a)
194 3,3′-biisofraxidin EtOH Whole plant Wang et al. (2007)
195 4,4′-bisofraxidin EtOH Whole plant Xu et al. (2008)
196 Sarcandracourmarin Aqueous Whole plant Feng et al. (2010)
197 Hemidesmin 1 EtOH Whole plant Zhu et al. (2008a)
198 3,5-dihydroxycoumarin-7-O-α-L-rhamnopyranoside EtOH Whole plant Wang et al. (2015a)

Lignans
199 (-)-(7S,8R)-dihydrodehydrodiconiferyl alcohol EtOH Whole plant Zhu et al. (2008a)
200 (-)-(7S,8R)-dihydrodehydrodiconiferyl alcohol-9-O-α-D-glucopyranoside Acetone Whole plant Wu et al. (2012a)
201 (-)-(7S,8R)-dihydrodehydrodiconiferyl alcohol-9′-O-α-D-glucopyranoside Acetone Whole plant Wu et al. (2012a)
202 (-)-(7S,8R)-dihydrodehydrodiconiferyl alcohol-4-O-α-D -glucopyranoside Acetone Whole plant Wu et al. (2012a)
203 (-)-(7S,8R)-5-Methoxydihydrodehydrodiconiferyl alcohol-4-O-β-D-glucopyranoside Acetone Whole plant Wu et al. (2012a)
204 Syringaresinol monoside EtOH Whole plant Wang et al. (2010b)
205 Styraxiaponoside B EtOH Whole plant Wang et al. (2010b)

Anthraquinones
206 Chrysophanol EtOH Whole plant Fu and Liang, (2013)
207 Emodin EtOH Whole plant Yu et al. (2012)
208 Citreorosein EtOH Whole plant Fu and Liang, (2013)
209 Physcion EtOH Whole plant Yu et al. (2012)
210 Emodin-8-O-β-D-glucopyranoside EtOH Whole plant Fu and Liang, (2013)

Steroids
211 β-sitosterol EtOH Whole plant Wang et al. (2007)
212 Daucosterol EtOH Whole plant Wang et al. (2007)
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FIGURE 3 | (A)Chemical structures of sesquiterpenes (A) identified inS. glabra extract. (B)Chemical structures of sesquiterpenes (A) identified inS. glabra extract.
(C) Chemical structures of sesquiterpenes (A) identified in S. glabra extract. (D) Chemical structures of sesquiterpenes (A), and diterpenes (B) identified in S. glabra
extract. (E) Chemical structures of triterpenes (C) identified in S. glabra extract.
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FIGURE 3 | (Continued).
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FIGURE 3 | (Continued).
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FIGURE 3 | (Continued).
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needs, which was beneficial to the sustainable utilization of S.
glabra.

Organic Acids
At present, more than 20 organic acids have been isolated from S.
glabra (149–182), which can be divided into phenolic acids and
fatty acids. Phenolic acids are important components in S. glabra,
containing rosmarinic acid (149), caffeic acid (153), chlorogenic
acid (157), neochlorogenic acid (158), cryptochlorogenic acid
(159), and other components with significant pharmacological
activities. They might be the bioactive components of S. glabra to
exert antibacterial, anti-inflammatory, and antioxidant effects,
etc. Among them, rosmarinic acid (149) possessed various
pharmacological effects including anti-inflammatory,
antibacterial, antiviral, antioxidant, and anti-tumor effects, its
anti-inflammatory and antioxidant effects were particularly
significant (Nunes et al., 2017). Rosmarinic acid is also one of
the phenolic acids with the highest content within S. glabra,
serving as a marker in Chinese pharmacopoeia for controlling the
quality of S. glabra.

Coumarins
Currently, more than a dozen coumarins have been isolated from
S. glabra (183–198). As the most representative coumarin with
strong pharmacological activity, isofraxidin (187) is used as an
index for controlling the quality of S. glabra and its preparations
by Chinese Pharmacopoeia. Studies have shown that isofraxidin
has a wide range of pharmacological effects (Li et al., 2014; Liu
et al., 2015; Jin et al., 2020), including anti-inflammatory, anti-
viral, and anti-tumor effects, as well as inhibition of platelet
aggregation. Furthermore, 3,3′-biisofraxidin (194) had been

reported to induce gastric cancer cells apoptosis by activating
the mitochondrial-mediated apoptosis pathway (Wu et al., 2015).

Other Compounds
There are lignans (199–205), anthraquinones (206–210) and
steroids (211–212) in S. glabra. Furthermore, there are
abundant volatile components in S. glabra (Yang R. et al.,
2008), mainly including α-pinene, β-phellandrene, and
α-thujene. It also contains 16 kinds of amino acids, such as
aspartic acid, glutamic acid, leucine and so on, six kinds of which
are essential amino acids for human body, as well as trace
elements including iron, zinc, calcium, magnesium and so on
(Yang B. et al., 2008). In addition, acidic polysaccharide and
proteoglycan are also isolated from S. glabra (Liu W. et al., 2017;
Sun et al., 2020).

PHARMACOLOGY

Pharmacological studies have indicated that S. glabra has a wide
range of pharmacological effects, including antibacterial,
antiviral, anti-inflammatory, anti-tumor, anti-oxidant, anti-
thrombocytopenic effects, etc. Pharmacological effects of S.
glabra and its preparations as well as monomeric compounds
were summarized in Table 2, which were described in the
following sections as well.

Antibacterial
Studies had shown that S. glabra possessed a broad spectrum of
antibacterial effects, which had inhibitory effects on
Staphylococcus aureus and its drug resistant bacteria,

FIGURE 3. | (Continued).
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Pseudomonas eruginosa, Escherichia coli, Streptococcus
pneumoniae, Dysentery bacilli, Typhoid and Paratyphoid
bacilli, especially on S. aureus and P. aeruginosa, it showed

strong antibacterial activity (Jiang et al., 2000; Wang and Du,
2008). In vitro experiment demonstrated that S. glabra showed
antibacterial effects through inhibiting the growth of

FIGURE 4 | Chemical structures of flavonoids identified in S. glabra extract.
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Streptococcus mutans along with the activity of its
glucosyltransferase (Huang and He, 2001). Besides, the
aqueous extract of S. glabra could significantly promote the

exosmosis of glucose and aspartate amino transferase in
Helicobacter pylori and its drug-resistant bacteria at the
concentration of 95 μg/ml, indicating that its antibacterial

FIGURE 5 | Chemical structures of organic acids identified in S. glabra extract.
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mechanism may be related to the damage of the outer membrane
barrier (Guo, 2015). Some phenolic acids, coumarins and
flavonoids isolated from the antibacterial fraction of S. glabra
also showed good antibacterial activity (Wang andMa, 1979b; Xu
et al., 2008; Yuan et al., 2008). Fumaric acid and succinic acid had
been proved to have excellent antibacterial effects on S. aureus
and P. aeruginosa (Wang and Ma, 1979b). Isofraxidin (187) and
4,4′-bisofraxidin (195) showed good antibacterial effects on
Porphyromonas gingivalis and Streptococcus transglucosans
respectively, and their corresponding MIC values were
0.078 mg/ml and 0.125 mg/ml (Xu et al., 2008). Also,
Kaempferol-3-O-β-D-glucuronide (110) exhibited a strong
inhibitory effect on S. aureus, and its diameter of bacteriostasis

circle was 14.67 ± 0.08 mm (Yuan et al., 2008). However, the
current pharmacological studies mainly concentrate on in vitro
models, and lack of discussion on the bioactive components and
mechanism of antibacterial effect. Therefore, it is necessary to
further evaluate the antibacterial effect and specific mechanism of
S. glabra on in vivo models.

Antiviral
S. glabra extract (250 mg/kg) could reduce the incidence rate and
mortality of restraint stress mice caused by H1N1 influenza virus
via reducing the pathological changes and the amount of virus in
lung tissue, as well as regulating susceptibility genes and
inhibiting the expression of pro-inflammatory factors (Cao

FIGURE 7 | Chemical structures of lignins, anthraquinones and steroids identified in S. glabra extract.

FIGURE 6 | Chemical structures of coumarins identified in S. glabra extract.
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TABLE 2 | Modern Pharmacological studies of S. glabra.

Effect Model Part of
plant/Extracts or
compound

Positive control Formulation/
dosage

Result/mechanism References

Antibacterial Streptococcus mutans Ethanol / in vitro: 3.125,
6.25, 12.5, 25,
50, 100 mg/ml

Inhibiting the bacterial growth
and its glucosyltransferase
activity

Huang and
He. (2001)

Helicobacter pylori and its
drug-resistant bacteria

The whole plant/
Aqueous

/ in vitro: 95 μg/ml Damaging the function of
outer membrane barrier

Guo. (2015)

Streptococcus mutans Compound 110 / in vitro: 1.0 mg/ml Its diameter of bacteriostatic
circle was 14.67 ± 0.08 mm

Yuan et al.
(2008)

Antiviral Mice infected with H1N1

virus
Ethanol Ribavirin reduced

oxidative stress levels to
alleviate lung injury in mice

in vivo: 75 mg/kg Activating Nrf2/HO-1
pathway to regulate SOD,
MDA, and NO.

Huo et al.
(2020)

Mice infected with A/FM/1/
47 H1N1 virus

Compound 150 The high-dose group
reduced viral replication in
the lungs, and its effect
was similar to that of
ribavirin (50 mg/kg)

in vivo: 20,
50 mg/kg

Reducing pulmonary edema,
inflammatory reaction,
oxidative damage and viral
replication in the lungs

Liu et al.
(2017a)

RNP virus Compound 193 / in vitro: 50 μg/ml Reducing RN mRNA
expression

Wang et al.
(2017)

Anti-inflammatory LPS-induced RAW264.7
macrophage

The whole plant/
Ethyl acetate
extract and
polysaccharide

/ in vitro: 100,
200 μg/ml

Inhibiting RAW264.7 cells
proliferation and NO
expression

Xie et al.
(2010)

LPS-induced RAW264.7
macrophage

Compound 67 / in vitro: 5, 10,
15, 20 μM

Activating akt mediated Nrf2/
HO-1 pathway and inhibiting
NF-κB activation

Wei et al.
(2019)

LPS-induced inflammatory
mice

Compound 187 / in vivo: 1, 5,
15 mg/kg

Down-regulating TNF-α
expression by inhibiting NF-
κB pathway

Liu et al.
(2015)

Anti-tumor Lung cancer cells A-549,
colon cancer cells HCT-29,
gastric cancer cells
BGC-823

Zhongjiefeng
injection

/ in vitro: 3.125,
6.25, 12.5 25,
50 μg/ml

The IC50 values of A-549,
HCT-29 and BGC-823 cells
were 15.18, 29.21 and
38.58 μg/ml respectively

Zhao et al.
(2008)

Non-small cell lung cancer
A549 and H1299

Zhongjiefeng
tablets

/ in vitro: 0.625, 1,
1.25 mg/ml

Up-regulating the TGF-β
pathway to induce P21
expression, blocking the
cancer cell cycle in the G0/G1
phase

Chen et al.
(2018)

Leukemia cells K562 The whole plant/
Total flavonoids

/ in vitro: 25, 50,
100 μg/ml

Down-regulating Bcl-2,
Caspase-3 protein
expression and up-regulating
cleaved Caspase-3 protein
expression

Sun et al.
(2019)

Osteosarcoma cells
MG-63

The whole plant/
Polysaccharide

/ in vitro: 31.25,
62.5, 125 nM

Down-regulating the ERK/
eIF4F/Bcl-XL pathway to
promote the release of
cytochrome C and activate
the caspase protein

Zhang et al.
(2014)

S-180 cell-derived tumor
model mice

The whole plant/
Polysaccharide

/ in vivo: 25, 50,
100 mg/kg

Inhibition of transplanted
tumor growth

Zhang et al.
(2014)

Immune regulation RAW264.7 macrophage
cells

The whole plant/
Polysaccharide

/ in vitro: 25, 50,
100 mg/l

Increasing CD40, CD14
expression, as well as IL-1β,
TNF-α, iNOS and IL-10
mRNA expression, and
decreasing CD16/32
expression

Jiang et al.
(2014)

Restrained stress mice The whole plant/
Aqueous

/ in vivo:
125 mg/kg

Improving immune cells
proportion and number

He et al.
(2009a)

Restrained stress mice The whole plant/
Aqueous

/ in vivo:
125 mg/kg

Partly through improving the
ability of antioxidant to
enhance immunity

He et al.
(2009b)

Antioxidant Hydroxy radical The whole plant/
Aqueous

/ in vitro: 0.2, 0.4,
0.6, 1.2 mg/ml

At the concentration of
1.2 mg/ml, its scavenging
rate reached 89.89%

Qin et al.
(2007)

(Continued on following page)
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et al., 2012). However, the dose used in this study was too high,
and it could be considered to be reduced in future studies. What’s
more, the ethanol extract of S. glabra could reduce pulmonary
edema, inhibit viral replication in lung tissue and alleviate
oxidative stress level in mice infected with H1N1 virus, and its
mechanism may be related to activating nuclear factor-erythroid
2-related factor 2 (Nrf-2)/heme oxygenase-1 (HO-1) pathway to

regulate superoxide dismutase (SOD), malondialdehyde (MDA)
and NO to reduce oxidative stress injury (Huo et al., 2020). In
recent years, it has been found that some components from S.
glabra exhibit antiviral effects (Liu J.-x. et al., 2017; Wang et al.,
2017). Rosmarinic acid-4-O-β-D-glucoside (150) could reduce
the mortality of mice with pneumonia caused by A/FM/1/
47 H1N1 virus at the concentration of 20 and 50 mg/kg (Liu

TABLE 2 | (Continued) Modern Pharmacological studies of S. glabra.

Effect Model Part of
plant/Extracts or
compound

Positive control Formulation/
dosage

Result/mechanism References

DPPH radical The whole plant/
Aqueous

Quercetin and lutin half
scavenging
concentrations were
4.39 mg/L and 7.52 mg/L
respectively

in vitro: 1, 3, 10,
30, 100 mg/l

Its half scavenging
concentration was 13.49 mg/l

Li et al. (2009)

Hydroxy, superoxide anion,
DPPH, and ABTS radicals,
and Fe2+

The whole plant/
Polysaccharide

Ascorbic acid
(0.5–2.0 mg/ml) showed
significant free radical
scavenging activity

in vitro: 0.5, 1.0,
1.5, 2.0 mg/ml

Scavenging these free
radicals effectively and
chelating Fe2+

Jin et al.
(2012)

Mesenchymal stem cells The whole plant/
ethanol,
compound 119
and 149

/ in vitro:
10–100 μg/ml,
and
20–110 μg/ml

Protecting mesenchymal
stem cells from oxidative
stress and hydroxy radical
mediated DNA damage

Liu et al.
(2016)

Anti-
thrombocytopenic

Bone marrow stromal cell-
Megakaryocyte co-culture
system

The whole plant/
Total flavonoids

/ in vitro: 1.95,
3.90, 7.80 μg/ml

Increasing the content of
TPO, SDF-1 and VCAM-1,
and decreasing the content of
TGF-β1

Lu et al.
(2019)

Cytarabine-induced
thrombocytopenia mice

The whole plant/
Total flavonoids

The activity of
prednisolone acetate
(10 mg/kg) in promoting
TPO and C-mpl
expression was weaker
than the extract

in vivo: 31.5, 63.0,
94.5 mg/kg

Promoting the expression of
TPO and its receptor C-mpl

Lu et al.
(2018a)

Cytarabine-induced
thrombocytopenia mice

The whole plant/
Total flavonoids

The activity of
prednisolone acetate
(10 mg/kg) in promoting
SDF-1 and CXCR-4
expression was weaker
than the extract

in vivo: 31.5, 63.0,
94.5 mg/kg

Promoting SDF-1 and its
receptor CXCR-4 expression

Lu et al.
(2018b)

Hepatoprotec-tive Dimethylnitrosamine-
indued liver injury rat

Zhongjiefeng
tablets

/ in vivo:/ Normalizing the serum protein
index, and improving the level
of antioxidant index

Jin and Li.
(1998)

p.acnes-LPS-induced
immunological hepatitis
mice

Extract The inhibitory effect on
ALT activity of cyclosporin
a (1 mg/kg) was 85.84%

in vivo:
125 mg/kg

Inhibiting ALT activity, and the
inhibition rate reached 78.5%

Li et al. (2008)

Hypoglycemic α-glucosidase The whole plant/
Polysaccharide

Acarbose (15.63–250 μg/
ml) inhibited
α-glucosidase activity with
a IC50 value of
148.3 μg/ml

in vitro:
15.63–250 μg/ml

The inhibitory effect of
polysaccharide on
α-glucosidase (IC50 �
49.01 μg/ml) was stronger
than that of positive control

Liu et al.
(2017b)

HFD and STZ-induced
diabetic mice

The whole plant/
Polysaccharide

Polysaccharide was
superior to acarbose
(10 mg/kg) and metformin
(200 mg/kg) in reducing
fasting blood glucose
levels and relieve the
insulin resistance

in vivo: 100,
200 mg/kg

Reducing insulin resistance,
improving lipid metabolism,
increasing glucose utilization
and antioxidant capacity

Liu et al.
(2017b)

Hypolipidemic HFD-induced
hyperlipidemic mice

The whole plant/
Total flavonoids

The hypolipidemic effect
of the high-dose group
was equivalent to that of
lovastatin (4.0 mg/d)

in vivo: 1.0, 2.0,
4.0 mg/d

Decreasing triglyceride, total
cholesterol, and low density
lipoprotein

Ji. (2012)
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J.-x. et al., 2017). Eleutheroside B1 (193) could inhibit the
influenza virus ribonucleoprotein and the expression of RN
mRNA (Wang et al., 2017). These results indicated that S.
glabra has the potential to be developed as new drugs for the
treatment of viral infectious diseases. Thus, in-depth research on
active components and mechanism of antiviral activity should be
taken into consideration.

Anti-Inflammatory
S. glabra showed significant anti-inflammatory activity, which
had a certain degree of inhibitory effect on various inflammation
models. In vitro, Xie et al. confirmed that polysaccharide and
ethyl acetate extracts from S. glabra could inhibit RAW264.7 cell
proliferation andNO expression (Xie et al., 2010). Besides, studies
have proved that sesquiterpenes, phenolic compounds and
coumarins from S. glabra may be the bioactive components of
its anti-inflammatory effect (Liu et al., 2015; Tsai et al., 2017; Wei
et al., 2019). Wei et al. isolated ten sesquiterpenes from the anti-
inflammatory fraction of S. glabra and found that all of them
could inhibit NO production in RAW264.7 cells induced by LPS
(Wei et al., 2019). Among them, shizukaol D (67: 5, 10, 15, and
20 μM) showed the most significant anti-inflammatory effect
with IC50 values of 8.13 ± 0.37 μM, and its mechanism may be
related to activating protein kinase B (AKT) to regulate Nrf2/HO-
1 signaling pathway, thus down-regulating inducible nitric oxide
synthase (iNOS) expression, inhibiting phosphorylated nuclear
factor kappa B (NF-κB) expression along with nuclear
translocation and regulating the activity of oxidation indexes
(Wei et al., 2019). Furthermore, isofraxidin (187: 1, 5, and
15 mg/kg) had also been proven to improve the survival rate
of mice induced by LPS via inhibiting the production of pro-
inflammatory cytokines such as NF-κB, NO, interleukin-6 (IL-6)
along with tumor necrosis factor alpha (TNF-α) and reducing the
damage of inflammatory factors to organs. The mechanism may
be related to the inhibition of TNF-α expression by regulating
NF-κB signaling pathway (Liu et al., 2015). Therefore, S. glabra
may play its anti-inflammatory effect mainly by regulating the
expression of inflammatory factors such as NF-κB, NO, IL-6,
TNF-α and the signal pathways related to inflammation, but how
to regulate them is not completely clear and needs to be further
explored.

Anti-Tumor
S. glabra had been reported to inhibit the growth of gastric cancer,
leukemia, liver cancer, lung cancer and other malignant tumors,
which played an anti-tumor role by regulating cell cycle and
inducing cell apoptosis. Zhongjiefeng injection, a Chinese patent
medicine made from S. glabra, was reported to have a strong
cytotoxicity on human lung cancer A-549, colon cancer HCT-29
and gastric cancer BGC-823, with IC50 values less than 50 μg/ml
(Zhao et al., 2008). Zhongjiefeng tablets, made from S. glabra,
could induce p21 expression by up-regulating TGF-β pathway,
and arrested A549 andH1299 cells in G0/G1 phase, thus inducing
cell apoptosis and inhibiting cell proliferation (Chen et al., 2018).
The total flavonoids extract from S. glabra (25, 50 and 100 μg/ml)
also showed significant inhibitory effect on leukemic K562 cells,
which could promote cell apoptosis by decreasing the expression

of Bcl-2 and caspase-3, and increasing expression of Cleaved
caspase-3 (Sun et al., 2019). The polysaccharide from S. glabra
(SGP-2) could inhibit human osteosarcoma cells U2OS
proliferation and promote U2OS cells apoptosis at the
concentration of 31.25, 62.5, and 125 nM, through down-
regulating extracellular regulated protein kinases (ERK)/eIF4F/
Bcl-XL signaling pathway to promote the release of cytochromes
C and activate caspase protein (Zhang et al., 2014). Moreover, in
S-180 cell-derived tumor mice model, it was further confirmed
that SGP-2 (25, 50, 100 mg/kg) could inhibit the growth of
transplanted tumor and activate endogenous apoptosis
pathway through down regulating ERK-eIF4F pathway (Zhang
et al., 2014).

Immune Regulation
Jiang et al. reported that S. glabra could enhance the clearance
index of macrophages in mice, but it had no obvious effect on
specific humoral immunity, indicating that S. glabramainly acted
on the non-specific immunity of the body (Jiang et al., 2001).
Meanwhile, S. glabra polysaccharide extract played an immune
role through promoting the expression of membrane protein-
related immune molecules and regulating the expression of pro-
inflammatory and anti-inflammatory cytokines in RAW264.7
macrophages (Jiang et al., 2014). Furthermore, S. glabra also
ameliorated immunodepression caused by stress. In restraint
stress model mice, it was found that S. glabra extract
(125 mg/kg) not only increased the number of lymphocytes,
natural killer cells and natural killer T cells, normalized the
ratio of T lymphocyte subsets, but also significantly reduced
the lipid peroxidation level in spleen cells and increased the
activity of oxygen free radicals, which partly through improving
the ability of antioxidant to enhance immunity (He R. R. et al.,
2009; He R. et al., 2009).

Antioxidant
S. glabra extract exhibited strong free radical scavenging ability.
Aqueous extract of S. glabra could scavenge hydroxy free radical
in a concentration-dependent manner, at the concentration of
1.2 mg/ml, the scavenging rate on hydroxy free radical reached
89.89% (Qin et al., 2007). Aqueous extract of S. glabra also had a
significant scavenging effect on DPPH radical, with half
scavenging concentration of 13.49 mg/l (Li et al., 2009). S.
glabra polysaccharide had obvious scavenging effect on
hydroxy, superoxide anion, DPPH, and ABTS radicals (Jin
et al., 2012). The active components of S. glabra also had the
ability of scavenging free radicals. It was found that phenolic acids
isolated from antioxidant active sites, such as rosmarinic acid
(149), chlorogenic acid (157), and cryptochlorogenic acid (159),
as well as flavonoids, such as quercetin-3-O-α-D-glucuronide
(114) and neoastibin (120), showed antioxidant activity with
strong ability of DPPH radical scavenging (Li et al., 2009, Li et al.,
2010). In addition, ethanol extract, astilbin (119) and rosmarinic
acid (149) from S. glabra had been reported to exhibit significant
antioxidant activities, which could directly or indirectly scavenge
reactive oxygen species (ROS) to protect mesenchymal stem cells
from oxidative stress at the concentration of 10–100 μg/ml and
hydroxy free radical mediated DNA damage at the concentration
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of 20–110 μg/ml. More importantly, the antioxidant capacity of
ethanol extract from S. glabra may be related to the presence of
total phenolics, especially astilbin and rosmarinic acid (Liu et al.,
2016). These studies implied that S. glabra had the potential to
treat a variety of diseases associated with oxidative stress. But, the
current studies on antioxidant activity mainly focus on in vitro
models, and a variety of in vivo models should be established to
further evaluate its antioxidant activities, and to explore the
relevant targets and pathways.

Anti-Thrombocytopenic
Nowadays, S. glabra is commonly used to treat hemorrhagic
diseases caused by thrombocytopenia, and its extract has been
made into a Chinese patent medicine in China that are used to
increase the platelets. Experimental studies had shown that S.
glabra extract and its single drug preparation--Xuekang oral
liquid could increase the number of peripheral blood platelets
in mice with immune thrombocytopenic purpura, and the
experimental results also showed that the total flavonoids from
S. glabra (TFSG) was better than positive control (prednisone) in
increasing the platelets (Xu et al., 2005). Besides, in bone marrow
stromal cells-megakaryocyte co-culture system, TFSG (1.95, 3.9,
and 7.8 μg/ml) promoted the differentiation and maturation of
megakaryocytes in the co-culture system, which may be related to
decreasing the rate of stromal cell apoptosis, regulating the
content of cytokines that promote megakaryocyte
differentiation including TPO, stromal cell derived factor-1
(SDF-1), TGF-β1, and vascular cell adhesion molecule-1
(VCAM-1), thereby affecting the state of stromal cells and
secretion function. And the experimental results also suggested
that this may be one of the mechanisms of S. glabra in the
treatment of immune thrombocytopenia (Lu et al., 2019).

At present, most chemotherapeutic drugs can cause bone
marrow suppression and lead to thrombocytopenia, S. glabra
can significantly resist these side effects. Studies had shown
that S. glabra significantly improved thrombocytopenia
induced by 5-FU (Zhong et al., 2005). Based on this, Lu
et al. established thrombocytopenia mice to explore the
mechanism of TFSG on improving thrombocytopenia
induced by chemotherapy (Lu et al., 2018a). The results
demonstrated that TFSG (31.5, 63, and 94.5 mg/kg) could
promote the secretion of TPO from stromal cells in the
bone marrow microenvironment and the corresponding
receptor C-mpl expression in megakaryocytes, then promote
megakaryocyte to release mature platelets by regulating the
TPO-C-mpl pathway. In addition, TFSG (31.5, 63, and
94.5 mg/kg) could also promote the proliferation,
differentiation and maturation of megakaryocytes by
promoting SDF-1 in bone marrow and the corresponding
receptor CXCR-4 expression in megakaryocytes, thereby
accelerating megakaryocyte to produce platelets (Lu et al.,
2018b). These experimental results indicate that TFSG can
promote megakaryocyte proliferation through multiple
pathways and multiple targets, thereby increasing the
number of platelets, but how does the TFSG promote the
secretion of TPO or SDF-1 from stromal cells in the bone
marrow microenvironment and regulate their corresponding

receptors in megakaryocytes are still unclear, and further
studies are needed to clarify.

Hepatoprotective
S. glabra had significant protective effects on various liver injury
models. In rat with liver injury induced by dimethylnitrosamine,
S. glabra could significantly improve the pathological changes of
liver tissue, and it not only normalized the serum protein index,
but also enhanced the level of antioxidant index (Jin and Li,
1998). In mice with liver injury caused by P. acnes-LPS, the
plasma alanine aminotransferase (ALT) activity increased,
however, S. glabra extract could significantly reduce this trend,
and the inhibition rate of high dose of the extract was up to 78.5%
(Li et al., 2008). Meanwhile, 70% ethanol extract of S. glabra and
seven sesquiterpenes from the extract showed significant
hepatoprotective activity in hepatic epithelial stem cells from
WB-F344 rats induced by D-galactosamine, among them,
chloranoside A (7) and sarcaglaboside A-C (25–27) showed
stronger liver protection activity than the positive drug
dicyclool (Li et al., 2006a). Besides, S. glabra also had a good
inhibitory effect on liver fibrosis. It was found that S. glabra
extract reduced the serum liver function indexes (ALT and
aspartate aminotransferase (AST)), liver fibrosis indexes
(hyaluronic acid (HA), procollagen type III (PC-III),
procollagen type IV (C-IV) and laminin (LN)) and tissue
inhibitor of metalloproteinase-1 (TIMP-1) in rats with hepatic
fibrosis induced by CCl4, as well as increasing the level of albumin
(ALB). In particular, it could reduce the content of TIMP-1 to the
normal level, and the related research indicated that the decrease
of TIMP-1 expression contributed to the degradation of liver
fibrosis, so its mechanism may be related to decreasing the
expression of TIMP-1 (Xiong et al., 2015).

Hypolipidemic and Hypoglycemic
In vitro and in vivo experiments, the polysaccharide from S.
glabra showed excellent hypoglycemic effect. In vitro, the
inhibitory effect of S. glabra polysaccharide (SEPR1) on
α-glucosidase (IC50 � 49.01 μg/ml) was significantly stronger
than that of acarbose (IC50 � 148.3 μg/ml). While in diabetic
mice induced by HFD/STZ, SEPR1 (100 and 200 mg/kg) showed
hypoglycemic effect by reducing fasting blood glucose levels and
relieving the insulin resistance, which was better than that of
positive control Acarbose (10 mg/kg) and Metformin
(200 mg/kg). And the experimental results also indicated that
SERP1 could increase the activity of antioxidant enzymes and
decrease MDA level (Liu W. et al., 2017). In addition, total
flavonoids from S. glabra reduced the levels of triglyceride
(TG), total cholesterol (TC) and low-density lipoprotein (LDL-
C) in serum of mice with hyperlipidemia, and the hypolipidemic
effect of the high-dose total flavonoids was similar to that of
positive control (Ji, 2012).

Others
S. glabra also exhibited other pharmacological effects. Aqueous
extract, ethanol extract, and essential oil from S. glabra could
shorten the healing time of experimental fracture in rabbits,
among which aqueous extract had the most significant effect
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in promoting fracture healing (Shi et al., 1980). This
pharmacological study was consistent with the traditional use
of S. glabra in the treatment of fractures, but the specific
mechanism and effective components were still unclear. In
addition, S. glabra had a protective effect on sport-injured
skeletal muscle cells. In exercise-induced injury rats, it could
be observed that the levels of SOD, catalase (CAT) and total
antioxidant capacity (T-AOC) in the skeletal muscle and tissues
of the rats decreased, the levels of MDA, creatine kinase (CK) and
lactate dehydrogenase (LDH) increased, meanwhile, related
inflammatory factors such as TNF-α, interleukin-18 (IL-18)
and IL-1β levels increased. After the intervention of S. glabra
polysaccharide, these indexes were significantly improved,
suggesting that S. glabra polysaccharide could promote the
repair and remodeling process of skeletal muscle structure
after injury (Liu, 2015; Wang et al., 2020).

TOXICITY

From the long-term medicinal and edible history, it can be found
that S. glabra is a kind of medicine food homology herb with good
safety. Zhang et al. indicated that the maximum tolerance dose of
aqueous extract of S. glabra in mice was more than 20 g kg−1·bw,
without obvious genetic toxic effect, and there was no
pathological damage in rats fed with the extract for 90 days at
a dosage of 1.67, 3.33, and 5 g kg−1·bw (Zhang et al., 2016). These
results were consistent with the findings of Xia et al. Xia et al.
(1996) and Sun et al. Sun et al. (1998). In their studies, the results
of the acute toxicity test, genetic toxicity test and teratogenicity
test of aqueous extract of S. glabra were negative, suggesting that
S. glabra had almost no obvious toxicity. However, these studies
have only evaluated the toxicology of aqueous extract of S. glabra,
and have not yet systematically evaluated the toxicology of its
ethanol extract or other extracts. Therefore, future toxicological
studies need more abundant experimental models, multiple types
of S. glabra extracts or its active ingredients for further evaluation.

DISCUSSION AND PROSPECT

As a traditional Chinese medicine, S. glabra has a long history of
medicinal use and definite clinical curative effect. It is
traditionally used to treat many diseases, including joint
swelling and pain, sore throat, carbuncle, traumatic fracture,
tumor, bleeding, etc. Because of its significant pharmacological
effects, such as antibacterial, antiviral, anti-inflammatory, anti-
tumor and anti-thrombocytopenic effects that are found in
modern studies, S. glabra has attracted extensive attention.
After decades of efforts by scholars, research on S. glabra has
achieved certain results on chemical constituents and
pharmacological effects. However, there is still a lot of work
needs to be further explored. The future research of S. glabra can
be considered from the following aspects:

Firstly, S. glabra has used as a folk medicine in China for more
than 300 years, and a great quantity of folk empirical
prescriptions with remarkable therapeutic effect also have

appeared. Among them, the production technology of Miao
nationality using S. glabra to treat traumatic fracture has been
included in the list of National Intangible Cultural Heritage
Protection. Nevertheless, research on the relationship between
the traditional efficacy and its modern pharmacological activity
has not yet been thoroughly investigated. Therefore, we should
look for the potential pharmacological effects of S. glabra on the
basis of its traditional application. For instance, “Fen Lei Cao Yao
Xing”, an herbal medicine book written in the Qing Dynasty (AD
1906), recorded that S. glabra was used to treat rheumatic
numbness, arthralgia and myalgia. Nevertheless, there is
currently a lack of modern pharmacological studies of S.
glabra on rheumatic arthritis. S. glabra has the effect of
clearing heat and detoxification, which has a good reputation
as “natural antibiotics” in folk, and is often used to treat infective
inflammation caused by bacteria and virus in clinic, showing
remarkable therapeutic effects. Modern pharmacological research
has found that S. glabra possesses significant antibacterial,
antiviral, and anti-inflammatory effects, which scientifically
explains its heat-clearing and detoxifying effects. However,
studies on antibacterial, antiviral, and anti-inflammatory
effects of S. glabra are still in its infancy. Thus, more
experiments are urgently needed to clarify its bioactive
components and mechanism of action, in order to further
establish the correlation between the traditional application
and the modern pharmacological activity of S. glabra.

Secondly, more than 200 chemical constituents have been
isolated from S. glabra, such as sesquiterpenes, flavonoids,
phenolic acids, coumarins, lignans, anthraquinones, etc.
However, related research on the pharmacological effects and
targets of these components are still insufficient. There are
relatively more studies on isofraxidin and rosmarinic acid,
which have been used as markers to control the quality of S.
glabra, but they are not only the characteristic chemical
components in S. glabra (Alagawany et al., 2017; Majnooni
et al., 2020), and whether they are the main active
components of S. glabra remains to be confirmed. Therefore,
the chemical constituents of S. glabra need to be further excavated
in order to find more potentially active and specific compounds.

Thirdly, S. glabra has a good inhibitory effect on leukemia,
gastric cancer, liver cancer and other malignant tumors. Ji et al.
reviewed that S. glabra mainly played an anti-tumor role by
inhibiting proliferation, inducing apoptosis, inhibiting
telomerase activity and improving immune function (Ji et al.,
2016). However, the active components, related targets and
signaling pathways of its antitumor effects are still unclear.
This suggests that the active components of antitumor effect
may be polysaccharide, flavonoids, rosmarinic acid, isofraxidin,
3,3′-biisofraxidin, as well as atractylenolide Ⅲ, and the
mechanism may be related to regulating ERK-eIF4F signaling
pathway, along with apoptosis-related protein including Bcl-2,
Bax and caspase-3. Nevertheless, the anti-tumor research on S.
glabra is not comprehensive enough, its effective anti-tumor
components and related mechanism still need to be further
studied in the future.

Finally, S. glabra possesses an excellent anti-
thrombocytopenic effect. In 2013, Dong et al. summarized the
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research advance of S. glabra on thrombocytopenia diseases, and
found that the effective part of S. glabra against
thrombocytopenia was total flavonoids, which could promote
megakaryocytes proliferation to increase the platelets (Dong et al.,
2013). However, how S. glabra regulated megakaryocytes
proliferation was not discussed in their review. In this paper, we
summarized the mechanism of S. glabra against thrombocytopenia,
and found that total flavonoids of S. glabra could promote
megakaryocytes proliferation through regulating the content of
cytokines promoted megakaryocyte differentiation including TPO,
SDF-1, TGF-β1 along with VCAM-1 and promoting the expression
of SDF-1 and TPO in bone marrow microenvironment as well as
their corresponding receptors CXCR-4 and C-mpl in
megakaryocytes. Furthermore, Xuekang oral liquid, a single plant-
based drug extracted from S. glabra, has a remarkable curative effect
on primary and secondary thrombocytopenic purpura,
thrombocytopenia caused by chemotherapy and radiotherapy,
without side effects, which is a unique Chinese patent medicine
for increasing the platelets in China (Xu et al., 1997; Shi, 2009). At
present, research on Xuekang oral liquid mainly focuses on clinical
trials, and there are few studies on its active components and
mechanism. In addition, isofraxidin rather than flavonoids is
stipulated as a marker by Chinese Pharmacopoeia to control the
quality of Xuekang oral liquid, thus, the components of anti-
thrombocytopenic effect still need to be further studied.

In summary, S. glabra with a long history and widely
distributed resources, has been widely used for anti-bacterial,
anti-viral, anti-inflammatory, anti-tumor, and anti-
thrombocytopenia in clinic. S. glabra as an excellent
traditional medicine for the sufficient experience in traditional
medicine as well as remarkable curative effect, is also a kind of
medicine and food homologous plant with great development
potential, which is worthy of in-depth research and exploration in
the field of medicine.
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Naofucong Ameliorates High Glucose
Induced Hippocampal Neuron Injury
Through Suppressing P2X7/NLRP1/
Caspase-1 Pathway
Guangchan Jing1, Huanyuan Wang2, Fengwei Nan3, Yuqin Liu4 and Mengren Zhang1*

1Department of Traditional Chinese Medicine, Peking Union Medical College Hospital, Peking Union Medical College and Chinese
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Beijing, China

P2X7/NLRP1/caspase-1 mediated neuronal injury plays an important role in diabetic
cognitive impairment and eventually inflammatory cascade reaction. Chinese herbal
compound Naofucong has been mainly used to treat cognitive disorders in Traditional
Chinese Medicine The present study aimed to investigate whether its neuroprotective
effects might be related to the inhibition of P2X7R/NLRP1/caspase-1 mediated neuronal
injury or not. In this study, high glucose-induced HT22 hippocampal neurons were used to
determine Naofucong-containing serum neuronal protective effects. Lentiviruses knock
out of TXNIP and P2X7R was used to determine that protective effects of Naofucong was
related to inflammatory response and P2X7/NLRP1/caspase-1 mediated neuronal injury.
NAC was also used to inhibit oxidative stress, so as to determine that oxidative stress is an
important starting factor for neuronal injury of HT22 cells cultured with high glucose.
Naofucong decreased apoptosis, IL-1β and IL-18 levels in high glucose-induced HT22
hippocampal neuron cells. Naofucong suppressed NLRP1/caspase-1 mediated neuronal
injury, and P2X7 was involved in process. HT22 cells cultured in high glucose had an
internal environment with elevated oxidative stress, which could promote neuronal injury.
The current study demonstrated that Naofucong could significantly improve high glucose-
induced HT22 hippocampal neuron injury, which might be related to suppress P2X7R/
NLRP1/caspase-1 pathway, which provides novel evidence to support the future clinical
use of Naofucong.

Keywords: naofucong, pyroptosis, high glucose, hippocampal neurons, TCM

INTRODUCTION

Diabetes mellitus (DM) is a kind of glucose metabolic disorder involving multiple system damage
(Xu et al., 2013). And, DM can cause cognitive decline, manifested as impaired attention, motor
speed, executive function and verbal memory, which seriously affects people’s health (Palta et al.,
2014). Thus, to explore pathogenesis and corresponding therapeutic targets of diabetic cognitive
impairment is an important measure to treat diabetic complications. Many studies have shown that
diabetes is an autoimmune and low-grade inflammatory disease, and that inflammatory responses

Edited by:
Shuai Ji,

Xuzhou Medical University, China

Reviewed by:
Seon-Heui Cha,

Hanseo University, South Korea
Xiao-Ping Pu,

Peking University Health Science
Center, China

Peng Luo,
Xijing Hospital, Fourth Military Medical

University, China

*Correspondence:
Mengren Zhang

xh02742@163.com

Specialty section:
This article was submitted to

Ethnopharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 29 December 2020
Accepted: 28 April 2021
Published: 20 May 2021

Citation:
Jing G, Wang H, Nan F, Liu Y and

Zhang M (2021) Naofucong
Ameliorates High Glucose Induced

Hippocampal Neuron Injury Through
Suppressing P2X7/NLRP1/Caspase-

1 Pathway.
Front. Pharmacol. 12:647116.

doi: 10.3389/fphar.2021.647116

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6471161

ORIGINAL RESEARCH
published: 20 May 2021

doi: 10.3389/fphar.2021.647116

31

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.647116&domain=pdf&date_stamp=2021-05-20
https://www.frontiersin.org/articles/10.3389/fphar.2021.647116/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.647116/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.647116/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.647116/full
http://creativecommons.org/licenses/by/4.0/
mailto:xh02742@163.com
https://doi.org/10.3389/fphar.2021.647116
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.647116


play an important role in diabetic cognitive dysfunction (Romeo
et al., 2012). There are many factors and pathways in the damaged
neurons of diabetic patients that can cause the inflammatory
cascade, and P2X7/NLRP1/caspase-1 is one of the most
important pathways.

P2X7/NLRP1/caspase-1 pathway is an important pro-
inflammatory pathway, which depends on caspase-1 activation
and followed by inflammatory cascade. Under endogenous and
exogenous stimulation, apoptosis-related spot-like protein (ASC)
activates pro-caspase-1 (Doitsh et al., 2014). It interacts with
nucleotide binding oligomerization domain-like receptor protein
1 (NLRP1), which is involved in formation of inflammosomes
and activation of caspase-1 (Tan et al., 2015; White et al., 2017;
Park et al., 2018). Activated caspase-1 induces the activation of
downstream cytokines such as IL-1β and IL-18. Then, cells release
intracellular substances such as lactate dehydrogenase (LDH),
mediating cell damage. During cell injury, ion channel opening
induced by ATP release and binding purine receptor P2X7 is one
of the classic pathways of NLRP1 inflammasome activation
(Meng et al., 2014). More and more studies have shown the
important pathophysiological function of P2X7 receptor (P2X7R)
in central nervous system diseases (Divirgilio, 2007). Recent
studies have found increased expression of NLRP1, ASC and
Caspase-1 in STZ-induced diabetic cortical neurons (Meng et al.,
2014). Therefore, P2X7R/NLRP1/caspase-1 mediated neuronal
injury plays an important role in diabetic cognitive impairment
and eventually inflammatory cascade reaction Bartlett et al.
(2014), Sperlágh and Illes (2014), which may provide a new
target for the prevention and treatment of diabetic cognitive
impairment.

Naofucong is a compound preparation based on traditional
Chinese medicine theory and modern pharmacology. NFC
consisted of ginseng, salvia, polygonum multiflorum, leeches,
poria, berberine, and calamus. Among these herbs, it has been
reported that ginseng has beneficial effects in diabetes, and Panax
ginseng roots extracts and Polygonum multflorum extracts could
improve the learning and memory ability (Jing et al., 2020).
Clinical practice has shown that it can significantly improve
cognitive dysfunction in diabetics. Animal experiments have
also shown that Naofucong can improve the learning and
memory function and shorten the incubation period and
duration of water maze in diabetic rats through up-regulating
the expression of insulin-like growth factor-1 (IGF-1) and glial
fibrillary acidic protein (GFAP) and decreasing the expression of
nuclear factor-κB (NF-κB) in hippocampus (Zhang et al., 2004;
Jing et al., 2020). Our previous studies showed that Naofucong
could play a role in improving high glucose-induced neuronal
injury (Jing et al., 2016). However, its specific mechanism is
unknown. In this study, high glucose-induced HT22
hippocampal neurons were used to determine Naofucong-
containing serum neuronal protective effects. Lentiviruses
knock out of TXNIP and P2X7R was used to determine that
protective effects of Naofucong was related to inflammatory
response and P2X7R/NLRP1/caspase-1 mediated neuronal
injury. This study can provide novel evidence to support the
future clinical use of Naofucong.

MATERIALS AND METHODS

Preparation of Naofucong
Naofucong (NFC) Granules consists of the following dried raw
materials: Panax ginseng C.A.Mey. [Araliaceae; Ginseng radix et
rhizoma], Salvia miltiorrhiza Bge. [Lamiaceae; Salviae
miltiorrhizae radix et rhizoma], Polygonum multiflorum
Thunb. [Polygonaceae; Polygoni multiflori radix], Poria cocos
(Schw.) Wolf [Polyporcee; Poria], Coptis chinensis Franch.
[Ranunculaceae; Coptidis rhizoma], Whitemania pigra
Whitman [Hirudinidae; Hirudo] and Acorus tatarinowii
Schott. [Araceae; Acori tatarinowii rhizoma] (1:3:3:1:1:1:1).
These 7 herbs were purchased from Medicinal Materials
Company of Beijing Tongrentang (Batch Number: X,157,631),
processed by Beijing Kangrentang Pharmaceutical Co., LTD,
China, which was prepared into an aqueous solution.

For preparation of the NFC decoction, the mixed crude drugs
were soaked with stilled water at room temperature (25°C) for 2 h.
For the first decoction, the drugs were refluxed with 10-fold of
water (1:10, w/v) for 1.5 h before filtered. For the second
decoction, the drug residues were refluxed with eightfold of
water (1:8, w/v) before filtered. The two decoctions were then
mixed together and concentrated in vacuum. The concentrated
decoction was freeze-dried with an extraction yield of 19%. Then
the NFC extract was stored under −80°C and well suspended in
water before use.

UPLC/Q-TOF-MS Analysis
The freeze-dried powders of NFC decoction water extract
(20 mg) was dissolved in 10 ml of distilled water and then
filtered with a 0.22 mm membrane before analysis. UPLC/MS
analysis was performed on a UPLC system coupled with XEVO
G2 Q-TOF mass spectrometer via an ESI source (Waters Corp.
Milford, MA). For UPLC separation, 2 μL of sample solution was
injected into an ACQUITY HSS T3 C18 column (100 × 2.1 mm,
1.7 μm, Waters). The mobile phase consisted of ACN (A) and
water containing 0.1% (v/v) formic acid (B). Linear gradient
elution was applied (0–5min, 5–30% A; 5–10min, 30–40% A;
10–20min, 40–65% A; 20–25min, 65–90% A) at a flow rate of
0.4 ml/min. The column temperature was 45°C. ForMS detection,
accurate mass was maintained by the LockSpray interface of
sulfadimethoxine (309.0658 [MH]−). The operating parameters
in negative ion mode were as follows: capillary voltage, 3.0 kV;
cone voltage, 30 V; desolvation gas flow rate, 750 L/h; source
temperature, 120°C; desolvation temperature, 350°C. MS data
were acquired in centroid mode and processed by MassLynx
software (Waters, version 4.1).

Preparation of Animals and
Naofucong-Containing Serum
SPF grade male SD rats (weighing 200–220 g, No. SCXK 2007–004)
were provided by Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China), andwere kept in the clean animal feeding room
of the animal experimental center, with a humidity of 60% and a
temperature of 20–22°C. Rats were kept in a cage and fed freely. After
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3 days of adaptive feeding, intragastric administration (Naofucong
4.667 g/kg) was performed, twice per day, for 3 days. After
administration, 5 ml/kg 1% pentobarbital sodium was injected
intraperitoneally, blood was collected from the abdominal aorta,
and Naofucong-containing serum was obtained by centrifugation.
Serum was filtered through 0.22 μm filters, inactivated at 56°C for
30 min. This study was performed under the supervision of the
Animal Care and Use Committee of Peking Union Medical College
Hospital.

Group Processing of Cell Experiments
HT22 (immortalized mouse hippocampal neuronal) cells were
kindly provided by Cell bank, Institute of Basic Medicine,
Peking Union Medical College. HT22 cells were maintained in
DMEM (dulbecco’s modified eagle medium)/high-glucose
media (Hyclone, Logan, Utah) containing 10% fetal calf
serum (Hyclone, Logan, Utah) and were incubated at 5%
CO2/95% O2 incubation at 37°C. Cells were treated with
control (Con, 5.5 mmol/L of glucose) or high-glucose (HG,
75 mmol/L of glucose) medium for 48 h. Besides, 10%
Naofucong-containing serum (NFC) and N-acetyl-L-
cysteine (NAC, 10 mmol/L) were carried out in high-
glucose medium for 48 h.

Preparation of RNAi Lentivirus Clones
The linearized vector was obtained by restriction enzyme
digestion; The primers were annealed to prepare the target

fragment; The primers were designed to add restriction sites
at both ends of the primers, and after annealing, the primer
contained the same restriction sites as the two ends of the
linearized clone vector. Linearized carrier and annealing
product were used to prepare the reaction system, and the
products were directly transformed. Monoclones were
selected from the plate for PCR identification, and the
positive clones were sequenced and the results were
analyzed. The high purity plasmid was obtained by
expanding culture and extraction of the correct clone
bacteria liquid.

Biochemical Assay
After treatment of cells according to experimental grouping
requirements, the supernatant of cells was collected for the
detection of Cell Counting Kit-8 (CCK-8, C0037, Beyotime,
China), Lactate dehydrogenase (LDH, C0017, Beyotime,
China), Interleukin-1β (IL-1β, PI301, Beyotime, China) and
Interleukin-18 (IL-18, PI553, Beyotime, China). The
experimental process was carried out according to
instructions.

TUNEL Apoptosis Assay
One Step TUNEL Apoptosis Assay Kit (C1088, Beyotime, China)
is a sensitive, rapid and simple method for apoptosis detection.
For cells that have been fixed, the apoptotic cells presenting green
fluorescence can be detected by fluorescence microscope after

TABLE 1 | Related chromatographic mass spectrometric data of compound in naofucong granule.

No Rt m/z Proposed fomula ppm MSn Identification

1 5.23 197.0455 C9H9O5 1.08 MS2 [197]179; MS3 [179]135 Tanshinol
2 13.67 342.1705 C20H24NO4 −1.49 [342]297,298,265,311; [297]265,282 Magnoflorine
3 14.76 417.0830 C20H17O10 1.36 MS2 [417]373,175,197; MS3 [373]175,197 Salvianolic acid G
4 15.15 537.1037 C27H21O12 0.95 MS2 [537]339,295; MS3 [339]295,321,185 Lithospermic acid
5 15.17 557.1301 C27H25O13 1.16 MS2 [557]313,243,211,405,285 Piceatannol 4′-galloylglucoside
6 15.69 717.1466 C36H29O16 1.54 MS2 [717]519,321; MS3 [519]321,339 Salvianolic acid L
7 16.02 359.0774 C18H15O8 1.25 MS2 [359]161,179(24),197,223(13); MS3 [161]133 Rosmarinate
8 17.24 717.1458 C36H29O16 0.8 MS2 [717]519,321; MS3 [519]321,339 Salvianolic acid L
9 17.28 322.1079 C19H16NO4 0.52 [322]307,308,294 Thalifendine
10 18.04 493.1138 C26H21O10 0.91 MS2 [493]295; MS3 [295]159,185,277,157 Salvianolic acid A
11 18.17 493.1138 C26H21O10 0.88 MS2 [493]295; MS3 [295]159,185,277,157 Salvianolic acid A
12 19.34 338.1372 C20H20NO4 −1.53 [338]323,324,294; [323]294,307,308 Jatrorrhizine
13 19.57 338.1392 C20H20NO4 0.52 [338]323,324,294; [323]294,307 Columbamine
14 20.13 336.1215 C20H18NO4 −1.51 [336]321,320,308; [321]292,293 Berberine
15 20.93 320.0904 C19H14NO4 −1.11 [320]292,290,293; [292]277,264 Coptisine
16 22.59 352.1549 C21H22NO4 −2.00 [352]337,336,338; [337]308,320 Palmatine
17 23.19 336.1214 C20H18NO4 −1.67 [336]321; [321]292,318 Epiberberine
18 31.19 497.3273 C31H45O6 1.12 MS2 [497]419,435,420,417,269 Poricoic acid A
19 32.75 269.0455 C15H9O5 1.08 MS2 [269]225,269,226,241,201 Emodin or Aloe-emodin
20 35.34 469.3324 C30H45O4 1.13 MS2 [469]423,407,337,333,409 3,16-Dihydroxylanosta-7,9 (11),24-trien-21-oic acid
21 35.99 471.3481 C30H47O4 1.19 MS2 [471]409,337,410,425,407 16 -Hydroxytrametenolic acid
22 36.41 481.3325 C31H45O5 1.28 MS2 [481]412,421,403,344,382 Poricoic acid C
23 37.13 297.1476 C19H21O3 0.28 MS2 [297]279,251; MS3 [279]279,264 Cryptotanshinone
24 37.36 529.3534 C32H49O6 1.02 MS2 [529]453,469,511,451,470 3-O-acetyl-16,26-dihydroxytrametenolic acid
25 37.39 483.3482 C31H47O4 1.35 MS2 [483]437,337,421; MS3 [437]421 Dehydrotumulosic acid
26 40.16 481.3325 C31H45O4 1.25 MS2 [481]311,388,403,335,421 Poricoic acid C
27 41.1 529.3536 C32H49O6 1.27 MS2 [529]483,460,393,392,461 3-O-acetyl-16, 27-dihydroxytrametenolic acid
28 41.15 483.3482 C31H47O5 1.32 MS2 [483]437,421,423; MS3 [437]421 Dehydrotumulosic acid
29 46.82 527.3742 C33H51O5 1.11 MS2 [527]509,481,511,483 Pachymic acid

Naofucong reduced high glucose-induced HT22 hippocampal neuron cell damage.
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washing after one-step staining. The experimental process was
carried out according to instructions.

Real-Time PCR
Total RNA was extracted with Trizol kit in one step (15,596,026,
Invitrogen, United States). RNA integrity of each sample was
detected by formaldehyde denatured gel electrophoresis. The
content of total RNA in each sample was determined by
ultraviolet spectrophotometer. According to literature, PCR
amplification primers were designed by existing cDNA sequences
in gene bank, and PCR amplification conditions of various genes
were set according to their characteristics to perform real-time PCR
detection. The reaction conditions were as follows: pre-denaturation
at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s,
annealing at 54.5°C for 30 s and extension at 72°C for 30 s, and a
final extension at 72°C for 10min. SDS2.2 fluorescence quantitative
operation technology data analysis software was used to process and
analyze the data. β-actin was considered as the internal reference of
the genes. The expression of target genes was calculated based on the
2−ΔΔCt method, with ΔCt obtained using the following formula: ΔCt
� Ct (target gene) −Ct (β-actin), and ΔΔCt � ΔCt (the experiment
group) −ΔCt (the control group). The experiment was conducted in

triplicates. The primer sequences for RT-PCR assay were
summarized in Supplementary Table S1.

Western Blot
Cells were added into lysate for homogenization (P0013B,
Beyotime biotechnology, Shanghai, China), and centrifuged for
supernatant. Then, protein concentration was determined by
BCA (23,250, Thermo Fisher Scientific, United States). The
supernatant containing 50 μg protein was separated by 8, 10,
or 12% SDS-PAGE electrophoresis and transferred to cellulose
nitrate film. The non-specific binding was reduced by using TBS-
T containing 5% skim milk. Incubate with different primary
antibodies (Dilution concentration is 1:1,000), and then incubate
with secondary antibodies (Dilution concentration is 1:4,000),
and test with ECl kit (32,109, Thermo Fisher Scientific,
United States). The strips were scanned and quantified using a
computer image analysis system. Detailed information of
antibodies was shown in Supplementary Table S2.

Statistical Analyses
Data are presented as mean ± SEM, calculated using SPSS 17.0
software (SPSS Inc. Chicago, IL, United States). Differences were

FIGURE 1 |Naofucong reduced high glucose-induced HT22 hippocampal neuron cell damage. (A) The activity of HT22 cells cultured with high glucose at different
concentrations and at different time points, ***p < 0.001, 75 mmol/L vs. Con. (B, C) HT22 cell activity and LDH release level under high glucose conditions (75 mmol/L
and 48 h), NFC or lentivirus knockout of TXNIP treatment. Values are means ± SEM, n � 5 per group, *p < 0.05, **p < 0.01, ***p < 0.001.
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analyzed using one-way ANOVA followed by Bonferroni post
hoc test or unpaired two-tailed Student’s t-test with SPSS 17.0
software. p < 0.05 was considered statistically significant.

RESULTS

Chemical Profiling of NFC
UPLC/Q-TOF-MS analysis was employed to characterize the
chemical composition of NFC. A total of 29 peaks (1–29) were
putatively identified by comparing their high-resolution MS data.
These compounds have covered most of the main peaks in the
chromatogram and different kinds of constituents were involved
(Table 1, Supplementary Figure S1; Supplementary Table S3).

In this study, HT22 hippocampal neuron cells were used to
determine optimal cell model stimulation conditions after
different time and different concentration (Figure 1A) of high
glucose stimulation. According to results of this study and
literature reports Zhang et al. (2018), 75 mmol/L and 48 h

were finally determined as optimal stimulus conditions. At the
same time, the study found that activity of HT22 cells decreased
and LDH level increased under high glucose culture, and NFC
could significantly reverse above trend. In addition, lentivirus
knockout of TXNIP (a key molecule in inflammatory process),
also significantly increased cell activity and decreased LDH
release (Figures 1B,C). These results suggest that NFC
significantly ameliorates high glucose-induced HT22 cell
damage and that this effect may be related to its involvement
in inflammatory process.

Naofucong decreased apoptosis, IL-1β and IL-18 levels in high
glucose-induced HT22 hippocampal neuron cells.

In this study, it was found that apoptosis of HT22 cells was
significantly increased in HG group, while NFC and TXNIP-
miRNA could significantly reduce number of apoptotic cells
(Figure 2A). Moreover, high glucose significantly increased
expression levels of IL-1β and IL-18 proteins in HT22 cells,
and NFC and TXNIP-miRNA significantly reversed above
trends (Figures 2B,C). And, NFC and TXNIP-miRNA also

FIGURE 2 | Naofucong decreased apoptosis, IL-1β and IL-18 levels in high glucose-induced HT22 hippocampal neuron cells. (A) Morphological
photomicrographs of TUNEL staining. TUNEL positive staining cells were labeled as green, scale bar � 30 μm. (B, C) Effects of NFC on IL-1β and IL-18 levels of HT22
cells in high glucose. (D, E) Effects of NFC on IL-1β and IL-18 mRNA levels of HT22 cells in high glucose. Values are means ± SEM, n � 5 per group, *p < 0.05, **p < 0.01,
***p < 0.001. Naofucong suppressed NLRP1/caspase-1 mediated neuronal injury in high glucose-induced HT22 hippocampal neuron cells.
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significantly reversed elevated IL-1β and IL-18 mRNA levels in
HT22 cells induced by high glucose (Figures 2B,C). These data
showed that there was inflammatory response activation in HT22
cells induced by high glucose, and NFC could significantly inhibit
inflammatory response.

In this study, the expression levels of key proteins in NLRP1/
caspase-1 mediated neuronal injury were detected. The results
showed that several key proteins in NLRP1/caspase-1 mediated
neuronal injury were significantly elevated in high glucose-induced
HT22 cells, including NLRP1, ASC, pro-caspase-1, caspase-1 and
GSDMD (Figure 3A). And, NFC and TXNIP-miRNA significantly
reduced expression levels of these proteins (Figures 3B–E). These
results showed that activation of NLRP1/caspase-1 mediated
neuronal injury existed in HT22 cells cultured with high
glucose, the activation of NLRP1/caspase-1 mediated neuronal
injury was related to TXNIP, and NFC could play a role in
inhibiting NLRP1/caspase-1 mediated neuronal injury.

In order to explore roles of P2X7 in NFC improving pyroptosis
of high glucose-induced HT22 cells, P2X7R was knocked out in
this study. The results showed that in HG group, P2X7R
significantly increased and NFC could significantly reduce
P2X7R level (Figures 4A,B). At the same time, P2X7R-
miRNA can significantly reverse rising trend of key proteins in
HG group and inhibit NLRP1/caspase-1 mediated neuronal
injury (Figures 4C–F). And, NFC and P2X7R-miRNA also
significantly reversed elevated NLRP1 and ASC mRNA levels

in HT22 cells induced by high glucose (Figures 4G,H). These
results indicated that P2X7 was involved in process of NFC
suppressing NLRP1/caspase-1 mediated neuronal injury in
high glucose-induced HT22 cells.

Oxidative stress was involved in process of NFC suppressing
P2X7/NLRP1/caspase-1 mediated neuronal injury in high
glucose-induced HT22 cells.

In order to explore roles of oxidative stress in high glucose-
induced neuronal injury of HT22 cells, NAC (an oxidative stress
inhibitor) was added in this study as a control drug with NFC.
NAC can significantly reverse rising trend of P2X7R and key
proteins in HG group and inhibit NLRP1/caspase-1 mediated
neuronal injury (Figures 5A–F). And, NFC and NAC also
significantly reversed elevated P2X7R and GSDMD mRNA
levels in HT22 cells induced by high glucose (Figures 5G,H).
These results indicated that HT22 cells cultured in high glucose
had an internal environment with elevated oxidative stress, which
could promote P2X7/NLRP1/caspase-1 mediated neuronal
injury, while NFC and NAC could reduce oxidative stress and
thus alleviate neuronal injury.

DISCUSSION

In this study, HT22 hippocampal neurons were used for high-
glucose stimulation to construct a cell damage model, and

FIGURE 3 | Naofucong suppressed NLRP1/caspase-1 mediated neuronal injury in high glucose-induced HT22 hippocampal neuron cells. (A) Effects of NFC on
NLRP1, ASC, pro-caspase-1, caspase-1, and GSDMD levels of HT22 cells in high glucose. (B–E) Representative protein levels of NLRP1, ASC, pro-caspase-1,
caspase-1, and GSDMD levels of HT22 cells in high glucose were assessed by western blotting using specific antibodies. Values are means ± SEM, n � 4 per group, *p <
0.05, **p < 0.01, ***p < 0.001. Naofucong suppressed P2X7-induced neuronal injury in high glucose-induced HT22 hippocampal neuron cells.
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Naofucong-containing serum was used to determine neuronal
protective effect of Naofucong. Then, lentiviruses were used to
knock out TXNIP and P2X7R, respectively, so as to determine
that protective effects of Naofucong was related to inflammatory
response and P2X7/NLRP1/caspase-1 mediated neuronal injury.
Finally, NAC was also used to inhibit oxidative stress, so as to
determine that oxidative stress is an important starting factor for
P2X7/NLRP1/caspase-1 mediated neuronal injury of HT22 cells
cultured with high glucose.

Naofucong is a compound preparation based on traditional
Chinese medicine theory and modern pharmacology. It is rich in
a variety of intelligence and neuroprotective ingredients. It has
effects of tonifying kidney and invigorating spleen, nourishing

blood and promoting blood circulation, and improving cognitive
function. It has a good effect on patients with mild cognitive
dysfunction of spleen and kidney function deficiency, phlegm and
blood stasis (Zhang et al., 2004; Jing et al., 2020).

The dosage in this study was determined based on our clinical
dosage and previous animal experiments (Jing et al., 2016; Jing
et al., 2020). The dose-effect of drug-containing serum is also
determined by dose and serum concentration of donor animal.
Since serum concentration in this cell culture system has been
limited to fixed condition of 10%, blood drug concentration is
mainly adjusted according to dose given by donor animal. The
dose of Chinese herb in vitro test is determined according to dose-
effect relationship in vivo test under condition that effective

FIGURE 4 |Naofucong suppressed P2X7-induced neuronal injury in high glucose-induced HT22 hippocampal neuron cells. (A) Effects of NFC on P2X7R, NLRP1,
ASC, pro-caspase-1, caspase-1, and GSDMD levels of HT22 cells in high glucose. (B–F) Representative protein levels of P2X7R, NLRP1, ASC, pro-caspase-1,
caspase-1, and GSDMD levels of HT22 cells in high glucose were assessed by western blotting using specific antibodies. (G, H) Effects of NFC and P2X7R-miRNA on
NLRP1 and ASC mRNA levels of HT22 cells in high glucose. Values are means ± SEM, n � 4 per group, *p < 0.05, **p < 0.01, ***p < 0.001.
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components of Chinese herb are not completely clear (Heinrich
et al., 2020). The dose used in this study is equivalent to the dose
used in human clinical practice.

Hippocampal neurons are main cells in brain for learning and
memory, and HT22 cells have been used as well established in vitro
cellular models for neurodegenerative disorders such as AD. This cell
lines has functional cholinergic properties related to the cognitive
defects of AD (Liu et al., 2009). In this study, HT22 hippocampal
neuron cells were used to determine optimal cell model stimulation
conditions after different time and different concentration of high
glucose stimulation. According to results of this study and literature
reports, 75mmol/L and 48 h were finally determined as optimal
stimulus conditions. Thioredoxin-interacting protein (TXNIP) was a
type of thioredoxin binding protein (TRX), whichmediated oxidative
stress, inhibited cell proliferation, and induced apoptosis by inhibiting
function of thioredoxin system. TXNIP is also a central molecule in
inflammatory process Singh et al. (2017), and in this study, lentivirus

knockout of TXNIP was used to determine relationships between
protective effects of Naofucong and inflammatory response. These
results suggest that NFC significantly ameliorates high glucose-
induced HT22 cell damage. And there was inflammatory response
activation in HT22 cells induced by high glucose, and NFC could
significantly inhibit inflammatory response.

P2X7/NLRP1/caspase-1 pathway is an important pro-
inflammatory pathway, which depends on caspase-1 activation
and followed by inflammatory cascade (Tan et al., 2014). In this
study, the expression levels of key proteins in NLRP1/caspase-1
mediated neuronal injury were detected. These results showed
that activation of NLRP1/caspase-1 mediated neuronal injury
existed in HT22 cells cultured with high glucose, the activation of
NLRP1/caspase-1 mediated neuronal injury was related to
TXNIP, and NFC could play a role in inhibiting NLRP1/caspase-
1 mediated neuronal injury. During cell injury, ion channel opening
induced by ATP release and binding purine receptor P2X7 is one of

FIGURE 5 | Oxidative stress was involved in process of NFC suppressing P2X7/NLRP1/caspase-1 mediated neuronal injury in high glucose-induced HT22 cells.
(A) Effects of NAC on P2X7R, NLRP1, ASC, pro-caspase-1, caspase-1, and GSDMD levels of HT22 cells in high glucose. (B–F) Representative protein levels of P2X7R,
NLRP1, ASC, pro-caspase-1, caspase-1, and GSDMD levels of HT22 cells in high glucose were assessed by western blotting using specific antibodies. (G, H) Effects of
NFC and NAC on NLRP1, and ASC mRNA levels of HT22 cells in high glucose. Values are means ± SEM, n � 4 per group, *p < 0.05, **p < 0.01, ***p < 0.001.
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the classic pathways of NLRP1 inflammasome activation. P2X7R, a
member of the P2X family of purine receptors, is a type of ion
channel that is permeable to potassium, sodium and calcium
(Kasuya et al., 2016). It was found that P2X7R binds to NLRP1
inflammasome through Pannexin 1 (Pannexin 1) in the cytoplasmof
neurons, inducing caspase-1 activation and IL-1β maturation and
release (Meng et al., 2014). In order to explore roles of P2X7 in NFC
improving pyroptosis of high glucose-induced HT22 cells, P2X7R
was knocked out in this study. These results indicated that P2X7 was
involved in process of NFC suppressing NLRP1/caspase-1 mediated
neuronal injury in high glucose-induced HT22 cells.

There are many mechanisms of activation of inflammasome
complexes in central nervous system. Hyperglycemia causes
excessive production of superoxide anions in mitochondria,
which will lead to oxidative stress in tissues and cells and
eventually lead to various complications of diabetes (Maiese
et al., 2007). Many studies have shown that, ROS may be
involved in the activation of NLRP1, thereby enhancing the
inflammatory response (Xu et al., 2013). Recent studies have
shown that hyperglycemia increases the production of ROS in
myocardial cells, which in turn upregulates NF-κB and TXNIP.
NF-κB in turn upregulates IL-1β precursor, and IL-18 precursor.
TXNIP activates Caspase-1 by changing the structure of NLRP1
(Fann et al., 2013), (Masters et al., 2012). The activated Caspase-1, on
the one hand, cleases Gasdermin D to form a peptide containing the
active domain of nitrogen end of Gasdermin D, which induces the
perforation and rupture of myocardial cell membrane, eleases
contents, and causes inflammatory reaction. On the other hand,
activated caspase-1 excises the precursors of IL-1β and IL-18 to form
active IL-1β and IL-18, which are released outside the cell to recruit
inflammatory cell aggregation and amplify the inflammatory
response (Kıçık et al., 2020). In order to explore roles of
oxidative stress in high glucose-induced neuronal injury of HT22
cells, NAC (an oxidative stress inhibitor) was added in this study as a
control drug with NFC. These results indicated that HT22 cells
cultured in high glucose had an internal environment with elevated
oxidative stress, which could promote pyroptosis, while NFC and
NAC could reduce oxidative stress and thus alleviate pyroptosis.

The existing problems and future study directions were also
summarized as follows. Firstly, because of complicated
composition of NFC, only parts of major compounds were
identified presently. The key effective constituents remain
unknown. Secondly, the complexity of components of Chinese
herb determines that effect of Chinese herb on body is a
comprehensive embodiment of therapeutic effect of multiple
components, multiple targets and multiple channels, while the
dose-effect relationship of Chinese herb is still in the stage of
accumulation of experience and faces many bottlenecks. At the
same time, some influencing factors of Chinese herb itself, such as
place of origin, time of collection, processing methods, etc., also
need to be considered. Moreover, the drug-containing serum
itself does have certain limitations, such as irregular absorption,
low bioavailability, and often not obvious dose-effect relationship.
The biggest limitation of this experiment is that there is no design
of high, medium and low dose drug gradient, and only a single
dose was used, and there was a lack of comparison between doses
of different concentrations. And, more drug concentration

gradients need to be designed in the future to further explore
the drug dose-effect relationship. The most appropriated dose of
NFC decoction for clinical use still needs more consideration
(such as long-term safety) and requires further investigations.
Despite this, we should delve deeper to perform further
mechanism studies for better understanding the therapeutic
effects of NFC decoction and applying it into the management
of diabetic cognitive dysfunction.

CONCLUSION

Naofucong significantly improves high glucose-induced HT22
hippocampal neuron injury, which is related to suppress P2X7/
NLRP1/caspase-1 pathway. This provides novel evidence to
support the future clinical use of Naofucong. However, there
is a major defect in current study, which is that the dose is not
clearly defined. In this study, there is a lack of effect comparison
of multiple doses, which also affects clinical application of NFC.
In our follow-up study, we will conduct multiple dose studies to
find optimal dose of NFC.
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The Anti-Obesity Effect of Traditional
ChineseMedicine on LipidMetabolism
Qijing Fan1, Furong Xu1*, Bin Liang2* and Xiaoju Zou1*

1College of Chinese Materia Medica and Yunnan Key Laboratory of Southern Medicinal Utilization, Yunnan University of Chinese
Medicine, Kunming, China, 2Center for Life Sciences, School of Life Sciences, Yunnan University, Kunming, China

With the improvement of living conditions and the popularity of unhealthy eating and living
habits, obesity is becoming a global epidemic. Obesity is now recognized as a disease
that not only increases the risk of metabolic diseases such as type 2 diabetes (T2D), non-
alcoholic fatty liver disease (NAFLD), cardiovascular disease (CVD), and cancer but also
negatively affects longevity and the quality of life. The traditional Chinese medicines
(TCMs) are highly enriched in bioactive compounds and have been used for the
treatment of obesity and obesity-related metabolic diseases over a long period of
time. In this review, we selected the most commonly used anti-obesity or anti-
hyperlipidemia TCMs and, where known, their major bioactive compounds. We then
summarized their multi-target molecular mechanisms, specifically focusing on lipid
metabolism, including the modulation of lipid absorption, reduction of lipid synthesis,
and increase of lipid decomposition and lipid transportation, as well as the regulation of
appetite. This review produces a current and comprehensive understanding of
integrative and systematic mechanisms for the use of TCMs for anti-obesity. We also
advocate taking advantage of TCMs as another therapy for interventions on obesity-
related diseases, as well as stressing the fact that more is needed to be done,
scientifically, to determine the active compounds and modes of action of the TCMs.

Keywords: traditional Chinese medicines, obesity-related metabolic diseases, anti-obesity effect, lipid metabolism,
mechanisms

INTRODUCTION

The state of being overweight and obesity are defined as the abnormal or excessive
accumulation of fat, mostly in the form of triacylglycerols (TAGs) and cholesterol esters
(CEs) in adipose and non-adipose tissues or organs. The World Health Organization (WHO)
classification uses body mass index (BMI) to define overweight as being 25–29.9 kg/m2 and
obesity as being ≥30 kg/m2 (https://www.who.int/topics/obesity/zh/). Along with an
increasing accessibility to food and the popularity of unhealthy lifestyles, obesity is
becoming a global epidemic and its metabolic consequences are currently among the most
pressing public health challenges (Hossain et al., 2007). The primary consequence of obesity is
associated with an increased mortality and a susceptibility to comorbidities, with few viable
therapeutic interventions being available. Today, obesity is increasingly gaining attention due
to its intimate association with a growing list of diseases beyond T2D, NAFLD, cancers (Stoll,
1998; Arem and Irwin, 2013; Seo et al., 2015; Incio et al., 2018), and CVD (Lazo and Clark,
2008; Zhao et al., 2019), such as atherosclerosis (AS) (Rocha and Libby, 2009; Aboonabi et al.,
2019). Meanwhile, obesity also has a substantial impact on the quality of life. Obesity is usually
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associated with a lower health-related quality of life than
those possessing a normal weight (Pinhas-Hamiel et al.,
2006). In children and adolescents, obesity is usually
associated with sedentary lifestyles, lower levels of self-
esteem, social exclusion, poor educational achievements,
and so on (de Beer et al., 2007; Wille et al., 2008). In
addition, global health costs associated with obesity and its
complications are estimated to be ∼US$2 trillion (Dobbs et al.,
2014). If the prevalence of obesity continues on its rising trend,
almost half of the world’s adult population could be overweight or
obese by 2030, imposing even greater personal, social, and economic
costs (https://www.mckinsey.com/industries/healthcare-systems-
and-services).

Effectively combating obesity around the world may
require a comprehensive strategy involving multiple
interventions (Dobbs et al., 2014). Management of obesity
is aimed at weight loss, which improves the quality of life.
Studies have shown that weight loss after treatment was
associated with varying degrees of improvement in obesity-
related psychosocial problems, physical functioning, physical
role functioning, bodily pain, general health, mental health,
and vitality (Kaukua et al., 2003; Pearl et al., 2018). To lose
weight, lifestyle interventions, dietary changes, and physical
activity are the first-line approaches, followed by medical
treatment and bariatric surgery. Thus far, several drugs have
been approved for weight loss, such as orlistat, liraglutide,
lorcaserin, and diethylpropion (Solas et al., 2016; Gadde et al.,
2018). However, in addition to the considerable financial cost
of these drugs, numerous side effects have been increasingly
reported, such as headache, dizziness, fatigue, nausea, dry
mouth, insomnia, anxiety, and constipation (Smith et al.,
2010; Aronne et al., 2013; Pi-Sunyer et al., 2015; Nissen et al.,
2016; Solas et al., 2016; Gadde et al., 2018).

The pathogenesis of obesity is complex and determined by
the interaction of genetic, environmental, and psychosocial
factors acting through several physiological mediators
(González-Muniesa et al., 2017). Many studies have
reported that lipid metabolic pathways are a potential
therapeutic target to prevent or delay the occurrence and
progression of obesity and obesity-related metabolic diseases,
as the major physiological factor in these diseases is the
disturbance of lipid metabolism, such as a dysfunction in
lipid absorption, lipid synthesis, lipid decomposition, and/or
lipid transportation (Meikle and Summers, 2017). Compared
with the modern drugs mentioned above, TCMs have been
widely used to treat obesity for a very long time. This fact
alone suggests that TCMs may be used as a vast resource for
the development of natural anti-obesity drugs possessing
fewer side effects (Li et al., 2017; Martel et al., 2017; Zhang
Y. et al., 2018; Zhang et al., 2020; Ji-Ping et al., 2021). While
some of the anti-obesity effects and mechanisms of TCMs
have been studied in the past decade, most of these studies
only focused on single/several genes or signaling pathways
involved in lipid metabolism. Our goal in this review is to
collate these data and give a systematic and comprehensive
overview of the anti-obesity effects and mechanisms of TCMs
and their major ingredients by targeting lipid metabolism.

THE TRADITIONAL CHINESE MEDICINES
WITH ANTI-OBESITY EFFECTS

The diverse evolution of plants represents a near inexhaustible
source of biologically active compounds. The importance of
these natural products for medicine and health has been
immense (Courdavault et al., 2020). For many years,
scientists have been researching and applying natural,
plant-derived preparations as medicine in clinical
treatment. Through these actions, active compounds such
as strychnine and brucine (Langley, 1918), quinine (Dickson,
1823), colchicine (1890), caffeine (Bennett, 1873), and
artemisinin (Ma et al., 2020) have been discovered. Thus,
natural products provide important clues to the identification
and development of synergistic drugs.

TCM refers to substances used for the prevention,
diagnosis, and treatment of diseases, as well as for
rehabilitation and health care under the guidance of TCM
theories. It may be the best resource for the use of natural
products, and it represents the accumulated experiences of
thousands of years of medical practice. The written records of
TCM date back at least 2,000 years to Shen Nong’s Classic of
Materia Medica. In the long history of China, TCM has made
an indelible contribution to the health of the Chinese people.
Moreover, based on 2,000 years of experience in the use of
TCMs and modern scientific research, the eleventh edition of
the Pharmacopoeia of the People’s Republic of China (ChP)
was promulgated and implemented in 2020. In this volume,
the ChP stipulated the processing, usage, dosage, and
compatibility of TCMs and included many classic
prescriptions (Chinese Pharmacopoeia Commission).

Notably, in recent decades, there has been a growing interest in
TCM. Since 1973, there have been 2,104 articles related to
“traditional Chinese medicine” AND “lipid metabolism” in
PubMed, while in 2020 alone, there were 389 articles
(PubMed, https://pubmed.ncbi.nlm.nih.gov, last accessed on
March 31, 2021). And 35 individual prescriptions from the
ChP (2020 edition) were identified, each of which is clearly
indicated as being anti-obesity and anti-hyperlipidemia
(Table 1). Based on the formulation of these 35 prescriptions,
we searched the Latin name of each single TCM for “anti-obesity”
OR “anti-hyperlipidemia” in PubMed and CNKI in recent
decades. Five TCMs including Crataegus pinnatifida Bunge,
Salvia miltiorrhiza Bunge, Polygonum multiflorum Thunb.,
Alisma plantago-aquatica L., and Panax notoginseng (Burkill)
F.H. Chen were identified. Each of these plants was implicated
not only to function in anti-obesity and anti-hyperlipidemia but
also to be mechanistically associated with these processes. Also,
based on the widespread use of edible TCMs among people, some
medicinal plants appear in diets. We also reviewed commonly
used edible TCMs possessing the effects of anti-obesity and anti-
hyperlipidemia including Scutellaria baicalensisGeorgi, Curcuma
longa L., pu-erh tea, green tea, Tripterygium wilfordii Hook. f.,
chilli peppers, and grape and the main bioactive compounds from
them, such as baicalin, curcumin, epigallocatechin gallate, green
tea polyphenol, triptolide and celastrol, capsaicin, and resveratrol
(Sham et al., 2014; Wang S., et al., 2014; Martel et al., 2017).
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TABLE 1 | TCM anti-obesity formulations from the Pharmacopoeia of the People’s Republic of China (ChP) (2020 edition).

TCM formulation of anti-obesity and anti-hyperlipidemia

Dahuang zhechong wan Liuweidihuang wan Xuezhikang pian
Danxiang qingzhi keli Renshen shouwu jiaonang Xuezhiling pian
Danlou pian Shanlücha jiangya pian Xuezhining wan
Dingkun dan Sangge jiangzhi wan Xiaokeping pian
Fangfeng tongsheng keli Songling xuemaikang jiaonang Yangxinshi pian
Guizhi fuling wan Shouwu wan Yindan xinnaotong ruanjiaonang
Hedan pian Tongxinluo jiaonang Yixintong pian
Huoxue tongmai pian Xin̂anning pian Yinxingye jiaonang
Jinshuibao pian Xinkeshu pian Zhikang keli
Jiangzhiling pian Xinxuening pian Zhimaikang jiaonang
Jiangzhi tongluo ruanjiaonang Xinyuan jiaonang Zhengxin jiangzhi pian
Liujunzi wan Xuefu zhuyu jiaonang

FIGURE 1 | Overview of systematic regulated lipid metabolism of TCMs. TCM treatment of obesity mainly regulates lipid metabolism from five aspects: appetite,
lipid absorption, lipid synthesis, lipid decomposition, and lipid transportation. Each link intersects and regulates each other to maintain the stability of the internal
environment. One of the advantages of TCM is that it can act on multiple aspects and targets at the same time and systematically regulate life activities. Appetite is
regulated by the level of leptin, adiponectin, ghrelin, and so on. These hormones serve as a critical signal to regulate food intake. The small intestine absorbs lipids
derived exogenously from the diet. Dietary fat comprises a variety of lipids, while lipids synthesized in the liver are packaged in very low–density lipoproteins and delivered
to adipose tissue for storage. CD36, FATP, NPC1L1, and LDLR are the classic regulators of lipid absorption. Apart from lipid absorption, excessive lipid synthesis is
another cause of obesity. Some enzymes of lipid synthesis are the key to disease treatment, such as ACC, FAS, SCD, HMGCR, SM, and ACAT. These enzymesmay also
be regulated by the transcription factors SREBP and LXR. Cytoplasmic lipolysis and lysosomal-mediated autophagy (lipophagy) are two pathways that are known to
break down TAGs and CEs in lipid droplets. In this process, ATGL, HSL, and MGL break down TAGs into free fatty acids which then undergo oxidative decomposition in
the mitochondria via CPT1 to provide energy. The activity of these enzymes may also be controlled by SIRT1, FOXO1, and PGC1α. Lipoproteins are the major carriers of
lipids in circulation. The major forms of lipoproteins are chylomicrons, VLDL, IDL, LDL, and HDL. The lipoproteins are responsible for transportation of FAs and
cholesterol. Furthermore, the transportation of cholesterol to the extracellular environment is controlled by ABCA1, ABCG1, and ABCG5/8.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6966033

Fan et al. Anti-Obesity Effect of TCM

43

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


TARGETING LIPID METABOLISM WITH
BIOACTIVE COMPOUNDS FROM TCMS
WITH ANTI-OBESITY EFFECTS
Over many years of observation and research, it has been
found that TCMs can regulate all steps of lipid metabolism,
targeting multiple pathways, including the modulation of
lipid absorption, reduction of lipid synthesis, and increase
of lipid decomposition and lipid transportation, as well as the
physiological process of appetite regulation (Figure 1). The
following is a systematic and comprehensive review of the
anti-obesity effect of TCMs by targeting the above-mentioned
lipid metabolism.

Regulation of Appetite
Feelings of hunger and satiety are regulated by complex neural and
endocrine interactions among the gut, brain, adipose tissues, and
other organs. As early as the 1960s, leptin was identified as a
hormone linked to obesity. Leptin is secreted by adipose tissue
and regulates appetite through inhibiting orexigenic neurons while
stimulating anorexigenic pro-opiomelanocortin neurons (Friedman,
1997; Elias et al., 1999). Another hormone, ghrelin, which is released
by the gastrointestinal tract when the stomach is empty, induces
hunger by acting on hypothalamic brain cells in the central nervous
system (CNS) (Ahima and Antwi, 2008). Moreover, the protein
hormone adiponectin is secreted by adipocytes and circulates in the
plasma. In contrast to leptin, adiponectin is reduced in obesity and
increased in response to fasting. Adiponectin deficiency induces
insulin resistance (IR) and hyperlipidemia and is associated with
increased susceptibility toward vascular injury and atherosclerosis
(Kadowaki et al., 2008).

Discovery of leptin brought hopes for treatment of obesity.
Data from both humans and animals have established that the
leptin level increases and is positively correlated with fat mass,
thereby suppressing appetite. Conversely, weight loss leads to a
decrease in the leptin level and produces a consequent increase in
food intake (Campfield et al., 1995; Halaas et al., 1995;
Pelleymounter et al., 1995; Montague et al., 1997; Licinio
et al., 2004; Farooqi et al., 2007). Adiponectin levels decrease
in obesity. Adiponectin enhances AMPK activity in the arcuate
hypothalamus (ARH) via its receptor AdipoR1 to stimulate food
intake; this stimulation of appetite by adiponectin is attenuated by
the dominant-negative AMPK expression in the ARH (Kubota
et al., 2007). Ghrelin levels increase during food deprivation in
animals and prior to meals in humans and may serve as a critical
signal to induce hunger during fasting (Ahima and Antwi, 2008).

As mentioned, TCMs can affect multiple steps in these
hormone signaling pathways. Salvia miltiorrhiza Bunge can
significantly inhibit the appetite and body weight by increasing
the sensitivity to leptin and inhibiting ghrelin activity (Xin-Min
et al., 2010; Tung et al., 2017). A high-fat diet (HFD) can increase
the serum levels of leptin, insulin, and glucose. Polygonum
multiflorum Thunb. could reverse these changes (Choi et al.,
2018). Administration of Panax notoginseng (Burkill) F.H. Chen
saponins (PNSs) for 30 days resulted in a significant decrease in
serum insulin, leptin, body weight, food intake, and serum
triglyceride (TG) levels compared with a diabetic control

group (Yang et al., 2010). Curcuma longa L. may contribute to
decreasing body weight and regulating leptin secretion in animals
(Song and Choi, 2016) and humans (Navekar et al., 2017).
Baicalin, a flavonoid of the herbal medicine Scutellaria
baicalensis Georgi, also increased the plasma leptin level vs.
the diabetic control (Waisundara et al., 2009). Finally, rats fed
with fructose/green tea and fructose/pu-erh tea showed the
greatest reduction in serum TG, cholesterol, insulin, and leptin
levels (Huang and Lin, 2012). Consistent with obesity induction,
adiponectin levels were reduced in HFD-fed mice and
adiponectin levels were restored after green tea treatment in
the wild type (WT) (Bolin et al., 2020). The green tea
polyphenols also have the same curative effect (Tian et al., 2013).

Capsaicin is the molecule that is responsible for the pungency
of hot peppers. It functions by stimulating the sympathoadrenal
system that mediates the thermogenic and anorexigenic effects of
capsaicinoids. Capsaicin treatment in mice fed on an HFD for
10 weeks lowered obesity, fasting glucose, insulin, leptin, and
hepatic TGs while increasing adiponectin mRNA/protein in the
adipose tissue. Furthermore, capsaicin increased GLP1 and
decreased ghrelin secretion, indicating a possible interaction
between transient receptor potential cation channel
subfamily V member 1 (TrpV1) and GLP1 (Smeets and
Westerterp-Plantenga, 2009; Kang et al., 2010). Also,
leptin levels in the plasma were significantly lower in
resveratrol-treated animals (Jimoh et al., 2018; Yu et al.,
2019) and humans (Timmers et al., 2011). Celastrol, a
compound of Tripterygium wilfordii Hook. f., is a leptin
sensitizer (Xu et al., 2021). It can suppress appetite, block
the reduction of energy expenditures, and lead up to a 45%
weight loss in hyperleptinemic diet–induced obese mice by
increasing leptin sensitivity (Liu et al., 2015). Celastrol, an
NF-κB inhibitor, reduced IR and lipid abnormalities and led
to higher plasma adiponectin levels in the db/db mice with
celastrol treatment for 2 months (Kim et al., 2013).

Regulation of Lipid Uptake From the
Intestine
The small intestine absorbs lipids derived exogenously from the
diet including non-polar lipids, predominantly TAGs and CEs,
and polar PLs. Dietary lipids such as TAGs, CEs, and PLs along with
endogenous lipids from the bile are completely digested by pancreatic
enzymes in the intestinal lumen, producing fatty acids (FAs),
monoacylglycerols (MAGs), cholesterol, and lysophospholipids (Ko
et al., 2020). The uptake of FAs and MAGs can be driven by the
concentration gradient or facilitated by other proteins such as cluster
of differentiation 36 (CD36) and fatty acid transport protein 4
(FATP4). Cholesterol uptake is mediated by Niemann–Pick C1-
like 1 (NPC1L1). The TCMs can regulate lipid(s) uptake from the
intestine (Figure 2).

Regulation of Uptake of FAs
FAs in the liver originate from the diet, de novo lipogenesis
(DNL), and recycling of FAs released from adipose tissue during
fasting (Mashek, 2013). FAs are taken in the intestinal lumen into
enterocytes by two distinct mechanisms. In the first process, FAs
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diffuse passively through the apical membrane when luminal
concentrations are higher than those inside the cell. The other
mechanism of FA uptake is saturable and probably protein
dependent as this transport occurs when the intracellular FA
concentration is higher than that in the lumen.

Tanshinone ⅡA could decrease oxidized low-density
lipoprotein (oxLDL)-induced expression of lectin-like oxidized
LDL receptor-1 (LOX-1) and CD36 (Wen et al., 2020). And
salvianolic acid B inhibited macrophage uptake of modified LDL
in a scavenger receptor CD36–dependent manner (Bao et al.,
2012). Curcuma longa L. suppressed the expression levels of
CD36 and FATP, which were increased in HFD groups (Mun
et al., 2019). Curcumin, a yellow-colored hydrophobic
polyphenol, is the principal curcuminoid of the spice turmeric,
the ground rhizome of Curcuma longa L.. Curcumin could also

downregulate the mRNA level of Cd36 during adipocyte
differentiation of 3T3-L1 cells (Zhao et al., 2011). CD36
mRNA and protein levels were decreased in high-fructose
diet–induced rats when treated with green tea polyphenol
(Qin et al., 2010). Epigallocatechin gallate (EGCG), a green tea
bioactive polyphenol, also dose-dependently reversed HFD-
induced effects on intestinal substrate transporters CD36,
FATP4, and sodium-dependent glucose transporter 1
(Friedrich et al., 2012). In contrast, capsaicin or capsinoids
could upregulate the expression of CD36 (Hong et al., 2015).

Regulation of Cholesterol Uptake
Classical cholesterol metabolism studies have confirmed that
there are two main sources of cholesterol in the human body:
exogenous cholesterol from the diet absorbed in the intestine and

FIGURE 2 |Molecular mechanisms of TCMs in lipid absorption and transportation. CD36, FATP, and LDLR are the classic regulators of lipid absorption. CD36 and
FATP mediate the absorption of FA, and LDLR mediates the absorption of LDL. SR-BI can mediate the selective absorption of CE, which plays an important role in HDL
metabolism and cholesterol “reversal.” Cholesterol is synthesized from acetyl-CoA. Excess cholesterol in hepatic cells is exported to the blood by ABCA1 or the
homodimer of ABCG1, or to the intestinal lumen and bile ducts by the ABCG5 and ABCG8 heterodimers. Cholesterol can also be converted to CE by ACAT for
storage in lipid droplets or for secretion as lipoproteins. The major forms of lipoproteins are chylomicrons, VLDL, IDL, LDL, and HDL, and they differ in their size, density,
composition, and functions. CYP7A1 converts cholesterol into bile acids in the reverse cholesterol transport pathway. In the endogenous pathway, the liver produces
VLDL, which interacts with LPL in the circulation to form IDL, with the release of TG and FAs. IDL is rapidly removed by the liver via the interaction of its apolipoprotein E
component with LDLR. Furthermore, IDL forms LDL upon removal of TG by hepatic lipase. CETP induces LDL to generate HDL, which is an anti-atherogenic lipoprotein
or “good cholesterol,” as it captures the cholesterol from peripheral tissues or other lipoproteins and transports it back to the liver by the third pathway, which is termed
reverse cholesterol transport. ↑/⊥ depicts the positive or negative effect of TCMs in the cellular process, respectively.
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reabsorbed in the bile and endogenous cholesterol obtained
through de novo synthesis from acetyl-CoA by the liver and
peripheral tissue.

Exogenous cholesterol enters the enterocytes throughNPC1L1
and the associated flotillins present on the apical surface of these
cells. Curcumin could lower plasma cholesterol and prevent diet-
induced hypercholesterolemia through modulating intestinal
NPC1L1 expression via transcriptional regulation and the
involvement of the sterol regulatory element–binding protein 2
(SREBP2) transcription factor (Kumar et al., 2011). In addition to
NPC1L1-mediated cholesterol absorption from the intestinal
lumen, another pathway is LDL receptor (LDLR)-mediated
uptake of cholesterol containing LDL particles (LDL-c) from
the blood. LDL in the blood is captured by LDLR on the cell
surface and internalized, and as the endosomal pH decreases,
LDLR dissociates from LDL and is recycled back to the surface for
additional uptake. LDL is further delivered to lysosomes, and the
carried cholesteryl esters (CEs) are hydrolyzed to cholesterol.

Tanshinone ⅡA and Crataegus pinnatifida Bunge can regulate
the expressions of LDLR in the liver (Hu et al., 2016; Jia et al.,
2016b). The Ldlr mRNA level was significantly higher in rats by
treatment with an n-butanol extract (NE3) of Panax notoginseng
(Burkill) F.H. Chen (Ji and Gong, 2007). The Scutellaria
baicalensis Georgi extract also activated Ldlr genes in the liver.
Co-administration of this extract with baicalin and metformin
exerted a better effect on obesity-induced IR and lipidmetabolism
in a rat model system than treatment with metformin alone (Han
et al., 2017). Also, proprotein convertase subtilisin/kexin type 9
(PCSK9), a negative regulator of LDLR, is also an SREBP2 target.
Tanshinone ⅡA treatment inhibited the expression of PCSK9 and
concomitantly increased LDLR activity (Chen et al., 2016).

Regulation of Gut Microbiota
The community of microorganisms living in the gastrointestinal
tract in animals and humans has been shown to participate in
various physiological and pathological processes in the gut and
many other bodily processes. The link between the microbes in
the human gut and the development of obesity and obesity-
related diseases is becoming clearer. Studies have shown
differences in the gut microbiota between obese individuals
and lean individuals. Obesity and the associated metabolic
syndromes are associated with microbiota alterations,
including an increase in the ratio of Firmicutes to
Bacteroidetes and in the relative abundance of Proteobacteria
as well as alterations in specific bacteria such as Lactobacillus and
Clostridium (Ley et al., 2005; Turnbaugh et al., 2006; Fei and
Zhao, 2013; Cortés-Martín et al., 2020). There are also a reduced
bacterial diversity and altered representations of bacterial genes
and metabolic pathways (Turnbaugh et al., 2009; Wu et al., 2021).

Studies on both mice and humans show effects of gut
microbiota on lipid metabolism by improving energy
extraction from food, which is considered an environmental
factor contributing to obesity and its comorbidities (Santacruz
et al., 2009; Ridaura et al., 2013). Compared to lean mice, the gut
microbiota of the obese mice have an increased capacity to
harvest energy from the diet (Turnbaugh et al., 2006).
Moreover, when compared with conventional mice, germ-free

mice were able to resist obesity on a high-fat, high-carbohydrate
Western diet, which could be explained by their intake of fewer
calories, increased lipid excretion in the feces, and increased lipid
oxidation in the intestine and peripheral tissues (Bäckhed et al.,
2007; Rabot et al., 2010). In an observational study using fecal
microbiota transplantation, the transplantation of feces from
twins discordant for obesity into germ-free mice in a diet-
dependent manner demonstrated transmissible, rapid, and
modifiable effects of diet-by-microbiota interactions (Ridaura
et al., 2013).

Many studies have emerged suggesting that the therapeutic
potential of TCMs and their bioactive compounds may be due to
the interaction with gut microbiota. Theabrownin, one of the
most active and abundant pigments in pu-erh tea, altered the gut
microbiota in both mice and humans and increased the levels of
ileal conjugated bile acids by predominantly suppressing
microbes associated with bile-salt hydrolase (BSH) activity.
This in turn inhibited the intestinal farnesoid X receptor
(FXR)–fibroblast growth factor 15 (FGF15) signaling pathway
that increased hepatic production and fecal excretion of bile acids,
thereby reducing hepatic cholesterol and decreasing lipogenesis
(Huang et al., 2019). Green tea polyphenols decreased the relative
abundance of Bacteroidetes and Fusobacteria and increased the
relative abundance of Firmicutes as revealed by 16S rRNA gene
sequencing analysis in canines with HFD-induced obesity (Li
et al., 2020). The gut microbiota played an important role in the
anti-obesity effects of celastrol, in which it promoted energy
expenditure at a dose of 500 µg/kg body weight and improved
the diversity of the gut microbiota with an increased ratio of
Bacteroidetes to Firmicutes (Hu et al., 2020). Capsaicin has an
anti-obesity effect through alterations in gut microbiota
populations and short-chain FA concentrations, which were
beneficial in prevention and treatment of obesity (Song et al.,
2017; Rosca et al., 2020; Wang Y. et al., 2020). Resveratrol-
induced gut microbiota modulated lipid metabolism,
stimulated the development of beige adipocytes in white
adipose tissue, reduced inflammation, and improved intestinal
barrier function in HFD-fed mice. Therefore, the anti-obesity
benefits of resveratrol might be through the “gut
microbiota–adipose tissue” axis (Wang P, et al., 2020; Zhou
et al., 2019).

Regulation of Lipid Transportation
Lipoproteins are the major carriers of lipids in circulation and
participate in three major pathways that are responsible for the
generation and transport of lipids within the body. The twomajor
forms of circulating lipids in the body, TG and cholesterol, are
packaged with apolipoproteins and PLs to form lipoproteins. The
major forms of lipoproteins are chylomicrons, very low–density
lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-
density lipoprotein (LDL), and high-density lipoprotein (HDL),
which differ in their size, density, composition, and functions.

In the exogenous pathway, dietary lipids, which mainly consist
of TGs and some PLs, free FAs, and cholesterol, are packaged into
chylomicrons by intestinal mucosal cells. These chylomicrons
enter the lymphatic system and then the circulation, where TGs
are released as free FAs by lipoprotein lipase (LPL) activity on the
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capillary endothelium. These free FAs are taken up by the muscle,
adipose, and other peripheral tissues, whereas the remnants of
chylomicrons are cleared by the liver. In the endogenous
pathway, the liver produces VLDL, which interacts with LPL
in the circulation to form IDL, with the release of TGs and free
FAs. IDL is rapidly removed by the liver via the interaction of its
apolipoprotein E component with LDLR. Furthermore, IDL
forms LDL upon removal of TGs by hepatic lipase (HL). LDL,
which is very high in cholesterol content, is in turn removed from
the circulation by binding to LDLR in the liver and in extrahepatic
tissues. HDL is an anti-atherogenic lipoprotein or “good
cholesterol,” as it captures the cholesterol from peripheral
tissues or other lipoproteins and transports it back to the liver
by the third pathway, which is termed reverse cholesterol
transport (Luo et al., 2020) (Figure 2).

Regulation of Lipoprotein Uptake
The liver has a role in the regulation of systemic lipid metabolism
as it assembles and secretes TAG-rich VLDL particles into the
systemic circulation for distribution of FAs to the peripheral
tissues. Surface LDLR captures the circulating LDL via the
extracellular ligand–binding domain. Many results suggest that
green tea polyphenols inhibit the ubiquitin/proteasome-mediated
upregulation of LDLR. This identified molecular mechanism
might be related to the previously reported cholesterol-
lowering and heart disease–preventative effects of green tea
polyphenols (Kuhn et al., 2004). Trans-resveratrol exhibited
the anti-atherogenic effect, at least, in part, by increased
hepatic LDLR expression via proteolytic activation of SREBPs
and subsequent LDL uptake (Yashiro et al., 2012).

By contrast, HDLs are generated by the intestine and the liver
through the secretion of lipid-free apolipoprotein A-I (ApoA-I).
ApoA-I then recruits cholesterol from these organs through the
actions of ATP-binding cassette transporter A1 (ABCA1),
forming nascent HDLs. In the peripheral tissues, nascent
HDLs promote the efflux of cholesterol from tissues, including
frommacrophages, through the actions of ABCA1. Mature HDLs
also promote this efflux, but through the actions of ATP-binding
cassette transporter G (ABCA) 1. Tanshinone ⅡA reduced the
lipid deposition in the liver. Moreover, it did not affect the serum
lipid levels but reduced the levels of HDLmiddle subfractions and
increased the levels of HDL large subfractions (Jia et al., 2016b).
Treatment of THP-1 macrophages with baicalin significantly
accelerated HDL-mediated but not ApoA-I–mediated
cholesterol efflux. However, baicalin treatment increased the
expression of scavenger receptor class B type I (SR-BI) in a
dose- and time-dependent manner. Furthermore, baicalin
increased the expression of peroxisome proliferator–activated
receptor (PPAR) c, a key regulator of reverse cholesterol
transport, and liver X receptor (LXR) α (Yu et al., 2016).
Administration of Curcuma longa L. significantly decreased
the serum LDL and ApoB but increased the serum HDL and
ApoA of healthy subjects (Ramirez-Bosca et al., 2000).
Resveratrol treatment after 6 months decreased LDL-c, ApoB,
oxLDL, and oxLDL/ApoB on statin-treated patients in primary
cardiovascular disease prevention (Tome-Carneiro et al., 2012).
The LPL was increased significantly in muscular tissues and

decreased in adipose tissues by treatment with Crataegus
pinnatifida Bunge flavonoids in mice (Fan et al., 2006).
Finally, PNSs could also upregulate the mRNA expression of
Lpl (Wang et al., 2016).

Regulation of Cholesterol Efflux
Cholesterol export from cells is mediated by ATP-binding
cassette transporters. ABCA1 is expressed on the plasma
membrane of most cells, including the basolateral surface of
enterocytes. ABCG1 is most abundantly expressed on the
surface of macrophages, whereas ABCG5 and ABCG8 are
expressed at the apical surface of enterocytes and hepatocytes,
forming a heterodimer. Excess cholesterol is esterified by acyl
coenzyme A–cholesterol acyltransferases (ACATs). ABCA1
mediates cholesterol transport to ApoA-I in the blood, and
this generates a nascent HDL that serves as an acceptor for
ABCG1-mediated cholesterol efflux, leading to the production
of HDL.

Tanshinone IIA treatment suppressed the expression of
miR-33a, an ABCA1 negative regulator, whereas it
upregulated the expression levels of ABCA1, SREBP2,
PCSK9, cholesterol 7α-hydroxylase (CYP7A1), CD36, and
LDLR in hyperlipidemic rats (Jia et al., 2016a; Jia et al.,
2016b). The expression of PPARα and ApoA-Ⅰ was
significantly downregulated in the hyperlipidemia group
with tanshinone IIA treatment (Yi-Xin et al., 2017). A
high dose of Crataegus pinnatifida Bunge increased the
expressions of ApoA-I gene and HDL-c in HFD-fed mice
(Shih et al., 2013). In addition, curcumin increased
cholesterol efflux by activating and upregulating the
expression of LXR and ABCA1 in subcutaneous adipocytes
isolated from rabbits (Dong et al., 2011). The Curcuma longa
L. oil treatment significantly increased the hepatic expression
of PPARα, LXRα, CYP7A1, ABCA1, ABCG5, ABCG8, and
LPL accompanied by a reduced SREBP2 and 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR) expression.
Curcuma longa L. oil treatment also suppressed NPC1L1
expression in the jejunum compared with high-cholesterol
diets (Singh et al., 2013). The expression of the reverse
cholesterol transporters ABCA1 and ABCG1 was highly
expressed in the livers of mice on pu-erh tea intervention
(Huang et al., 2019). Furthermore, apolipoprotein B100
(ApoB100) is a constitutive protein of LDL-c, and it was
significantly downregulated by pu-erh tea extract (PTE)
treatment (Hu et al., 2017).

Cholesterol and sitosterol can be exported by the
ABCG5–ABCG8 heterodimers to the intestinal lumen and bile,
where cholesterol is extracted by bile salts. Re-synthesis of
cholesterol induces pathways for cholesterol export and storage
and acts to suppress further cholesterol biosynthesis. When
treated with NE3, the concentrations of serum TC, TG, and
LDL-c in rats showed a significant dose-dependent decrease.
Expression level analysis indicated that both LXR targeting genes
including ABCA1, ABCG5, and ABCG8 and FXR targeting genes
including ApoC2 and a short heterodimer partner were significantly
induced by NE3 (Ji and Gong, 2007). In addition, CE combines with
ApoB to form lipoproteins, which are transported outside the cell by
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exocytosis. Curcuma longa L., resveratrol, and PTE could
significantly decrease the level of ApoB (Ramirez-Bosca et al.,
2000; Tome-Carneiro et al., 2012; Hu et al., 2017). Celastrol
was able to effectively suppress weight and attenuate high-
fat–mediated oxidative injury by improving ABCA1
expression, reducing the levels of TC, TG, LDL-c, and
ApoB in the plasma, and increasing antioxidant enzyme
activities and inhibiting nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity (Wang C. et al., 2014).

Furthermore, CYP7A1 regulates the balance between
cholesterol supply and metabolism by catalyzing the rate-
limiting step of bile acid biosynthesis. Scutellaria baicalensis
Georgi activated the Cyp7a1 gene in the liver (Han et al.,
2017). Crataegus pinnatifida Bunge could counteract the
downregulation of CYP7A1 and LDLR with the stimulation
effect of HFD (Hu et al., 2016). And NE3 significantly
decreased the expression level of the Cyp7a1 gene (Ji and
Gong, 2007). In contrast, the expression of Cyp7a1 was
markedly increased in the triptolide-treated group (Yang et al.,
2017).

Regulation of Lipid Synthesis
Excessive lipid synthesis is another cause of obesity and
hyperlipidemia. Lipids synthesized in the liver are packaged in
very low–density lipoproteins (VLDLs) and delivered to adipose
tissue for storage. Clearly, TCMs play important roles in lipid
synthesis, including FA and TAG synthesis as well as cholesterol
biosynthesis (Figure 3).

Regulation of Fatty Acid Synthesis
The DNL of FAs from acetyl-CoA to fatty acyl-CoA is mainly
regulated by acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FAS) as the rate-limiting enzymes. Stearoyl-CoA
desaturase (SCD) is a central enzymatic node in the
conversion of saturated fatty acids (SFAs) into mono-
unsaturated fatty acids (MUFAs) (AM et al., 2017). MUFAs
represent the precursors of several lipids essential for plasma
membranes, such as TGs, CEs, diacylglycerols, and wax esters.
Transcriptional regulation of Acc and Fas is primarily through
SREBP1c and carbohydrate-responsive element–binding protein
(chREBP). SCD expression is regulated by diverse hormonal and

FIGURE 3 | Molecular mechanisms of TCMs in lipid synthesis. FA entering the hepatocyte is rapidly “activated” by acyl-CoA, and this is also termed the de novo
lipogenesis (DNL) of FA. DNL is mainly regulated via the rate-limiting enzymes such as ACC and FAS, while the expression and activation of ACC and FAS are regulated
by SREBP1c and chREBP. Transcription of the genes encoding SREBP1c and chREBP is stimulated by insulin via LXR and inhibited by FAs. The synthesis of MUFA
regulates by SCD. FAs are typically esterified to TG and subsequently packaged into VLDL for export or stored as intracellular LDs. HMGCR and SM as the rate-
limiting enzymes are key regulators of the synthesis process of cholesterol. Cholesterol can be converted to CE by ACAT for storage in LDs or for secretion as
lipoproteins. Meanwhile, SREBP2 can increase the level of HMGCR. ↑/⊥ depicts the positive or negative effect of TCMs in the cellular process, respectively.
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nutritional factors and is positively regulated by Srebp1c, chrebp,
and Lxr (Wang Y., et al., 2015). Both transcription factors are
activated by Lxr.

Salvianolic acids, the major water-soluble ingredients of Salvia
miltiorrhiza Bunge, reduced ovariectomy-induced body weight
gain, attenuated the expressions of hepatic lipogenic genes, such
as Srebp1, Fas, and Scd, and decreased the TG and TC via
blocking signal transducer and activator of transcription
(STAT)-3/SREBP1 signaling (Chen et al., 2018). The hepatic
Fas and Srebp1c mRNA levels were reduced in mice fed on
the Crataegus pinnatifida Bunge diet compared to the
standard diet (Zhang et al., 2014). The levels of FAS and ACC
in the plasma were generally reduced after administration of
Polygonum multiflorum Thunb. (Xian et al., 2017). Alisma
plantago-aquatica L. inhibited adipocyte differentiation by
downregulating the expression of PPARc, CCAAT/enhancer-
binding protein β (C/EBPβ), and FAS (Park et al., 2014) and
blocked hepatic lipid production by regulating hepatic lipogenic
genes including Fas, Acc, and glycerol-3-phosphate
acyltransferase (GPAT) (Choi et al., 2019). Alisol B 23-acetate,
a natural triterpenoid isolated from Alisma plantago-aquatica L.,
decreased hepatic lipogenesis through decreasing hepatic levels of
SREBP1c, FAS, ACC, and SCD (Meng et al., 2017). Panax
notoginseng (Burkill) F.H. Chen could change the fat and
inflammation of liver tissue through decreasing expression
levels of SREBP1c, ACC, and FAS (Ji and Gong, 2007; Yan-
Xia et al., 2011; Zhang et al., 2020). The expression levels of
SREBP1c, ACC, and FAS were downregulated in the Curcuma
longa L. groups compared to the HFD groups (Ejaz et al., 2009;
Ahn et al., 2010; Zhao et al., 2011; Mun et al., 2019). Baicalin
treatment significantly attenuated methionine and
choline–deficient diet (MCD)–induced hepatic lipid
accumulation partly through regulating the expression of
SREBP1c, FAS, and ACC (Xi et al., 2015; Zhang J. et al.,
2018). Capsaicin inhibited the early adipogenic differentiation,
lipogenesis, and maturation of adipocytes with concomitant
repression of PPARγ and SCD (Ibrahim et al., 2015). The PTE
intake tended to decrease Srebp1c, Acc, and Fas mRNA
expressions in the liver of the mice (Shimamura et al., 2013),
and PTE also downregulated Scd and Srebp in Caenorhabditis
elegans to suppress fat accumulation (Ding et al., 2015; Hu
et al., 2017). On treatment with green tea, the expression of
lipogenesis-related genes Acc, Fas, and Scd was
downregulated in the liver (Kim et al., 2009; Friedrich
et al., 2012). The transcriptional activities of Srebp1c and
forkhead box protein O1 (FOXO1) were significantly
decreased by EGCG (Kim et al., 2010). Resveratrol exerted
anti-obesity effects via mechanisms involving
downregulation of ACC, FAS (Alberdi et al., 2011), and
SCD (Zhang et al., 2012) and upregulation of the key
adipogenic gene Srebp1c (Kim et al., 2011; Khaleel et al.,
2018) in an HFD model. Celastrol decreased hepatic SREBP1
expression (Zhang et al., 2017). However, triptolide
treatment increased the expression of LXR and its target
gene, Srebp1, in both male and female rats and increased
the expression of ACC only in the female rats (Jiang et al.,
2016).

Regulation of TAG Synthesis
TAG production can come from exogenous FAs in the circulation
or intracellular FAs generated by glycolysis and lipogenesis from
glucose supplied by excess dietary intake. TAG synthesis is
catalyzed by diacylglycerol acyltransferase (DGAT) in the last
biosynthesis step. Polygonum multiflorum Thunb.
supplementation significantly downregulated the expression of
Pparγ and Dgat2 genes in obese mice (Choi et al., 2018).

Regulation of Cholesterol Biosynthesis
An increased level of LDL-c and/or TC is a pronounced
phenotype of dyslipidemia. Ultimately, it is due to elevated
cholesterol. Cholesterol plays an important role in human
physiological functions. Almost all cells can synthesize
cholesterol, and in this process, three crucial players of the
cholesterol biosynthetic pathway are required, SREBP2, which
functions as a master transcriptional regulator of cholesterol
biosynthesis, and two rate-limiting enzymes of the biosynthetic
pathway: HMGCR and squalene monooxygenase (SM).

Regulation of HMGCR and ACAT
As the rate-limiting enzyme for cholesterol biosynthesis,
HMGCR is highly regulated at the transcriptional,
translational, and post-translational levels (Goldstein and
Brown, 1990). The formation of CE is another important
means of preventing the accumulation of free cholesterol in
cells, as this ACAT-mediated pathway directs the storage or
secretion of cholesterol.

Crataegus pinnatifida Bunge could suppress the stimulation
effect of HFD on the transcription of Hmgcr, and the
transcriptional activity of the Hmgcr promoter was inhibited
by Crataegus pinnatifida Bunge in a dose-dependent manner
(Hu et al., 2016). HMGCR was generally reduced after
administration of Polygonum multiflorum Thunb. (Xian et al.,
2017). Alisma plantago-aquatica L. showed comparatively high
inhibition against ACAT and HMGCR activities in rat livers
(Choi et al., 2019). Panax notoginseng (Burkill) F.H. Chen also
reduced the levels of hepatic HMGCR in HFD rats (Xia et al.,
2011).

In addition, relative to the HFD control group, hamsters fed a
curcumin-supplemented HFD had lower hepatic cholesterol and
TG levels and HMGCR and ACAT activities, along with an
increased FA β-oxidation activity (Jang et al., 2008). Scutellaria
baicalensisGeorgi, pu-erh tea, or green tea intervention repressed
the expression of HMGCR in the liver (Yamashita et al., 2016;
Han et al., 2017). However, capsinoids significantly increased
HMGCR in the liver (Hong et al., 2015). Treatment with
theabrownin, one of the most active and abundant pigments
in pu-erh tea, increased two bile acid synthetic genes, Cyp7a1 and
Cyp7b1, in HFD-treated mice (Zeng et al., 2015; Huang et al.,
2019).

Regulation of Lipid Decomposition
Cytoplasmic lipid droplets (LDs) are multiprotein-coated
structures that serve as dynamic TAG storage pools and are
involved in several aspects of lipid metabolism. The LDs are
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mainly rich in TAGs and CEs. There are two pathways that are
known to break down TAGs in LDs: cytoplasmic lipolysis and
lysosomal-mediated autophagy (lipophagy). Adipose triglyceride
hydrolase (ATGL) plays a key role in the lipolysis pathway,
breaking down TAGs into diglycerides (DAGs) and FAs. FAs
further undergo oxidative decomposition in the mitochondria via
carnitine palmitoyl transferase 1 (CPT1) and provide energy
(Figure 4).

Regulation of LD Decomposition
ATGL initiates TAG hydrolysis to form diacylglycerol and FAs.
Hormone-sensitive lipase (HSL) (Lafontan and Langin, 2009;
Rodriguez et al., 2010) and monoacylglycerol lipase (MGL)
complete the process by consecutively hydrolyzing
diacylglycerols into MAGs and FAs and then hydrolyzing
MAGs into glycerol and FAs (Zechner et al., 2017).
Transcription of Atgl is controlled by sirtuin 1
(SIRT1)–mediated deacetylation of FOXO1 and by PPARγ co-
activator 1α (PGC1α) (Chakrabarti et al., 2011; Chen et al., 2021).
The PPAR–PGC1α axis also regulates the transcriptional
expression of Hsl (Albert et al., 2014; Farhan et al., 2014) and
Mgl (Rakhshandehroo et al., 2007).

Curcumin treatment upregulated the expression of ATGL and
resulted in acceleration of lipolysis (Valentine et al., 2019). Pu-erh

tea administration significantly lowered plasma TC and TG
concentrations and the LDL-c level but did not affect HDL-c
levels. Moreover, pu-erh tea significantly increased LPL, HL, and
HSL activities in epididymal fat tissue in rats with HFD-induced
obesity (Cao et al., 2011). Resveratrol acted mainly on ATGL to
regulate lipolytic activity in humans and murine adipocytes (Lasa
et al., 2012) and increased Sirt1, Foxo1, and adiponectin mRNA
expressions (Costa Cdos et al., 2011; Timmers et al., 2011; Lasa
et al., 2012).

Regulation of β-Oxidation of FAs
β-Oxidation in the mitochondria is the predominant oxidative
pathway for energy production in the liver. β-Oxidation consists
of a cycling process involving dehydrogenation, hydration,
dehydrogenation, and acylation that produces acetyl-CoA. In
this process, the most important enzyme is CPT1 (Houten
et al., 2016). The primary regulators of β-oxidation are the
transcription factors Pparα and Pgc1α, whose action is
upregulated by FAs and glucagon and suppressed via insulin
(Pawlak et al., 2015).

The expression of PPARαwas significantly downregulated in a
hyperlipidemia group with tanshinone IIA treatment in rats (Yi-
Xin et al., 2017). CPT1, PPARα, and its downstream targets were
activated with hawthorn leaf flavonoids in an HFD model (Kuo

FIGURE 4 |Molecular mechanisms of TCMs in lipid decomposition. TCMs stimulate lipolysis from fat stores in the liver, white adipose tissue, and dietary fat sources
(high-fat diets) to generate FAs that enter the hepatic cells via protein transporters. TG stored as lipid droplets can be hydrolyzed back to FAs via classic lipases (ATGL,
HSL, and MGL) and lipophagy (by regulating TFEB, SIRT1, and FOXO1), undergo mitochondrial β-oxidation by the activity of various co-activators or nuclear receptors
(such as PPARα, ERRα, and PGC1α), and target the transcription of gene Cpt1. Malonyl-CoA, an intermediate in DNL, inhibits CPT1 action and downregulates FA
oxidation. ↑/⊥ depicts the positive or negative effect of TCMs in the cellular process, respectively.
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et al., 2009; Li et al., 2015; Dong et al., 2017). Alisol B 23-acetate
administration increased lipid metabolism via inducing PPARα,
CPT1α, and LPL (Meng et al., 2017). Alisma plantago-aquatica L.
suppressed the mRNA levels of hepatic Pgc1α, estrogen-related
receptor (ERR)γ, and PGC1α-dependent enzyme (G6Pase) that
are involved in gluconeogenesis in liver tissue (Jeong Hyang Sook
%J Korea Journal of Herbology, 2013). Polygonum multiflorum
Thunb. supplementation significantly upregulated the Pparα,
Cpt1, Cpt2, Ucp1, and Hsl mRNA levels compared with the
HFD group (Choi et al., 2018). PNSs regulated lipid
metabolism by upregulating the expression of transcriptional
factors, such as Pparα, Pparc, and Pgc1α (Wang et al., 2016).
PPARα and CPT1 expressions were upregulated in the Curcuma
longa L.–treated groups (Mun et al., 2019). Finally, Curcuma
longa L. treatment in high-fructose diet (HFrD)-fed rats repressed
hepatic expression of PGC as compared to the rats fed an HFrD
alone, suggesting a protective effect of Curcuma longa L. by
modulating the expression of lipogenic genes in the liver
(Singh et al., 2015). Treatment with baicalin ameliorated diet-
induced obesity through directly activating hepatic CPT1 as well
as increasing the expression of PPARα (Zhang J. et al., 2018),
ERRα, and PGC1α (Takizawa et al., 2015; Dai et al., 2018).

Treatment with capsinoids significantly increased the
expression of CPT1, adiponectin, and Pparα and Pgc1α mRNA
in the liver (Kang et al., 2010; Lee et al., 2013; Hong et al., 2015;
Panchal et al., 2018). The expression of PPARαwas also increased

in the HFD/pu-erh tea groups (Sun et al., 2019). Green tea
increased the expression of CPT1 and PPARα and decreased
the expression of LXR (Chen et al., 2009; Kim et al., 2009; Axling
et al., 2012) while increasing HSL in mesenteric adipose tissue
concomitantly with the HFD (Cunha et al., 2013). Resveratrol
increased CPT1 activities (Gomez-Zorita et al., 2012), had a
higher agonistic activity of PPARα (Takizawa et al., 2015), and
significantly increased SIRT1 and PGC1α levels and citrate
synthase activity and improved muscle mitochondrial
respiration (Timmers et al., 2011). Finally, celastrol augmented
PGC1α expression in adipocytes and skeletal muscles (Fang et al.,
2019).

CONCLUSIONS AND PERSPECTIVES

Human obesity is quickly becoming widespread, and treatment of
it and its comorbidities is an important clinical challenge.
Targeting lipid metabolism as a potential treatment has
attracted a great deal of attention as a primary therapeutic
target. TCMs have been widely used as anti-obesity treatments
for a very long time. In this review, how TCMs modulate major
features of lipid metabolism was systematically summarized.
Collation and integration of these data has produced a
comprehensive register for the mechanisms of TCMs’ action
in anti-obesity (Table 2).

TABLE 2 | A summary of studies demonstrating the effects of TCM on lipid metabolism in animal models and humans.

TCM Appetite Lipid
absorption

Lipid transportation Lipid synthesis Lipid decomposition

Crataegus pinnatifida Bunge CD36↓ LDLR↑ ApoA-Ⅰ↑ FAS↓ SREBP-1c↓
SREBP2↓

CPT1↑ PPARα↑

Salvia miltiorrhiza Bunge/tanshinone Ⅱ
A/salvianolic acid B

Leptin sensitivity↑
Ghrelin↓

CD36↓ LDLR↓
PCSK9↓

ABCA1↑CYP7A1↑ ApoA-Ⅰ↑ FAS↓ SCD↓ SREBP-1c↓ CPT1↑ PPARα↑

Polygonum multiflorum Thunb. Leptin↓ CYP7A1↑ ACC1↓ FAS↓ DGAT↓
SREBP-1c↑ HMGCR↓;

HSL↑ CPT1↑ PPARα↑

Alisma plantago-aquatica L. Leptin↓ ApoB↑ ACC1↓ FAS↓ DGAT↓
HMGCR↓ HMGCR↓
ACAT↓

CPT1↑ PPARα↑ PGC1α↑

Panax notoginseng (Burkill) F.H. Chen/
Panax notoginseng saponins/n-butanol
extract of Panax notoginseng

Leptin↓ LDLR↑ ABCA1↑ ABCG5/8↑
CYP7A1↑ LPL↑ LDL↓

FAS↓ SREBP-1c↓
HMGCR↓

PPARα↑ PGC1α↑

Curcuma longa L./curcumin Leptin↓ CD36↓ FATP↓
NPC1L1↓

ABCA1↑ ABCG5/8↑
CYP7A1↑ LPL↑ LDL↓ HDL↑
ApoB↓

ACC1↓ FAS↓; SCD↓
SREBP-1c↓ SREBP2↓
ACAT↓ HMGCR↓

CPT1↑ ATGL↑ HSL↑
PGC1α↓ PPARα↑

Scutellaria baicalensis Georgi/baicalin LDLR↑; CYP7A1↑ ACC1↓ FAS↓ SREBP-1c↓
HMGCR↓

CPT1↑ PPARα↑ ERRα↑
PGC1α↑

Pu-erh tea/theabrownin Leptin↓ ABCA1↑ ABCG11↑ LPL↑
ApoB↓

ACC1↓ FAS↓ SCD↓
DGAT↓ SREBP-1c↓
HMGCR↓ SM↓

HSL↑ PPARα↑

Green tea/green tea polyphenols/EGCG Leptin↓
Adiponectin↑

CD36↓ FATP↓ LPL↑ FAS↓ ACC1↓ SCD↓
HMGCR↓

HSL↑ FOXO1↓ CPT1↑
PPARα↑

Tripterygium wilfordii Hook. f./celastrol/
triptolide

Leptin sensitivity↑
Adiponectin↑

ABCA1↑ ApoB↓ CYP7A1↑ ACC1↓ SREBP-1c↓ CPT1↑; PPARα↑;
PGC1α↑; SIRT1↑;

Capsaicin Leptin↓
Adiponectin↑
ghrelin↓

CD36↑ SCD↓ HMGCR↓ HSL↑ CPT1↑ PPARα↑
PGC1α↑

Resveratrol Leptin↓ CD36↑ FATP↑ LPL↑ ApoB↓; FAS↓ SCD↓ SREBP-1c↓ ATGL↑ SIRT1↑ FOXO1↑
CPT1↑ PPARα↑ PGC1α↑

↑: increase; ↓: decrease.
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While TCMs clearly play roles in anti-obesity, the side effects
of TCMs should not be overlooked. Hepatotoxicity is the main
side effect of TCMs (Tarantino et al., 2009; Frenzel and Teschke,
2016). In many cases, the side effects are caused by incorrect
processing, usage, dosage, or compatibility. For example, the use
of the processed Polygonum multiflorum Thunb. caused less
damage to the liver than the unprocessed Polygonum
multiflorum Thunb. (Tu et al., 2015), while EGCG caused
dose-dependent hepatotoxicity in mice under dietary
restriction, but not in mice fed a normal diet (Shi et al., 2020).
In addition, Tripterygium wilfordii Hook. f. is normally
hepatotoxic, but the classical compatibility of Tripterygium
wilfordii Hook. f. and Lysimachia christinae Hance can
detoxify the poison of Tripterygium wilfordii Hook. f. (Wang
et al., 2018; Wang J., et al., 2015). Triptolide and celastrol are two
major components of Tripterygium wilfordii Hook. f..
Interestingly, triptolide is hepatotoxic, while celastrol showed
protection from liver injury (Hasnat et al., 2019; Xu et al., 2021).
These cases suggest that correct processing, usage, dosage, and
compatibility under the application guidance based on long
experience can greatly reduce side effects. Therefore, for the
use of TCMs in anti-obesity, following the doctor’s advice and
guidelines of the TCMs is essential to ensure the efficacy of the
TCMs and also avoid side effects as much as possible.

Moreover, the capacity of TCMs to inhibit obesity is attracting
increasing attention. TCMs are being advocated as another major
breakthrough for therapeutic intervention for obesity-related
diseases. However, only a fraction of the medically active

substances available in TCMs have been identified, and the
unidentified natural products have great potential. Modern
technologies enable the detailed analysis of TCM extracts to
identify active substances. These phytochemicals, in the form
of the TCMs themselves, extracts, or purified components, can be
combined with existing treatments to reduce the prevalence of
obesity and its complications. Taking advantage of TCM effects
on therapeutic interventions for the treatment of obesity-related
diseases may be another breakthrough for integrated medicine.
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GLOSSARY

ABCA ATP-binding cassette transporter A

ABCG ATP-binding cassette transporter G

ACAT acyl coenzyme A–cholesterol acyltransferase

ACC acetyl-CoA carboxylase

ApoA apolipoprotein A

ARH arcuate hypothalamus

AS atherosclerosis

ATGL adipose triglyceride hydrolase

BMI body mass index

BSH bile-salt hydrolase

C/EBPβ CCAAT/enhancer-binding protein β

CD36 cluster of differentiation 36

chREBP carbohydrate-responsive element–binding protein

ChP Pharmacopoeia of the People’s Republic of China

CNS central nervous system

CPT1 carnitine palmitoyl transferase 1

CEs cholesterol esters

CVD cardiovascular disease

CYP7A1 cholesterol 7α-hydroxylase

DGAT diacylglycerol acyltransferase

DNL de novo lipogenesis

EGCG epigallocatechin gallate

ERR estrogen-related receptor

FA fatty acid

FAS fatty acid synthase

FATP fatty acid transport protein

FGF15 fibroblast growth factor 15

FOXO1 forkhead box protein O1

FXR farnesoid X receptor

GLP1 glucagon-like peptide 1

GPAT glycerol-3-phosphate acyltransferase

G6Pase PGC1α-dependent enzyme

HDL high-density lipoprotein

HFD high-fat diet

HFrD high-fructose diet

HL hepatic lipase

HMGCR 3-hydroxy-3-methylglutaryl coenzyme A reductase

HNF4α hepatocyte nuclear receptor 4α

HSL hormone-sensitive lipase

IDL intermediate-density lipoprotein

IR insulin resistance

LDL low-density lipoprotein

LDL-c LDL particles

LDLR LDL receptor

LD lipid droplet

LOX-1 lectin-like oxidized LDL receptor-1

LPL lipoprotein lipase

LXR liver X receptor

MAG monoacylglycerol

MCD MCD methionine and choline–deficient diet

MGL monoacylglycerol lipase

MUFA mono-unsaturated fatty acid

NADPH nicotinamide adenine dinucleotide phosphate

NAFLD non-alcoholic fatty liver disease

NE3 n-butanol extract of Panax notoginseng (Burkill) F.H. Chen

NPC1L1 Niemann–Pick C1-like 1

oxLDL oxidized low-density lipoprotein

PCSK9 proprotein convertase subtilisin/kexin type 9

PGC1α PPARγ co-activator 1α

PL phospholipid

PNSs Panax notoginseng (Burkill) F.H. Chen saponins

PPAR peroxisome proliferator–activated receptor

PTE pu-erh tea extract

SCD stearoyl-CoA desaturase

SM squalene monooxygenase

SR-BI scavenger receptor class B type I

SREBP sterol regulatory element–binding protein

T2D type 2 diabetes

TAG triacylglycerol

TC total cholesterol

TCM traditional Chinese medicine

TG triglyceride

TrpV1 transient receptor potential cation channel subfamily V member 1

VLDL very low–density lipoprotein

WHO World Health Organization

WT wild type
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A Polysaccharide From the Whole
Plant of Plantago asiatica L. Enhances
the Antitumor Activity of Dendritic
Cell-Based Immunotherapy Against
Breast Cancer
Jiafeng Gao1, Yi-Nan Zhang2, Jingwen Cui1, Jiatong Zhang1, Yuexiang Ming1, Zhihui Hao1,3,
Huihao Xu1, Nan Cheng1, Di Zhang1, Yipeng Jin1*, Degui Lin1* and Jiahao Lin1,3*

1The Clinical Department, College of Veterinary Medicine, China Agricultural University, Beijing, China, 2Institute of Biomaterials
and Biomedical Engineering, University of Toronto, Toronto, Toronto, Canada, 3Center of Research and Innovation of Chinese
Traditional Veterinary Medicine, China Agricultural University, Beijing, China

Dendritic cells (DCs) are the most potent professional antigen-presenting cells (APCs) that
mediate T-cell immune responses. Breast cancer is one of the most commonly diagnosed
diseases and its mortality rate is higher than any other cancer in both humans and canines.
Plantain polysaccharide (PLP), extracted from the whole plant of Plantago asiatica L., could
promote the maturation of DCs. In this research, we found that PLP could upregulate the
maturation of DCs both in vitro and in vivo. PLP-activated DCs could stimulate
lymphocytes’ proliferation and differentiate naive T cells into cytotoxic T cells. Tumor
antigen-specific lymphocyte responses were enhanced by PLP and CIPp canine breast
tumor cells lysate-pulsed DCs, and PLP and CIPp-cell-lysate jointly stimulated DCs
cocultured with lymphocytes having the great cytotoxicity on CIPp cells. In the 4T1
murine breast tumor model, PLP could control the size of breast tumors and improve
immunity by recruiting DCs, macrophages, and CD4+ and CD8+ T cells in the tumor
microenvironment. These results indicated that PLP could achieve immunotherapeutic
effects and improve immunity in the breast tumor model.

Keywords: Plantago asiatica L, dendritic cells, cytotoxic T cells, breast tumor, immunotherapy

INTRODUCTION

Dendritic cells (DCs) act as initiators of the initial immune response and play an important part in
the regulation of the immune system. DCs recognize, capture, process, and present antigen to naive
T cells, which stimulate the activation and proliferation of naive T cells for adaptive immune
responses (Batra et al., 2012). DCs play a crucial role in triggering anticancer T-cell–mediated
immunity against cancer cells. It has been confirmed that the number of DCs is closely related to
cancer cell infiltration, lymph node metastasis, and prognosis (Steinman and Banchereau 2007;
Palucka and Banchereau 2012).

Breast cancer is one of themost commonly diagnosed diseases and its mortality rate is higher than any
other cancer in both humans and canines (KH et al., 2018). As an emerging anticancer therapeutic
approach, immunotherapy is designed to harness the patient’s own immune system, in which DCs
present the cancer antigens to activate antigen-specific T-cell responses for fighting against the cancer cells
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(Klingemann, 2018). However, within the tumor microenvironment
(TME), the function of DCs was inhibited that limits the effective
anticancer T-cell responses, probably because the tumor tissue could
secrete certain substances to inhibit the function of DCs (Sabado
et al., 2017; Dong et al., 2018).

Chinese herbal extracts, especially their polysaccharide
components, exhibit validated therapeutic effects and have shown
the ability to promote the maturation of DCs. Rehmannia glutinosa
polysaccharides (Huang et al., 2016), Cordyceps sinensis
extracellular polysaccharides (Song et al., 2011), Kudzu root
polysaccharides (Kim et al., 2013), Platycodon grandiflorum
polysaccharides (Park et al., 2014), and Ganoderma lucidum
polysaccharides (Meng et al., 2011) have all been verified to
induce the maturation of DCs. Evidence showed that the clinical
effects of these polysaccharides are related to the upregulated
expression of costimulatory molecules such as CD80, CD86, and
MHC II and the activation of tumor-related T-cell response. These
studies provide evidence for the use of Chinese herbal extracts in
clinically enhancing host immune function.

Our preliminary experiment had screened extractions of ten
different Chinese herbal medicines which have been reported to
have the ability of immune upregulation. The results revealed that
among the ten candidates, including extraction of Lycium barbarum
L., dried root of Rehmannia glutinosa (Gaertn.) DC., Schisandra
chinensis (Turcz.) Baill., Artemisia caruifolia Buch.-Ham. ex Roxb.
(syn. Artemisia apiacea), Ganoderma lucidum (Curtis) P. Karst.,
Panax ginseng C.A.Mey., Astragalus mongholicus Bunge, and
Plantago asiatica L., etc., the total extraction of Plantago asiatica
L. (PLPt) showed the most excellent ability to activate DCs.

Plantago asiatica L., belonging to the Plantaginaceae family, is a
perennial plant and is widely distributed in eastern Asia. This plant
has not only been used as medicine but has also been approved as
raw material for healthy foods with a time-honored history (AB
2000; Yin et al., 2018). Polysaccharides from Plantago leaves have
also been reported to induce nitric oxide and TNF-α secretion by
activating macrophages (Biringanine et al., 2005). Recent studies
mainly focused on the seed of Plantago asiatica L. and its purified
polysaccharidewhich could upregulate the expression ofmaturation

markers, decrease DCs’ endocytosis, and increase intracellular
interleukin (IL)-12 levels and heterologous stimulus activity, and
promote T-cell proliferation (Huang et al., 2009; Huang et al., 2014;
Jiang et al., 2018). Compared with the seed, the whole plants of
Plantago asiatica L. have the advantages of widespread availability,
limited cost, and easy processing. Therefore, the polysaccharide
extracted from the whole plant of Plantago asiatica L. (PLP) has
been screened as the main research object in our experiment. We
want to assess if the PLP could induce the maturation of DCs and
then stimulate the systemic immune reaction.

In this research, we investigated whether PLP could induce the
maturation of mouse myelogenous DCs, and the PLP-activated DCs
could stimulate lymphocytes’ proliferation and differentiate naive
T cells into cytotoxic T cells, which is associated with cellular
immune function. Specifically, we evaluated its cytotoxicity on
canine breast tumors cell lines and validated its influence on the
status of DCs and CTLs against cancer cells. Based on the results, PLP
could achieve immunotherapeutic effects and improve immunity in
the breast tumor model. In addition, traditional Chinese medicine is
expected to play an effective role with DCs in the immunotherapy of
breast cancer and to activate the antitumor immune cycle efficiently.

MATERIALS AND METHODS

Animals
6- to 8-week-old female C57BL/6 mice, 4- to 6-week-old female
BALB/cmice, and 4- to 6-week-old BALB/c nudemice with cleaning
grade were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China, Certificate No. SCXK (Jing)
2016-0008). These animals were taken feeding management with
free access to standard chow and water about a week before the
experiment to adapt to the environment (24± 1°C and 12/12-h light/
dark cycle). The mice were fasted overnight except water before the
experiment. All animal studies were reviewed and approved by
China Agricultural University Laboratory Animal Welfare and
Animal Experimental Ethical Committee (Approval ID: CAU
2015121701–1).
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Preparation of PLP
The crude Plantago asiatica L. herb polysaccharide was extracted
using water extraction and alcohol precipitation method.
Plantago asiatica L. was a kind of biennial herb, and we
bought the standard decoction pieces of Plantago asiatica L.
from Tongrentang Co., Ltd. (Beijing, China). Firstly, the
Plantago asiatica L. herb was soaked in absolute ethanol with
8 times the amount of the herb overnight. The absolute ethanol
part was then discarded, and the drugs were dried for subsequent
use. Secondly, the extraction of dried residues was performed
using the reflux extraction method 2 times with 2 h for each time.
After the extracts were merged and concentrated, 4 times
anhydrous ethanol was added and then the mixture was stored
at 4°C overnight. Thirdly, the mixture was centrifuged at 3,500 r/
min for 15 min to discard the supernatant, while the precipitates
were dried and ground into powder. Then the PLP was obtained
and stored at 4°C for further use.

The precipitate was redissolved and deproteinized using the
Sevag method (Staub et al., 1965). To purify the PLP, 0.2 g PLP
powder was dissolved in 40ml distilled water. Then 10ml of
chloroform and n-butanol (4:1, v/v) were added into the
suspension with fully shaking for 20min. Centrifugal separation
was performed five times at 2,500 r/min for 3 min each time to
aspirate the supernatant. After the deproteinization procedure, the
protein content of the PLP solution was determined using Micro
Bicinchoninic Acid (BCA) protein assay method (Thermo Fisher,
United States) according to the manufacturer’s instructions.

Endotoxin was removed and assayed under endotoxin-free
experimental conditions by using EtEraser™ HP Endotoxin
Removal Kit and Bioendo™ EC Endotoxin Test Kit (Chinese
Horseshoe Crab Reagent Manufactory Co., Fujian Province,
China) according to the manufacturer’s protocol. In brief, PLP
was collected after flowing through the highly efficient
endotoxin removal resin prepacked column. After endotoxin
removal, 100 μL of PLP, standards, or endotoxin-free water
(negative control) was mixed with 100 μL of TAL and the
optical density (OD) was measured at 450 nm. The quantity
of endotoxin was estimated to be ≤ 0.02 endotoxin unit (EU) per
mg of PLP.

Mouse Bone Marrow–Derived DC Culture
Mouse bone marrow–derived DCs (BMDCs) were prepared with
some modifications based on the references (Grauer et al., 2002).
Briefly, bone marrow cells were harvested from the femurs and tibias
of 6- to 8-week-old female C57BL/6 mice and depleted of
erythrocytes by Red Blood Cell Lysis Buffer. Cells were washed
and cultured at a concentration of 2 × 106 cells/mL in RPMI-1640
supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL
streptomycin (GIBCO BRL, Germany), and 20 ng/ml recombinant
mouse (rm) GM-CSF (PeproTech, United States). The medium was
changed every 2 days. On Day 7, non-/loosely adherent cells were
harvested and cultured in 24-well plates at 1 × 106 cells/mL. The cells
were stimulated for 48 h with LPS (2 μg/ml, Sigma-Aldrich,
United States), PLP (50 μg/ml), extraction of Plantago asiatica L.
(PLPt, 50 μg/ml, purchased from Beijing Dongzhimen Hospital), or
acteoside (50 μg/ml, purchased from Baoji GuoKang Biotechnology,
China) respectively and then analyzed.

Cytotoxicity Assay
Cytotoxicity was evaluated using a commercial Cell Counting
Kit-8 (Beyotime, China). Briefly, BMDCs were plated in 96-well
plates at 1 × 104 cells per well and treated with RPMI-1640
alone (control group) or with different concentrations of
PLP (12.5, 25, 50, 100, and 200 μg/ml). After 24 and 48 h,
the CCK-8 solution was added to the cell wells and incubated
at 37°C for 1 h to follow the instruction. Cell viability was
assessed by measuring the optical density (OD) with a
microplate reader (ELx808 TM; BioTek Instruments,
United States) at 450 nm.

Maturation Marker Analysis
The effect of PLP on the maturation markers of DCs was examined
using flow cytometry. The cultured DCs served as both testing group
and control group were harvested on Day 9, and incubated cells were
washed by cold PBS containing 2% FBS. Cells were proceeded to be
incubated with FITC-conjugated anti-mouse CD11c, PE-conjugated
anti-mouse MHC class II (I-A/I-E), PerCP/Cyanine 5.5-conjugated
anti-mouse CD80, and APC-conjugated anti-mouse CD86
antibodies (Biolegend, United States) for 30min at 4°C in the
dark. Appropriate isotype-matched monoclonal antibodies served
as negative controls. The percentages of CD80, CD86, andMHCclass
II were detected by a FACS Calibur (BD Pharmingen, United States)
and analyzed with FlowJo software (TreeStar, United States).

Cytokine Assays
Interleukin (IL)-12p70, tumor necrosis factor (TNF)-α, IL-1β, IL-
4, and IL-6 from the supernatant of cell culture medium were
determined by ELISA kits according to the manufacturer’s
instructions (Proteintech, China). The optical density (OD) at
450 nm was measured with a microplate reader (ELx808TM;
BioTek Instruments, United States).

DCs Stimulation with PLP In Vivo
• PLP (10 mg/kg) was administered by subcutaneous
injection (s.c.), intraperitoneal injection (i.p.), or oral
administration (p.o.) to C57BL/6 mice of three groups.
Naive mice without PLP injection were used as a
negative control, while LPS (2.5 mg/kg) was administered
s.c. as a positive control. After 48 h, BMDCs were isolated
and cultured until the seventh day to examine the CD80,
CD86, and MHC class II expression.

Mixed Lymphocyte Reaction (MLR)
Mouse spleen lymphocytes were isolated by Mouse spleen
lymphocytes Separation Solution kits according to the
manufacturer’s instructions (Solarbio, China). Briefly, 6- to 8-
week-old female C57BL/6 mice were killed, and the spleens were
transferred aseptically to Petri dishes, then cut into small pieces,
minced, and filtered to obtain spleen cells suspension. The spleen cell
suspension was slowly added into the lymphocyte separation
solution in a ratio of 1:1. After centrifugation, the middle milky
white cloud portion was taken to obtain spleen lymphocyte
suspension. Finally, the density of cell suspension was set at 5.0 ×
106 cells/mL in a complete RPMI-1640 medium. Then, spleen
lymphocytes were stained with 1.25 μM carboxyfluorescein
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(CFSE, Biolegend, United States) at 37°C for 20 min in dark. Mature
DCs (matured in the presence of PLP or LPS) were pretreated with
50 ng/ml mitomycin C (a selective proliferation inhibitor which
abrogates DNA synthesis, Sigma-Aldrich, United States) for 30 min
at 37°C. After being thoroughly washed, CFSE-stained lymphocytes
were cocultured with mature BMDCs in different groups at a
BMDC: lymphocyte ratio of 1:4. After 48 h of coculture, cells
were collected and incubated with PE-conjugated anti-mouse
CD8a and APC-conjugated anti-mouse CD3 antibodies
(Biolegend, United States) for flow cytometry analysis, and
culture supernatants were collected for cytokine assays by IFN-γ
ELISA kits (Proteintech, China).

Tumor Immunotherapy of PLP
Cell Culture
The CIPp cell line, established from a primary lesion of a female dog
diagnosedwith caninemammary tubular adenocarcinoma at clinical
stage IV, was a generous gift from Professor Nobuo Sasaki
(University of Tokyo, Japan). And murine breast cancer cell line
4T1was purchased fromATCC (American Type Culture Collection,
Manassas, VA, United States). The CIPp cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
10% FBS in a 5% CO2 air incubator at 37°S. The 4T1 cells were
cultured in RPMI-1640, supplemented with 10% FBS in a 5% CO2

air incubator at 37°S.

Analysis of Tumor-Specific Immunity
Tumor cell lysates were prepared by five freeze–thaw cycles of
CIPp cells (1 × 107 cells/mL in PBS). Cellular debris was removed
by centrifugation, and the lysate solution was passed through a
0.22 μm membrane filter and stored at −80°C.

BMDCs were cultured in 24-well plates at 1 × 106 cells/mL
were stimulated for 48 h with LPS (2 μg/ml), PLP (50 μg/ml),
CIPp-cell-lysate, or CIPp-cell-lysate + PLP. DCs were incubated
with tumor lysates at a ratio of 3:1 tumor cell equivalent. The
stimulated DCs were collected to coculture with lymphocytes for
tumor-specific immunity analysis.

Tumor-specific lymphocyte proliferation was determined by a
similar method as MLR. Briefly, spleen lymphocytes were stained
with 1.25 μM carboxyfluorescein (CFSE, Biolegend, United States)
at 37°C for 20min in dark. After being thoroughly washed, CFSE-
stained lymphocytes were cocultured with BMDCs in different
groups (LPS, PLP, CIPp-cell-lysate, and CIPp-cell-lysate + PLP) at
a BMDC: lymphocyte ratio of 1:4. After 48 h of coculture, cells were
collected for flow cytometry analysis. And the supernatants from
the aforementioned groups were collected and centrifuged at
1,000 rpm for 10 min. The finally obtained supernatants were
collected and stored at −80°C as conditioned medium.

CIPp Inhibitory Effects of PLP and Conditioned Medium
CCK-8 assay was conducted to investigate the effect of PLP and
different groups of conditioned medium on the viability of CIPp
cells. Cell viability assay was performed by seeding CIPp cells in a 96-
well microplate at a density of 1 × 104 cells per well for 24 h before
attached. Then cells were divided into different groups including the
control group (DMEM) and groups treated with different
concentrations of PLP (8, 15, 30, 60, 125, and 250 μg/ml). Cell

viability was assessed with a commercial Cell Counting Kit-8
(Beyotime, China) at 24 and 48 h posttreatment according to the
manufacturer’s instructions. And different groups of conditioned
medium (LPS, PLP, CIPp-cell-lysate, and CIPp-cell-lysate + PLP)
were added into CIPp cell culture medium for 48 h. The optical
density (OD) was measured with a microplate reader (ELx808TM;
BioTek Instruments, United States) at 450 nm. All experiments were
performed in quadruplicate.

To confirm the impact of PLP-associated T-cell immunity on
tumor inhibition, we administered PLP (10 mg/kg) to CIPp
tumor-bearing BALB/c nude mice which reveal congenital
defects of T cells. BALB/c nude mice were s.c. inoculated with
CIPp cells (1 × 105 cells). When tumor size reached
approximately 100–200 mm3 in volume, the mice were
administered physiological saline and PLP (10 mg/kg/d, s.c.)
every 24 h. The tumor volume was calculated using the
following formula: mm3 � (longest diameter × shortest
diameter2)/2. Mice were sacrificed at Day 28.

Tumor Experiments
4- to 6-week-old female BALB/c mice were used for the breast
tumor-bearing model. Subcutaneous tumor models were established
by inoculating 5 × 105 4T1 cells into the right flanks of the BALB/c
mice. When tumor size reached approximately 100–200mm3 in
volume, the mice were administered physiological saline, PLP
(10mg/kg/d, s.c.) once every 24 h, and TAXOL® (Harbin
Pharmaceutical Group Holding Co., Ltd., Heilongjiang, China,
6 mg/kg, i.p.) and TAXOL®+PLP once every 4 days. Mice were
closely monitored every other day for pain/distress, tumor volume,
and body weight. The tumor volume was calculated using the
following formula: mm3 � (longest diameter × shortest
diameter2)/2. Mice were sacrificed at Day 22. Tumors were
removed and weighed, and tumors, spleens, and inguinal lymph
nodes were excised for flow cytometer analysis of immune cell
subpopulations. Cells were proceeded to be incubated with FITC
anti-mouse CD11c, APC anti-mouse CD3, PE anti-mouse CD8a,
PerCP/Cyanine5.5 anti-mouse CD4, FITC anti-mouse IFN-γ, PE/
Cyanine7 anti-mouse CD11b, and PE anti-mouse F4/80 antibodies
(Biolegend, United States) for 30 min at 4°C in the dark. Cellular
supernatant was collected for IFN-γ ELISA analysis.

Statistical Analysis
Statistical analyses were performed using Prism GraphPad 7
software. Each experiment was repeated at least three times.
The quantitative data collected were expressed as mean ± S.D.
One-way analysis of variance (ANOVA) with Dunnett’s posttest
was used for analysis of multiple groups, considered statistically
significant if p < 0.05 (*p < 0.05, **p < 0.01, and ***p < 0.001,
unless otherwise indicated).

RESULTS

Morphological Changes in Dendritic Cells
after Treatment and Cytotoxicity Evaluation
We studied the DC population, defined as CD11c+ cells using flow
cytometry (Figure 1A). After being cultured for 7 days, the purity
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of CD11c+ cells was detected by flow cytometry with a positive rate
of 77.3%, which can be used in the subsequent experiments.

We observed the biological characteristics of BMDCs, and the
results are shown in Figure 1B. In the control group, the light
microscope showed that the semisuspended DCs had a round
shape. In the groups treated with PLP and LPS, morphological
characteristics of DCs changed to be enlarged, suspended, and
displayed more typical dendritic protrusions. These changes in
morphological characteristics suggested that DCs treated with
PLP were more liable to convert into mature dendritic cells.

We tested the potential cell toxicity of PLP by incubating the
DCs with different concentrations of PLP, LPS, and RPMI-1640,
respectively. The DCs’ viability was assessed by CCK-8 assay. No
evidence of DCs toxicity in vitro could be observed within the
concentration range of PLP from 12.5 to 200 μg/ml (Figure 1C).

PLP Induced DC Maturation In Vitro
We determined whether PLP could induce DCs’maturation in vitro.
We studied the expression of DCs surface molecular markers CD86,
CD80, and MHC II by flow cytometry. PLP, PLPt, and acteoside
groups all revealed significantly upregulated expression of CD86,
CD80, and MHC II, compared with the control group after 48 h
treatment, and the PLP group was the most prominent among them
(Figure 2A). Meanwhile, the mean fluorescence intensity (MFI) of
three surface markers all increased after acteoside or PLP treatment.
The MFI of CD86, CD80, and MHC II increased 1.66-, 1.40-, and

1.37-fold by PLP stimulation compared to the control group. As to
acteoside, MFI of CD86 and MHC class II increased 1.26- and 1.13-
fold, while no significant difference was observed in MFI of CD80
(Figure 2B). PLPt could slightly upregulate the expression percentage
of MHC II and costimulatory molecules, but there was no significant
difference between PLPt and medium control in MFI. These results
indicated that, compared to PLPt and acteoside, PLP demonstrated a
better maturation-promoting effect on DCs.

We next determined whether PLP could induce excretion of
cytokines from DCs; DCs were stimulated with PLP or LPS for
48 h. The secretion of IL-12p70, TNF-α, IL-1β, and IL-6 was
significantly enhanced by the PLP-treated DCs, compared to the
control group (Figure 2C-E,G). PLP increased IL-12p70
secretion to 9.8-fold at 50 μg/ml. A 4-fold increase was
observed for TNF-α in the PLP group. It was noted that PLP
with 25 μg/ml and 50 μg/ml concentrations was as potent as LPS
with 2 μg/ml concentration in the inductive efficacy of TNF-α’s
secretion. Conversely, there was no significant difference in the
secretion of IL-4 (Figure 2F), which indicated Th2 type immune
response. It indicated that PLP could increase the secretion of Th1
cytokines such as IL-12p70, TNF-α, IL-1β, and IL-6 of DCs.

PLP Induced DC Maturation In Vivo
Since PLP is effective in inducing the maturation of DCs in vitro,
we further studied the administration routes to validate the safety
and efficacy of PLP for DCs maturation in vivo. We administered

FIGURE 1 | Purity and morphological changes in dendritic cells and cytotoxicity evaluation. (A) Subsets of CD11c+ cells were gated. (B) Representative
microscopic views of BMDCs maturation stimulated with PLP (50 μg/ml) and LPS (positive control) for 48 h (×100). Bar � 150 μm. (C) Cytotoxic effects of DCs were
analyzed using Cell Counting Kit-8 at 12.5, 25, 50, 100, and 200 μg/ml PLP treatment. Data are shown as mean ± SEM (n � 4) (*p < 0.05, **p < 0.01, and ***p < 0.001).
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PLP with 10 mg/kg dose via s.c., i.p., and p.o., as shown in
Supplementary Figure S2, LPS (s.c) was used as a positive
control. All groups of administration routes exhibited
upregulated expression of CD86, CD80, and MHC II at Day 7,
compared with the naive control group. S.c. route of PLP was the
most effective route to activate DCs. When PLP was administered
through i.p. or p.o. route, the efficacy was comparatively weaker
than the s.c. administration route (Figure 2H). These results
indicated that PLP was able to induce DCs maturation in vivo.

PLP Strengthened DCs to Stimulate
Lymphocyte Proliferation and CTL
Differentiation
We studied the ability of PLP pretreated DCs on the stimulation of
lymphocytes.We cocultured primedDCs using PLPwith lymphocytes
to determine if they can induce lymphocyte proliferation. The results
showed that DCs activated by PLP and acteoside were relatively more
potent in lymphocyte stimulation. It resulted in 47.3 and 37.1%
increased rate of proliferation, compared to the control group of
24.4% (Figures 3A,B). The results suggested that PLP-treatedDCs had
the advantage to prime and activate lymphocytes.

We further studied the cytokine production of IFN-γ from
coculture supernatants. More IFN-γ was detected in which
lymphocytes were cocultured with PLP-stimulated DCs compared

to unstimulated DCs after 48 h. IFN-γ produced by the spleen
lymphocytes increased 4-fold at a PLP concentration of 50 μg/ml
(Figure 3C). These results are consistent with that in the CFSE.

Moreover, we investigated whether PLP was attributable to CTL
differentiation. Lymphocytes were incubatedwith anti-CD3 and anti-
CD8 antibodies, and the percentage of CD3+CD8+ T lymphocytes
was measured using flow cytometry. As shown in Figure 3D,E, an
increased percentage of CD3+CD8+ T lymphocytes was observed in
the PLP group (14.1%); though lower than that of the positive control
(15.8%), it was still significantly higher than that of themediumgroup
(9.41%). These results implied that PLP significantly elicited
CD3+CD8+ T lymphocyte responses compared to medium controls.

Growth Inhibitory Effects of PLP and
Conditioned Medium on CIPp
We quantitatively evaluate the effects of PLP on the growth of
CIPp cells using CCK-8 (Figure 4A). The results suggested that
no obvious cytotoxicity on CIPp cells was observed after the
treatment with different doses of PLP for 24 and 48 h. We did not
find significant differences among all experimental groups.

To confirm the impact of PLP-associated T-cell immunity on the
tumor inhibition and further verify the above results from the animal
level, we administered PLP (10mg/kg) to CIPp tumor-bearing
BALB/c nude mice which reveal congenital defect of mature

FIGURE 2 | PLP-activated DCs stimulated the expression of costimulator. (A) BMDCs were analyzed for expression of CD86+, CD80+, and MHC II+ by flow
cytometry after stimulated with 50 μg/ml PLP, PLPt, and acteoside for 48 h. (B) Themean fluorescence intensity (MFI) of three surface markers CD86, CD80, andMHC II
expression, respectively, in different groups. Secretion of IL-12p70 (C), TNF-α (D), IL-1β (E), IL-4 (F), and IL-6 (G) from DCs treated with different formulations. (H)
BMDCs were analyzed for the expression of CD86+, CD80+, and MHC II+ by flow cytometry after stimulated with 10 mg/kg PLP via s.c., i.p., and p.o. for 48 h. All
values shown are the average values from three independent experiments ± SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).
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T cells. In this mice model, PLP did not significantly inhibit tumor
growth 28 days after the administration (Figures 4B,C). These
results suggest that T-cell immunity is necessary for the
antitumor effect of subcutaneously administered PLP.

Next, we studied the influence of the PLP-induced antitumor
activity on the interaction between DCs and lymphocytes using
a CFSE dilution assay. The proliferation of spleen lymphocytes
with PLP-induced DCs (42.5%) was higher than that of the
control group (30.7%). And the proliferation of lymphocytes
with CIPp-cell-lysate + PLP-pulsed DCs (64.9%) was higher
than that of both the PLP group and CIPp-cell-lysate group

(Figure 4D,E). It indicated that PLP + CIPp-cell-lysate may
stimulate the proliferation of lymphocytes by promoting the
maturation of DCs.

We studied the potential antitumor activity of the conditioned
medium mediated by PLP on DCs, and CIPp cells were also
subjected to different groups of conditioned medium for 48 h.
The results of CCK-8 indicated that conditioned medium exerted
growth inhibitory effects on CIPp cells, and the toxicity effect of the
PLP group (27.1%) was much higher than that of the control group
(18.6%). The results showed significant inhibitory effects of the
CIPp-cell-lysate + PLP group, which had the most remarkable

FIGURE 3 | PLP strengthened DCs to stimulate lymphocyte proliferation and CTL differentiation. (A, B) CFSE-labeled spleen lymphocytes were stimulated with
DCs for 48 h. The fraction of proliferative lymphocytes was measured in a CFSE dilution assay. Representative examples are shown. (C) The concentration of IFN-γ
secreted by splenic lymphocytes. (D, E) Phenotype analysis of CD3+CD8+ T cells in the spleen. All values shown are the average values from three independent
experiments ± SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).
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toxicity effect (35.1%), as compared to the PLP group and CIPp-cell-
lysate group (Figure 4F). It suggested that the conditioned medium
mediated by PLP had growth inhibitory effects on CIPp.

PLP Achieved Therapeutic Effects and
Improved Immunity in Breast Tumor Model
To investigate the immunotherapy effects of PLP, the BALB/c
mice were administered physiological saline, PLP, TAXOL®, and
TAXOL®+PLP. There was no significant difference in mice body
weight among all groups (Figure 5A). As shown in Figure 5B,
TAXOL®+PLP significantly inhibited 4T1 tumor growth,

compared with the control group and TAXOL group.
Figure 5C showed the photos of tumor completely stripped
from mice after sacrificed. Consistently, tumor weight and
spleen weight in the TAXOL®+PLP group were significantly
decreased at day 21 compared to the control group (Figures
5D,E). Expression of cellular supernatant IFN-γ was consistent
with the antitumor results (Figure 5F).

To demonstrate that PLP induced antitumor immunity, we
assessed whether IFN-γ-expressing CD4+ and CD8+ T cells in
tumor-bearing mice increased due to administration of PLP on
day 21 after tumor inoculation. Intracellular cytokine staining
showed that mice administered TAXOL®+PLP had more IFN-

FIGURE 4 | PLP enhanced tumor antigen-specific immune responses against tumor lysate-pulsed DCs. (A)Cytotoxic effects of CIPp cells were analyzed using Cell
Counting Kit-8 at 8, 15, 30, 60, 125, and 250 μg/ml PLP treatment. (B) Mean tumor growth curves given by tumor volume in BALB/c nude mice. Mice were s.c.
inoculated with CIPp cells (1 × 105 cells). PLP (10 mg/kg/d, s.c.) was administered to the mice every 48 h, and the tumor growth was measured (n � 6). (C) The tumor
weight was measured 28 days after tumor challenge in nude mice. (D, E) CFSE-labeled spleen lymphocytes were stimulated with DCs for 48 h. The fraction of
proliferative lymphocytes was measured in a CFSE dilution assay. Representative examples are shown. (F) Cytotoxic effects of CIPp cells were analyzed using Cell
Counting Kit-8 by different groups of conditioned medium (LPS, PLP, CIPp-cell-lysate, and CIPp-cell-lysate + PLP). All values shown are the average values from three
independent experiments ± SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).
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γ-expressing CD4+ and CD8+ T cells in inguinal lymph node,
spleens, and tumors as compared with the control group and
TAXOL group. And the PLP group had more IFN-γ-expressing
CD4+ T cells in inguinal lymph node and spleens and more IFN-
γ-expressing CD8+ T cells in inguinal lymph node, spleen, and
tumor as compared with the control group mice (Figure 5G;
Supplementary Figures S3, 4). As shown in Figure 5H;
Supplementary Figures S5, 6, the combination of PLP and
TAXOL promoted more CD11c+ DCs and CD11b+F4/80+

macrophage aggregation in inguinal lymph node, spleen, and
tumor as compared with the control group and TAXOL group.
And the PLP group had more DCs and macrophages in inguinal
lymph node, spleen, and tumor as compared with the control
group. Representative gating scheme for flow cytometric analysis
of immune cell populations was showed in Supplementary
Figure S1. These results suggested that PLP achieved

therapeutic effects and could improve immunity in the 4T1
breast tumor model.

DISCUSSION

Recent studies approved that polysaccharide components of
Chinese herbal extracts exhibit the outstanding ability of
immune modulation through activating DCs (Chen et al.,
2006). In addition, besides polysaccharides, glycoside was
also identified with the same activity. There were also
reports which indicated that acteoside, another component
isolated from Plantago asiatica L., could enhance immunity in
mouse splenocytes (Kim et al., 2005). Thus, we first
investigated if PLP and acteoside could activate the
maturation of DCs. The results showed that PLPt, PLP, and

FIGURE 5 | PLP achieved therapeutic effects and improved immunity in the breast tumor model. (A) Mice body weight, (B) mean tumor growth curves given by
tumor volume, (C) images of excised tumors from each mouse in each treatment group, (D) tumor weight, and (E) the spleen weight during the total immunotherapy
course. (F) IFN-γ released from cellular supernatant of tumor-bearing mice in control, PLP, TAXOL

®
, and TAXOL

®
+PLP groups was tested by ELISA. (G) Phenotype

analysis of CD4+ IFN-γ+ T cells and CD8+ IFN-γ+ T cells and (H) DCs and macrophages in mice spleen, inguinal lymph node, and tumors 22 days after 4T1 tumor
cell inoculation. All values shown are the average values from three independent experiments ± SEM (n � 5) (*p < 0.05, **p < 0.01, and ***p < 0.001).
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acteoside all revealed significantly upregulated expression of
MHC II and costimulatory molecules. However, at the same
concentration, the PLP was the most prominent among them.
It manifested that PLP had a stronger maturation-promoting
effect on DCs than acteoside, which is consistent with reports
by Huang et al. (2009).

In this study, we demonstrated that PLP performed the ability
to upregulate DCs’ maturation marker and induce its functional
maturation in vivo and in vitro. PLP enhanced the expression of
surface molecules, including CD80, CD86, and MHC class II,
suggesting that PLP induces the maturation of DCs. This finding
was confirmed by the experiments in vivo. Groups administered
with PLP via s.c., i.p., and p.o. all induced DCs’ maturation.
Among the three routes of administration, PLP via s.c. route is the
most effective, which is consistent with reports by Chen et al.
(2009). Perhaps because the subcutaneously administered PLP
was taken up by DCs present in hypodermis and lymphatics,
which are transported to the sentinel lymph nodes and eventually
enter the blood circulation and systemic lymphoid tissues more
effectively. DCs primed by PLP cocultured with lymphocytes can
further enhance the IL-12 p70 and TNF-α production. This
indicates that PLP can induce cytotoxic T-cell activities
in vitro and in vivo (Xiao et al., 2009; Carreno et al., 2013).

Admittedly, PLP is not as strong as LPS in terms of inducing
IL-12 production, while it is comparable to LPS with the
enhancement of lymphocyte proliferation. LPS is toxic and
induces a severe inflammatory response. In contrast, PLP was
prepared from the herb, and no substantial toxic effect was
detected with relatively high doses in the cytotoxicity
evaluation experiments (Figure 1C), which indicates a
therapeutic safety for the doses pharmacologically. This
advantage makes it perform the great potential to be a good
supplement for immunosuppressed organisms. Improvement of
immunity could be achieved by simply administrating PLP.

As the most important professional antigen-presenting
cells, a crucial role of DCs is to present processed antigens
to T cells so that T cells can develop a specific immune
response to particular antigens (Martinez et al., 2007). We
used spleen lymphocytes which were composed of T cells to
better simulate the immune environment in the organism. The
result demonstrated that DCs could significantly increase the
proliferation of spleen lymphocytes when the ratio of DCs:
lymphocytes was 1:4. We also used the ratio of 1:10, while the
lymphocyte proliferation ability of DCs became weaker (data
not shown). And this result is consistent with reports by Huang
et al. (2009). The reason might be with the decrease of DCs, and
there were not enough IL-2 secreted by DCs, resulting in less
lymphocyte proliferation (Guermonprez et al., 2002). Besides,
PLP-treated DCs induced higher levels of IFN-γ production from
spleen lymphocytes in vitro, suggesting they were more potent in
priming Th1 response. Immunogenic DCs can induce Th1 cell
differentiation and/or CTL priming, depending on the constraints
imposed by environmental modifiers, as well as the maturation
signal they received (Reis e Sousa 2006).

The CCK-8 results showed that there was no obvious cytotoxicity
on CIPp cells after the treatment with PLP (Figure 4A), which
suggested that PLP could kill tumor cells via enhancing antitumor

immunity rather than directly targeting cancer cells. In the BALB/c
nude mice model which reveals congenital defect of mature T cells,
PLP did not significantly inhibit tumor growth (Figure 4E), and it
also suggested that T-cell immunity was necessary for the antitumor
effect of PLP. We used PLP-activated DCs cocultured with spleen
lymphocytes, and the conditioned medium was detected for potential
antitumor activity. The results of CCK-8 showed that conditioned
medium exerted growth inhibitory effects on CIPp cells. PLP and
CIPp-cell-lysate jointly stimulated DCs cocultured with lymphocytes
having the strongest killing effects on CIPp cells (Figure 4B). On the
other hand, in the 4T1 tumor model, PLP and TAXOL® group
controlled the size of tumors and exerted better therapeutic
effects than that administered TAXOL® or PLP alone
(Figure 5B), indicating that PLP can exert antitumor effects
by upregulating immune responses and improving
immunosuppression of the tumor microenvironment.

Antitumor immune responses can be initiated through both
the innate and adaptive immune system. Innate immune cells,
such as DCs, which process and present antigens to T
lymphocytes, activate adaptive immunity. Macrophages can
kill tumor cells indirectly by producing effector molecules and
exerting phagocytosis (Wang et al., 2020). We chose TAXOL®
for combination because there was no general Chinese
medicine immunotherapy drug as a positive control, and we
also wanted to investigate whether PLP could enhance the
effect of conventional chemotherapy medicine. The
combination of PLP and TAXOL® recruited more mature
DCs and macrophages in inguinal lymph node, spleen, and
tumor (Figure 5H). Mature DCs secret IL-12, which in turn
acts on T cells and promotes Th1 cell differentiation. In
addition, subcutaneously administered PLP not only
induced IFN-γ expression in the lymph node but also in the
spleen and tumor (Figure 5F). It suggested that PLP induced the
tumor-specific T-cell response to a type 1 cytokine profile and results
in successful cancer immunotherapy (Masuda et al., 2013). What is
important is that effective anti-tumor immunity is generated during
the infiltration of effector cells into tumor microenvironment, and
antigen-specific T cells perform effector functions to kill tumor cells
(Bos and Sherman 2010). Consistent with the enhancement of
expression of IFN-γ, subcutaneously administered PLP
significantly increased the infiltration of CD4+ IFN-γ+ and CD8+

IFN-γ+ T cells to the tumor sites (Figure 5G). These results
suggested that PLP might recruit CD4+ and CD8+ T cells to the
tumor sites to amplify the Th1 antitumor cellular immunity.

CONCLUSION

Overall, PLP could promote the phenotypic and functional
maturation of DCs both in vivo and in vitro. Mature DCs
induced by PLP could enhance the cellular immune function,
stimulate lymphocytes’ proliferation, and differentiate naive T cells
into cytotoxic T cells, which had a cytotoxic effect on breast tumor
cells. Tumor antigen-specific T-cell responses were enhanced by
PLP and tumor lysate-pulsed DCs. In addition, PLP could achieve
therapeutic effects and improve immunity in the breast tumor
model. Our study provides scientific support and rationale on
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using PLP in various clinical conditions with poor immunity,
especially for the tumor immune therapeutic effects in the future.
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Respiratory diseases, especially the pandemic of respiratory infectious diseases and
refractory chronic lung diseases, remain a key clinical issue and research hot spot due
to their high prevalence rates and poor prognosis. In this review, we aimed to summarize
the recent advances in the therapeutic effects and molecular mechanisms of key common
bioactive compounds from Chinese herbal medicine. Based on the theories of traditional
Chinese medicine related to lung diseases, we searched several electronic databases to
determine the high-frequency Chinese medicines in clinical application. The active
compounds and metabolites from the selected medicines were identified using the
Traditional Chinese Medicine Systems Pharmacology Database (TCMSP) by analyzing
oral bioavailability and drug similarity index. Then, the pharmacological effects and
molecular mechanisms of the selected bioactive compounds in the viral and bacterial
infections, inflammation, acute lung injury (ALI), chronic obstructive pulmonary disease
(COPD), pulmonary fibrosis, asthma, and lung cancer were summarized. We found that 31
bioactive compounds from the selected 10 common Chinese herbs, such as
epigallocatechin-3-gallate (EGCG), kaempferol, isorhamnetin, quercetin, and
β-sitosterol, can mainly regulate NF-κB, Nrf2/HO-1, NLRP3, TGF-β/Smad, MAPK, and
PI3K/Akt/mTOR pathways to inhibit infection, inflammation, extracellular matrix deposition,
and tumor growth in a series of lung-related diseases. This review provides novel
perspectives on the preclinical study and clinical application of Chinese herbal
medicines and their bioactive compounds against respiratory diseases.
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INTRODUCTION

Respiratory diseases include respiratory infectious diseases,
asthma, chronic obstructive pulmonary disease (COPD),
interstitial pulmonary disease (ILD), and lung cancer. These
diseases are characterized by the injuries of bronchial and
alveolar tissue to cause respiratory dysfunction and even
respiratory failure. Respiratory infectious diseases mainly
caused by viruses or bacteria and often contagious, remain a
major global public health problem. For example, since the
outbreak of coronavirus disease (COVID-19) at the end of
2019, there have been nearly 180 million confirmed cases,
including 3.9 million deaths by June 25, 2021 (Mortality et al.,
2019; Berlin et al., 2020). Pneumonia is another common
respiratory infection, it can lead to hospitalization and death
in all age group, and the annual costs exceed $10 billion in the
United States and Europe (Global, 2018; Stets et al., 2019).
Chronic respiratory diseases such as COPD, ILD, pulmonary
fibrosis (PF), and lung cancer, seriously affect human health,
these diseases were associated with more than 4 million deaths
(7% of all deaths) worldwide in 2017 (Global, 2018). They are
induced by long-term exposure to airborne pollutants, tobacco, or
kitchen smoke, and their mortality by 18.0% in the last 30 years
(Li et al., 2020a). COPD has become the fourth leading cause of
death worldwide (Ferkol and Schraufnagel, 2014). Moreover, the
quality of life in patients with ILD and IPF is severely affected due
to progressive scarring of the lung parenchyma and impairment
of pulmonary function (Wollin et al., 2019; Spagnolo et al., 2021).
In addition, lung cancer has poor survival and highmortality, and
it is the most common cause of cancer-related death worldwide
(Siegel et al., 2021). The concern due to the global burden of
respiratory diseases, such as the ongoing global pandemic of
COVID-19, COPD, and lung cancer, has stimulated research on
the treatment and prevention of respiratory diseases. Therefore,
the therapeutic effects and molecular mechanisms of potential
intervention strategies have become a hot spot for
multidisciplinary research.

Traditional Chinese medicine (TCM) has a history of more
than 3,000 years and has been used for the prevention and
treatment of many respiratory diseases. The ancient medicine
books named “Shennong Ben Cao Jing” and “Shanghan Lun”
clearly recorded the theories of traditional Chinese medicine,
such as reducing phlegm and relieving cough and asthma, and
many prescriptions for the prevention and treatment of lung-
related diseases. Based on thousands of years of clinical
application and the modernization of TCM research, hundreds
of Chinese medicines have been shown to be effective in the
current clinical applications for treating respiratory infections,
asthma, chronic lung diseases, and lung cancer; these effects are
based on the therapeutic and improved effects for acute
respiratory symptoms and lung dysfunction (Ren et al., 2020;
Zhang et al., 2021). Importantly, bioactive compounds or their
metabolites from these medicines with high-frequency use, such
as saponins, flavonoids, alkaloids, and phenolic acids, are critical
for the prevention and treatment of respiratory diseases (Shahidi
and Yeo, 2018; Ory et al., 2019; Russo et al., 2020). Currently, the
roles of different medicines are summarized in most review, not

for potential active components of these medicines for fighting
the diseases of respiratory systems. It is necessary to summarize
the recent findings regarding the therapeutic effects and
molecular mechanisms of bioactive compounds from
commonly used Chinese medicines for preventing and treating
a series of lung-related diseases. In this review, we first searched
English or Chinese electronic databases for clinical studies of
TCM against respiratory diseases to identify the Chinese
medicines with high-frequency use in the clinical setting. The
active components and their metabolites from the selected
medicines were identified using the Traditional Chinese
Medicine Systems Pharmacology Database (TCMSP) by
analyzing oral bioavailability and drug similarity index. Then,
the published studies for advanced research of those bioactive
compounds after screening in multiple disorders of respiratory
system were collected. Finally, we summarized the
pharmacological effects and molecular mechanisms of the
selected bioactive compounds in the viral and bacterial
infections, inflammation, acute lung injury (ALI), COPD, PF,
and lung cancer. This review provides new insights into the
clinical use of medicinal herbs for the prevention and treatment
of respiratory diseases.

HIGH-FREQUENCY USE OF CHINESE
MEDICINE AND LITERATURE
COLLECTION
According to the theories of TCM involving lung-related diseases,
we searched Chinese or English electronic databases including
CNKI database, Wanfang Data Knowledge Service Platform, VIP
Chinese Science and Technology Journal database, PubMed
database, and Web of Science database with keywords such as
“traditional Chinese medicine,” “Chinese medicine,” or
“respiratory diseases.” After the literature retrieval, the Chinese
medicines widely used in clinical applications for reducing
phlegm (Morus alba L., Moraceae family, Chinese name:
Sangbaipi, peel; Ginkgo biloba L., Ginkgoaceae family, Chinese
name: Baiguo, seed; Aster tataricus L.f., Compositae family,
Chinese name: Ziwan, root) and relieving cough and asthma
(Perilla frutescens (L.) Britton, Lamiaceae family, Chinese name:
Suzi, seed; Tussilago farfara L., Compositae family, Chinese name:
Kuandonghua, flower; Datura metel L., Solanaceae family,
Chinese name: Yangjinhua, flower; Ardisia japonica (Thunb.)
Blume, Primulaceae family, Chinese name: Aidicha, leaf;
Lepidium apetalum Willd., Brassicaceae family, Chinese name:
Tinglizi, seed; Eriobotrya japonica (Thunb.) Lindl., Rosaceae
family, Chinese name: Pipaye leaf; Prunus mandshurica
(Maxim.) Koehne., Rosaceae family, Chinese name: Kuxingren,
seed) were selected.

The effective components and their metabolites of the selected
10 medical plants were searched in the Traditional Chinese
Medicine Systems Pharmacology Database (TCMSP, https://old.
tcmsp-e.com/index.php, version 2.3). The active compounds of
each herb were sorted out by the screening criteria with (oral
bioavailability ≥30% and drug-likeness ≥0.18) for the ADME
(absorption, distribution, metabolism, and excretion) evaluation
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system. After sorting, we identified 165 bioactive compounds from
these 10 herbs, such as epigallocatechin-3-gallate (EGCG),
kaempferol, apigenin, ellagic acid and resveratrol for further
analysis. Then, we searched the databases (PubMed, EMBASE,
or Web of Science) using the keywords for one of the ingredients
from the TCMSP and a type of disease, such as respiratory
infection, COVID-19, inflammation, ALI, PF, COPD, asthma,
or lung cancer to obtain articles published from January 2000
to May 2021.

Articles that included both components and disease terms,
excluding review articles were identified as reference lists (4,519
articles). Titles and abstracts of all the records were screened to
exclude irrelevant studies (duplicates: n � 3,276; publication
before 2000: n � 171, non-English: n � 20). We further
excluded the irrelevant records for the subject (n � 416),
target herbs (n � 216), Chinese medicinal formulae/mixture
compounds (n � 60), targeting drug delivery system (n � 25),
or computational study without experimental validation (n � 60).
Moreover, 74 reports for component analysis were added to
obtain 349 full-text articles for eligibility assessment. Finally,
129 articles for the therapeutic effects and molecular
mechanisms of 31 bioactive compounds from the selected 10
herbs were enrolled in the final analysis, after excluding similar
studies or those not relevant to our topic of this review (n � 234).
The detailed flow chart of the published articles collection is
shown in Figure 1.

THERAPEUTIC EFFECTS AND
MOLECULAR MECHANISMS OF
BIOACTIVE COMPOUNDS AGAINST
RESPIRATORY DISEASES

Viral and Bacterial Infections
Bacterial and viral infections account for up to 70% of all
pathogenic diseases in humans (Smith et al., 2014). Influenza
is one of the most prevalent respiratory diseases, and accounts for
nearly 5–15% of people all respiratory infections. Although most
patients recover, about 0.5 million people die of influenza each
year (Petrova and Russell, 2018). The outbreak of COVID-19 has
become a global health emergency on a pandemic scale, which has
given rise to various studies and developments of antiviral drugs
and vaccines. Coronaviruses identify the angiotensin-converting
enzyme 2 (ACE2) as the main entry point into the respiratory
epithelial cells of the host (Zhou et al., 2020a). Potential targets,
including retinoic acid-inducible gene I (RIG-I)/melanoma
differentiation-associated gene 5/mitochondrial antiviral
signaling/TNF receptor-associated factor 3/interferon
regulatory factor 3 (IRF3)/IRF7, and Toll-like receptors
(TLRs)/TIR-domain-containing adapter-inducing interferon-
β/nuclear factor kappa B (NF-κB)/mitogen-activated protein
kinase (MAPK)/activating protein-1 (AP-1) pathways as
intercellular sensors have been detected to study translation
and budding process of SARS-CoV-1 and MERS viruses
infection with SARS-CoV-1 using in vitro and in vivo models
(Stertz et al., 2007), which may cause cellular death,
hyperinflammation, and cytokine storm during viral infections
(Azkur et al., 2020).

TCM could be a great potential resource for the development
of innovative pharmacotherapies against infections. It has been
reported that Lianhuaqingwen granules (active ingredients
including Forsythia suspensa (Thunb.) Vahl, Lonicera japonica
Thunb., and Prunus mandshurica (Maxim.) Koehne., Rosaceae)
(Jia et al., 2015), Shufeng Jiedu capsule (active ingredients
including Forsythia suspensa (Thunb.) Vahl, Strobilanthes
cusia (Nees) Kuntze, and Bupleurum chinense DC.) (Liu et al.,
2019a), Huoxiang Zhengqi dropping pills (active ingredients
including Pogostemon cablin (Blanco) Benth., Platycodon
grandiflorus (Jacq.) A.DC., and Pinellia ternata (Thunb.)
Makino) (Li et al., 2006) and Haishiyi formula (active
ingredients including Ephedra sinica Stapf, Prunus
mandshurica (Maxim.) Koehne., and Atractylodes
macrocephala Koidz.) can improve clinical symptoms, such as
fatigue, cough, and fever, reduce the usage rate of antibiotics, and
prevent the progression to severe COVID-19 (Xiao et al., 2020a;
Tian et al., 2020; Xia et al., 2021). Currently, canti-COVID-19
agents mainly target SARS-CoV-2 spike receptor-binding
domain or ACE2 enzyme activity to block the entry of
COVID-19 to the cells. EGCG from Eriobotrya japonica
(Thunb.) Lindl., and Ginkgo biloba L., and isorhamnetin found
in Lepidium apetalum Willd., Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L., and Aster tataricus L.f. exhibit the
ability to prevent SARS-CoV-2 from entering into ACE2+ cells
(Henss et al., 2021; Maiti and Banerjee, 2021; Zhan et al., 2021).

FIGURE 1 | Flow diagram of literature collection methods for bioactive
compounds from commonly used of traditional Chinese medicine in clinical
applications.
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Neochlorogenic acid from Tussilago farfara L. and
Lianhuaqingwen granules inhibit the ACE2 enzyme activity
(Chen et al., 2021a). Hesperidin and hyperoside from
Eriobotrya japonica (Thunb.) Lindl. show antiviral and anti-
inflammatory effects against H1N1 virus (Ding et al., 2018;
Ling et al., 2020). In H9N2 virus-induced pneumonia,
kaempferol inhibits TLR4/Myeloid differentiation factor 88
(MyD88)/NF-κB signaling pathways to reduce the production
of inflammatory factors and enhance antioxidant ability (Zhang
et al., 2017a). β-sitosterol from eight herbs, such asMorus alba L.,
and Datura metel L., inhibits RIG-I and signal transducer and
activator of transcription 1 (STAT1) signaling pathway to
improve interferon sensitization (Zhou et al., 2020b). As for
bacterial infections, it has been reported that benzaldehyde has
a good inhibitory effect on a variety of bacteria (Lee et al., 2014a).
SARS-CoV-2 spike receptor-binding domain, ACE2, and
inflammatory response are essential targets of these bioactive
compounds, which may be related to Toll-like receptor and
MAPK signaling pathways. Overall, the antiviral and
antibacterial effects of these active compounds mentioned
above are shown in Table 1.

Inflammation and ALI
ALI is common in pulmonary infection, lung contusion,
pulmonary embolism, and near-drowning, it can lead to acute
respiratory distress syndrome (ARDS) (Suresh et al., 2000). The
mortality of ARDS ranges from 35 to 46%, which is higher than
mortality of breast cancer or HIV infection (Fan et al., 2018).
Patients recovered from ARDS may experience physical,
neuropsychiatric, and neurocognitive morbidity that
persistently impair their quality of life (Fan et al., 2014).

Inflammation, bacterial and viral infections are the most
common causes of ALI (Fan and Fan, 2018). The pathogenesis
of ALI is believed to be related to inflammation, oxidative stress,
cell apoptosis, and hypoxia, involving major cytokines such as
tumor necrosis factor-α (TNF-α), interleukin (IL)-6, and IL-1β,
IL-9, and IL-8, as well as the chemokines, such as chemokine-2
(CCL-2), monocyte chemotactic factors (MIP), and macrophage
chemoattractant protein (MCP). The critical signaling pathways
mainly include NF-κB, MAPK, nucleotide-binding
oligomerization domain, NOD-like receptor family pyrin
domain containing 3 (NLRP3), TLRs, adrenergic receptors, the
Janus kinase (JAK)/STAT, and AMP-activated protein kinase
(AMPK)- anti-thymocyte globulin (ATG7) signaling pathways
(Chang et al., 2018a; Nadeem et al., 2018). The potential targets
include of superoxide dismutase (SOD), glutamate-cysteine ligase
catalytic subunit (GCLC), NAD(P)H, quinone-1 (NQO1),
catalase (CAT), glutathione peroxidase (GSH-Px), and heme
oxygenase-1 (HO-1) (Sun et al., 2018; Zhou et al., 2020a).
Collectively, intrapulmonary oxidants derived from either
activated lung macrophages or oxidant-generating enzymes
delivered into the lung are two main pathways of oxidative
stress, which can induce ALI and, more seriously, ARDS
(Ward, 2010).

The model of ALI is mainly based on the induction by
lipopolysaccharide (LPS) in in vivo and in vitro experiments.
Other inflammatory substances and harmful chemicals such as
N-methyl-d-aspartate, methamphetamine, and paraquat (PQ)
are also used in ALI studies. TNF-α and other cytokines are
commonly used in the in vitro model construction of ALI. The
changes in pulmonary function, lung wet/dry ratios, the
morphology of lung tissue, and inflammatory factors in

TABLE 1 | Summary of effects and mechanisms of bioactive compounds against bacterial and viral infections.

Herbs Component Disease/Model Targets Mechanism/specific
effects

References

Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L.

EGCG COVID-19/HEK293T cells
transfected with the SARS-
CoV-2 delta 19 spike gene

SARS-CoV-2
spike receptor-
binding domain

Inhibits coronavirus spike proteins Henss et al. (2021),
Maiti and Banerjee
(2021)

Tussilago farfara L. Neochlorogenic
acid

COVID-19/ACE2 enzyme
activity measurement

ACE2 Reduces ACE2 enzyme activity Chen et al. (2021a)

Lepidium apetalum Willd.,
Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L., Aster
tataricus L.f.

Isorhamnetin COVID-19/ACE2
overexpression in HEK293
cells

SARS-CoV-2
spike receptor-
binding domain

Inhibits coronavirus spike proteins Zhan et al. (2021)

Eriobotrya japonica (Thunb.)
Lindl.

Hesperidin Virus infection/A rat model
using H1N1 virus infection

MAPK signaling
pathways

Inhibits pro-inflammatory cytokine
production

Ding et al. (2018)

Eriobotrya japonica (Thunb.)
Lindl.

Hyperoside Virus infection/H1N1-induced
acute lung injury in mice

Toll-like receptor
signaling
pathway

Reduces cytokine secretion and NF-
κB p65 phosphorylation for antiviral
and anti-inflammatory effects

Ling et al. (2020)

Morus alba L., Datura metel L.,
and other 6 herbs

Kaempferol Virus infection/H9N2 influenza
virus-induced inflammation in
vivo and in vitro

TLR4/MyD88 Reduces ROS and MPO activity,
promotes the production of TNF-α, IL-
1β and IL-6; and improves SOD
activity

Zhang et al. (2017a)

Morus alba L., Datura metel L.,
and other 6 herbs

β-sitosterol Virus infection/Influenza A
virus-induced ALI mice model

Retinoic acid-
inducible gene I
(RIG-I)

Inhibits RIG-I and STAT1 signaling
pathway to improve interferons
sensitization

Zhou et al. (2020b)

Prunus mandshurica (Maxim.)
Koehne, Perilla frutescens (L.)
Britton

Benzaldehyde Bacterial infection/16 bacteria
and two yeast species

Not available Not available Lee et al. (2014a)
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alveolar lavage fluid and serum are generally used to evaluate the
inflammatory response. Canonical NF-κB pathway directly
induces proinflammatory cytokines such as TNF-α, IL-1β, and
IL-6. Subsequently, the activation of IL-1R1 and TNFR1 can
make a positive feedback to activate the crucial pathway of
inflammation via the NF-κB pathway (Yu et al., 2020a).
Ellagic acid, apigenin, EGb761, galangin, isorhamnetin, and
kaempferol from Ginkogo biloba, Aster tataricus L.f.,
Eriobotrya japonica (Thunb.) Lindl., and Lepidium apetalum
Willd. can reduce the production of inflammatory cytokines
and oxidative stress to prevent LPS-induced ALI in mice
through the NF-κB pathway (Cornélio Favarin et al., 2013;
Huang et al., 2013; Lee et al., 2014b; Shu et al., 2014; Wang
et al., 2014; Chi et al., 2016; Li et al., 2016; Luan et al., 2016; Liu
et al., 2018a; Qian et al., 2019; Júlio de Souza et al., 2020; Ren et al.,
2021). TLR4/MYD88, an upstream player of the NF-κB pathway,
mediates the inflammation and ALI. Both processes are
ameliorated by ferulic acid and hesperidin from Aster tataricus
L.f. and Eriobotrya japonica (Thunb.) Lindl., which have anti-
inflammatory activities and protective effects against ALI by
downregulating cytokines and chemokines (Ma et al., 2015;
Wu et al., 2021). Furthermore, myeloid differentiation 2
(MD2) and high-mobility group box 1 (HMGB1) are the key
targets of hesperidin, through which it can effectively inhibit
inflammation during ALI (Liu et al., 2015; Ma et al., 2015). Rutin
and moracin M from Eriobotrya japonica (Thunb.) Lindl. and
Morus alba L. improve ALI through a crosstalk of the MAPK and
the NF-kB signaling pathways (Yeh et al., 2014; Liu et al., 2015;
Ma et al., 2015; Huang et al., 2016; Lee et al., 2016; Ye et al., 2019).
The NLRP3 inflammasome processes the interleukin precursors
into their mature forms, such as IL-1β and IL-18, which results in
inflammation (Afonina et al., 2017). The bioactive components
from Prunus mandshurica (Maxim.) Koehne, Eriobotrya japonica
(Thunb.) Lindl., and Morus alba L. amygdalin and resveratrol
suppress NF-κB activity and ROS production via inhibiting
NLRP3 inflammasome (Jiang et al., 2016a; Zhang et al.,
2017b). SIRT1, the NAD+-dependent protein deacetylase,
provides “stop signals” for inflammatory and oxidative stress
(Jiang et al., 2016a; de Oliveira et al., 2019; Tsai et al., 2019).
Resveratrol and oleanolic acid from Perilla frutescens (L.) Britton,
Eriobotrya japonica (Thunb.) Lindl. and Morus alba L. reduce
PTEN and NF-κB acetylation through the activation of SIRT1
(Peng et al., 2019; Wang et al., 2020a). Quercetin and
formononetin from most of the 10 herbs enhance Nrf2/HO-1-
mediated cytoprotective effects and prevent LPS-induced lung
inflammation (Ma et al., 2013; Takashima et al., 2014;Wang et al.,
2018a; Chen et al., 2021b). Luteolin downregulates cytokine and
oxidative stress, ICAM-1 through the NF-κB pathway and
induces Treg differentiation against ALI (Rungsung et al.,
2018; Xie et al., 2021). According to the role of miRNAs in
lung inflammation, it has been shown that resveratrol
downregulates miR-193a to target transforming growth factor-
β2 (TGF-β2), TGFβ receptor (TGFβR3), and death receptor-6
(Alghetaa et al., 2018). Liquiritin from Prunus mandshurica
(Maxim.) Koehne inhibits the expression of TRPV1 and
TRPA1 thereby providing anti-inflammatory and anticough
effects (Liu et al., 2020). Taken together, 16 active compounds

in 10 herbs have potential roles in inhibiting lung inflammation
and injury through NF-κB, MAPK, NLRP3, PI3K/Akt, SIRT1,
and HO-1 pathways. More details for the therapeutic effects and
molecular mechanism of these compounds against inflammation
and ALI are shown in Table 2.

Chronic Obstructive Pulmonary Disease
The pathogenesis of COPD is related to chronic inflammation,
oxidative stress, cellular senescence, corticosteroid resistance, cell
apoptosis, and changes in pulmonary histology and functions.
The proinflammatory cytokines and chemokines (TNF-α, IL-1,
IL-6, and IL-8), the signaling pathways (NF-κB and MAPK
pathways), and various stress-related molecules (SOD, MDA,
GSH) participate in the different pathological stages of COPD
(Yang et al., 2020). IL-8 recruits neutrophils and secretes several
neutrophil elastases and metalloproteases, e.g., MMP-9, which
results in alveolar destruction. GM-CSF and IL-6 contribute to
the increase in airway smooth muscle mass and proliferation,
leading to bronchial obstruction (Knobloch et al., 2018; Jamal
Jameel et al., 2021). Human airway smooth muscle cells
(HASMCs) contributing to the secretion of cytokines and
chemokines are related to non-type 2 airway inflammation
and remodeling processes in COPD (Knobloch et al., 2013;
Knobloch et al., 2016; Knobloch et al., 2019). Exposure to
gases from cigarette smoking and inhaled particles such as
PM2.5 are two archetypical inducing factors of COPD, which
means that cigarette smoke and PM2.5 are commonly used for
establishing in vivo and in vitromodels of COPD (Rabe andWatz,
2017). Many studies have shown that multiple herbs, such as
Tussilago farfara L., Eriobotrya japonica (Thunb.) Lindl., and
Morus alba L. can inhibit the progression of COPD. Tussilagone
and EGCG from the herbs mentioned above enhance the
antiproliferative activity through the inhibition of the NF-κB
pathway (Choi et al., 2018; Lakshmi et al., 2020). Amygdalin
ameliorates the process of epithelial-mesenchymal transition
(EMT) through the TGF-β/Smad pathway in cigarette smoke-
exposed BEAS-2B cell line and mice model (Wang et al., 2019).
Ursolic acid attenuates emphysema and enhances airway
remodeling via unfolded protein response (UPR) signaling
pathways (Lin et al., 2019; Li et al., 2020b). Liquiritin can
reduce pulmonary inflammation by targeting the TGF-β
pathway (Guan et al., 2012). Resveratrol inhibits the
autophagic process and decreases IL-1β production by
inactivation of NLRP3 inflammasome (Ding et al., 2019) or
regulation of p53 destabilization (Navarro et al., 2017).
Alveolar macrophages are important immune and
inflammatory regulatory cells in the lung tissue (Gerlach et al.,
2015). Resveratrol reduces the expression of MMP-9, GM-CSF
and inflammatory mediators including IL-6, IL-8, and MCP-1 in
alveolar macrophages under the stimulation of different harmful
substances (Culpitt et al., 2003; Knobloch et al., 2011). Other
reports have shown that resveratrol inhibits cytokines and
chemokines (CCL-2, IL-6, IL-8) and ameliorates bronchial
obstruction-related secretory proteins (GM-CSF and VEGF) in
HASMCs from smokers and COPD patients. Similar to the
findings against inflammation and ALI, SIRT1 and p38 MAPK
are regarded as therapeutic targets of resveratrol in lipoteichoic acid
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TABLE 2 | Summary of effects and mechanisms of bioactive compounds against inflammation.

Herbs Component Model Targets Mechanism/specific
effects

References

Ginkgo biloba L. EGb761 LPS-induced ALI NF-κB pathway Inhibits NF-κB, phosphorylation of
JNK and Akt, TNF-α, interleukin IL-6,
macrophage inflammatory protein
(MIP)-2, MMP-9, inducible nitric oxide
synthase (iNOS), and
cyclooxygenase-2 (COX-2)

Huang et al. (2013),
Lee et al. (2014b)

Aster tataricus L.f. Apigenin LPS-induced ALI mice model NF-κB pathway Inhibits the expression of NF-κB;
reduces IL-6, IL-1β, TNF-α and COX-2

Wang et al. (2014)

Aster tataricus L.f. Apigenin PQ-induced ALI mice model NF-κB pathway Decreases the lung wet/dry ratios and
lipid peroxidation, secretion of IL-6,
TNF-α and MDA; increases spleen
weight, T cell proliferation, secretion of
IL-2, glutathione peroxidase (GSH-
Px), CAT, and SOD activity

Luan et al. (2016), Liu
et al. (2018a)

Eriobotrya japonica (Thunb.)
Lindl.

Ellagic Acid LPS-induced ALI mice model NF-κB pathway Reduces the vascular permeability
changes, the activation of NF-κB and
AP-1, and the expression of COX-2,
CCL-2, IL-1β, IL-6, IL-10

Cornélio Favarin et al.
(2013), Júlio de Souza
et al. (2020)

Aster tataricus L.f. Galangin LPS-induced ALI mice model NF-κB pathway Reduces the activation of NF-κB,
inflammation and oxidative stress;
enhance the expression of HO-1.

Shu et al. (2014)

Lepidium apetalum Willd.,
Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L., Aster
tataricus L.f.

Isorhamnetin LPS-induced ALI mice model
and TNF-α induced BEAS-2B

NF-κB pathway Suppresses the phosphorylation of
IκBα, NF-κB(p65), ERK and JNK;
reduce the level of IL-1β, IL-6, IL-8,
TNF-α, and MPO

Chi et al. (2016), Li
et al. (2016), Ren et al.
(2021)

Morus alba L., Datura metel
L., and other 6 herbs

Kaempferol LPS-induced ALI mice model NF-κB pathway Prevents increased NF-κB and K63-
linked polyubiquitination; Reducing
lung damage

Qian et al. (2019)

Aster tataricus L.f. Ferulic acid LPS-induced ALI mice model TLR4/NF-κB
pathway

Reduces the activation of the TLR4
and NF-κB and the secretion of IL-6,
IL-1β and TNF-α; ameliorates lung
histopathological change

Wu et al. (2021)

Eriobotrya japonica (Thunb.)
Lindl.

Hesperidin LPS-induced ALI mice model NF-κB pathway;
MD2; HMGB1

Upregulates the expression of PPAR-γ
and inhibits MD2 and HMGB1 to block
the interaction between TLR4 and NF-
κB; suppresses cytokines and
chemokine (TNF-α, IL-6, IL-1β, and
MIP-2), the infiltration of macrophages
and production of MCP-1

Liu et al. (2015), Ma
et al. (2015), Ye et al.
(2019)

Eriobotrya japonica (Thunb.)
Lindl.

Rutin LPS-induced ALI mice model MAPK-NF-κB
pathway

Inhibits oxidative stress, neutrophil
infiltration, VCAM-1, iNOS, and NF-κB
activation

Yeh et al. (2014),
Huang et al. (2016)

Morus alba L. Moracin M LPS-induced ALI mice model
and alveolar macrophages

MAPK and NF-κB
pathways

Downregulates of JNK/c-Jun, NF-κB,
IL-6, IL-1β, and iNOS

Lee et al. (2016)

Prunus mandshurica (Maxim.)
Koehne

Amygdalin LPS-induced ALI mice model NLRP3 and NF-κB
signaling pathways

Reduces the activation of NF-κB,
NLRP3, inflammatory cytokines
production (TNF-α, IL-1β, IL-6, and
MPO↓) and protect LPS-induced ALI
in mice

Zhang et al. (2017b)

Eriobotrya japonica (Thunb.)
Lindl., Morus alba L.

Resveratrol LPS-induced ALI mice model NLRP3; PI3K/Akt
pathways; Src family
kinases (SFKs)

Reduces the NLRP3 inflammasome,
ERK and PI3K/Akt pathways;
suppresses ROS production (MDA↓
and SOD↑); reduces the level of IL-6,
KC, MIP-1α, MIP-2, MCP-1; reduces
neutrophil activation and ameliorate
lung injury

Jiang et al. (2016a), de
Oliveira et al. (2019),
Tsai et al. (2019)

Perilla frutescens (L.) Britton,
Eriobotrya japonica (Thunb.)
Lindl.

Oleanolic acid N-methyl-d-aspartate-induced
MLE-12 cells apoptosis and
lung injury in mice

SIRT1 Activates SIRT1 and reduces the
acetylation of NF-κB. Anti-
inflammatory (TNF-α, IL-6 and IL-1β)
and anti-oxidant (MAD and GSH)
functions

Peng et al. (2019)

(Continued on following page)
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(LTA)- or TNF-α-stimulated HASMC models (Knobloch et al.,
2010; Knobloch et al., 2014). The abovementioned therapeutic
effects and mechanisms of resveratrol have also been
demonstrated in animal models (Chen et al., 2016; Wang et al.,
2017a). Together, these findings suggest that six main compounds
can regulate NF-κB, UPR, TGF-β, MAPK and SIRT1 pathways to
inhibit COPD in different cell and animal models (Table 3).

Pulmonary Fibrosis
It is now clear that many elements of the innate and adaptive
immune response participate in the differentiation and activation
of fibroblasts. The pathogenesis of PF is related to adaptive and
innate immune activation, inflammation, epithelial/endothelial
damage, EMT and cell apoptosis. Specifically, the activation of
TGF-β or NF-κB pathway is the primary factor driving the
progression of PF (Kitani et al., 2003; Wynn and Ramalingam,
2012). Some natural products, such as β-sitosterol, quercetin,
ferulic acid, hesperidin, and EGb761 from various herbs, inhibit
PF by downregulating TGF-β. β-sitosterol and ferulic acid
suppress EMT and reduce extracellular matrix (ECM) through
the TGF-β/Smad-dependent signaling pathways (Park et al.,
2019; Ali et al., 2021). Quercetin suppresses Akt/mammalian
target of rapamycin (mTOR) pathway in TGF-β-mediated
responses and reduces fibrotic factors, such as collagen I,
collagen III, and IL-6 (Xiao et al., 2020b). Another study has
reported that quercetin enhances the expression of caveolin1
(CAV1), the cell membrane lipid raft and a protective factor for
PF, to inhibit ligand-induced apoptosis in fibroblasts (Hohmann
et al., 2019). For other bioactive compounds, hesperidin and EGb761
improve the progression of PF by mediating the proinflammatory

cytokines and apoptosis-related proteins via the crosstalk of NF-κB
and TGF-β pathways (Zhou et al., 2019; Pan et al., 2020).

Hyperoside inhibits the EMT via the regulation of the Akt/
GSK3β pathway (Huang et al., 2020). Ellagic acid suppresses
ECM accumulation by regulating the Wnt pathway (Li et al.,
2021). EGCG reduces the production of cytokines through the
Nrf-2/HO-1 pathway (Sriram et al., 2009; You et al., 2014).
Galangin and isorhamnetin attenuate EMT and inflammatory
damage in bleomycin or TGF-β-induced PF models (Zheng et al.,
2019;Wang et al., 2020b). Kaempferol promotes autophagy in the
therapeutic effects on PF (Liu et al., 2019b). Resveratrol regulates
miR-21/Smad7 to alleviate serious PF symptoms (Wang et al.,
2018b). Rosmarinic acid targets miR-19b-3p/MYPT1 to relieve
the pulmonary fibrosis caused by radiotherapy (Zhang et al.,
2020). Collectively, these results indicate that these bioactive
compounds can reduce EMT and ECM deposition to inhibit
progressive lung fibrosis by regulating TGF-β, Akt/GSK3β, Nrf-2/
HO-1, or microRNA-mediated pathways (Table 4).

Asthma
Asthma is associated with the activation of IgE-mediated mast cells
and eosinophilic inflammation. Inhaled corticosteroids which have
a therapeutic effect on allergic reactions and sensitivity of type 2
inflammation, are the cornerstone treatment for asthma. Airway
inflammation and remodeling, and airway hyperresponsiveness
(AHR) promote the pathogenesis of asthma (Mishra et al., 2018).
Naïve CD4 T cells are exposed to antigens and differentiate into
various T helper (Th) cell types (e.g., Th1, Th2, Th17). Th2 cells
play an important role in disease pathogenesis and progression
(Chen and Kolls, 2013; Gaurav and Agrawal, 2013). However,

TABLE 2 | (Continued) Summary of effects and mechanisms of bioactive compounds against inflammation.

Herbs Component Model Targets Mechanism/specific
effects

References

Eriobotrya japonica (Thunb.)
Lindl., Morus alba L.

Resveratrol Methamphetamine-induced
chronic lung injury

SIRT1/PTEN/p-Akt
pathway

Activates SIRT1 and reduces PTEN,
phosphorylated Akt. Suppresses ROS
levels and LDH leakage, inhibits EMT
and the apoptosis

Wang et al. (2020a)

Morus alba L., Datura metel
L., and other 6 herbs

Quercetin LPS-induced mice model and
alveolar macrophage and
epithelial cell in vitro

heme oxygenase
(HO)-1; cAMP

Enhances HO-1-mediated
cytoprotective effects for epithelial cell;
inhibits the expression of cAMP/Epac,
cAMP/PKA, MMP-9, TNF-α, IL-1β,
and IL-6; blocks neutrophil recruitment

Takashima et al.
(2014), Wang et al.
(2018a)

Ginkgo biloba L. Formononetin LPS-induced ALI mice model PPARγ; Nrf2/HO-1 Increases PPAR-γ gene expression,
Nrf2 and HO-1; reduces hyperoxia
and MPO activity; improves SOD
activity

Ma et al. (2013), Chen
et al. (2021b)

Eriobotrya japonica (Thunb.)
Lindl., Aster tataricus L.f.

Luteolin ALI mouse model with cecal
ligation puncture (CLP)

NF-κB; Treg
differentiation

Downregulats IL-1β, IL-6, IL-17A,
iNOS, MPO, ICAM-1, and NF-κB;
induces Treg differentiation, and
increases IL-10 to promote the
polarization of M2 macrophages

Rungsung et al.
(2018), Xie et al.
(2021)

Eriobotrya japonica (Thunb.)
Lindl., Morus alba L.

Resveratrol Staphylococcal enterotoxin
B-exposured mice model

miR-193a Down-regulates miR-193a targeting
TGFβ2, TGFβR3 and death receptor-
6; activates apoptotic pathways and
promotes anti-inflammatory activities

Alghetaa et al. (2018)

Prunus mandshurica (Maxim.)
Koehne

Liquiritin LPS-induced ALI mice model TRPV1 and TRPA1 Inhibits the expression of TRPV1 and
TRPA1; suppresses NF-κB pathway;
anti-inflammatory and anti-coughing

Liu et al. (2020)
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neutrophilic inflammation has also been observed during asthma
exacerbations as well asc in severe asthma patients (Ray and Kolls,
2017). Through the literature search, natural products from 10
different medical plants have a good inhibitory effect on the
inflammation based on eosinophils and neutrophils in asthma.
Unsurprisingly, the dysregulation of the NF-κB and MAPK
signaling pathways associated with inflammation and immune
response, plays a major role in asthma (Freund-Michel and
Frossard, 2008; Zhang et al., 2013). Rosmarinic acid, tussilagone,
formononetin, galangin, ellagic acid, and ginkgolide B can
downregulate the levels of histamine, ovalbumin (OVA)-specific
IgE, Th2 cytokines, and chemokines (IL-4, IL-5, IL-13, CCL5, and
CCL11) in serum and bronchial alveolar lavage fluid through the

suppression of the NF-κB and MAPK signaling pathways (Chu
et al., 2011; Alves et al., 2013; Kim et al., 2013; Zha et al., 2013; Zhou
et al., 2014; Liang et al., 2016a; Liang et al., 2016b; Henry et al., 2020;
Jin et al., 2020; Yi et al., 2020). EGCG inhibits MMP-9 production,
ROS generation, and EMT to reduce airway remodeling by
upregulating PTEN (Kim et al., 2006; Yang et al., 2018).
Kaempferol ameliorates airway hyperplasia and hypertrophy via
the Syk-PLCγ and PKCμ-ERK-cPLA2-COX2 and NF-κB signaling
pathways (Gong et al., 2012; Shin et al., 2015; Molitorisova et al.,
2021). Glabridin, β-sitosterol and quercetin can suppress the level
of serum IgE, TNF-α, IL-4, and IL-5, but the mechanism has not
been thoroughly explored (Rogerio et al., 2007; Mahajan and
Mehta, 2011; Dogan et al., 2020). Luteolin inhibits the

TABLE 3 | Summary of effects and mechanisms of bioactive compounds against COPD.

Herbs Component Model Targets Mechanism/specific
effects

References

Tussilago farfara L. Tussilagone EGF or PMA-induced MUC5AC
mucin gene expression and
production from NCI-H292 cells

NF-κB pathway and
MUC5AC mucin gene

Down-regulates MUC5AC protein,
phosphorylation of kappa B kinase
(IKK), IκBα, and NF-κB p65;

Choi et al. (2018)

Eriobotrya japonica
(Thunb.) Lindl., Ginkgo
biloba L.

EGCG Cigarette smoke extract-induced
normal human bronchial epithelial

NF-κB pathway Reduces the activation of NF-κB;
Anti-oxidative and anti-inflammatory
effects

Lakshmi et al.
(2020)

Prunus mandshurica
(Maxim.) Koehne

Amygdalin BEAS-2B and mice exposed to
cigarette smoke

TGF-β/Smad pathway Suppresses the expression of TGF-
β1 and phosphorylated Smad2/
3ameliorated EMT process

Wang et al.
(2019)

Perilla frutescens (L.)
Britton; Eriobotrya
japonica (Thunb.) Lindl.;
Morus alba L.

Ursolic Acid PM2.5-induced COPD in rats;
cigarette smoke-induced
emphysema in rats

UPR signaling pathways Reduces the p-Smad2 and p-Smad3
on protein level; attenuates CSE-
induced emphysema, airway
remodeling, and reduces expression
of IL-6, TNF-α

Lin et al. (2019),
Li et al. (2020b)

Prunus mandshurica
(Maxim.) Koehne

Liquiritin A549 exposed to cigarette smoke
extract in vivo; ICR mice exposed to
cigarette smoke

TGF-β and TNF-α Reduces pulmonary inflammation
(TGF-β↓, TNF-α↓); increases anti-
oxidative levels (GSH↑)

Guan et al.
(2012)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol C57BL/6J mice exposed to ambient
PM; PM2.5-induced BEAS-2B cells

NLRP3 Reduces the function of NLRP3
inflammasome; inhibits autophagic
process and decreased IL-1β
production

Ding et al. (2019)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol Prematurely ageing telomerase null
(terc−/−) mice

p53 Enhances p53 destabilization and the
expression of PGC-1α, p-Akt,
p-Mdm2, p-PTEN; reduces Bax
protein; Slowed aging

Navarro et al.
(2017)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol IL-1β or cigarette smoke media CSM
stimulated macrophages which were
isolated from BALF from cigarette
smokers and COPD patients

IL-8 and granulocyte
macrophage-colony
stimulating factor
(GM-CSF)

inhibited basal release of IL-8 and
GM-CSF

Culpitt et al.
(2003)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol LPS-induced alveolar macrophages
from smokers and COPD patients

Reduces secretory protein MMP-9
and inflammatory mediators including
IL-6, IL-8, GM-CSF and MCP-1

Knobloch et al.
(2011)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol Lipoteichoic acid (LTA) from
Staphylococcus aureus stimulated
HASMCs

SIRT1 Reduces CCL-2, IL-6, IL-8 and GM-
CSF through activation of SIRT1 or
interaction with class I/II HDACs

Knobloch et al.
(2014)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol TNF-α stimulated HASMCs p38 MAPK Reduces the transcription level of IL-
8, GM-CSF, and VEGF by inhibiting
P38 MAPK

Knobloch et al.
(2010)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol Cigarette smoke exposure induced
rats model

SIRT1 and PGC-1α Decreases the MDA, IL-6, IL-8 and
increases the SOD by increasing
SIRT1 and PGC-1α mRNA
expression

Wang et al.
(2017a)

Eriobotrya japonica
(Thunb.) Lindl.; Morus
alba L.

Resveratrol LPS and cigarette smoke-induced
mouse model

Beclin 1 Attenuats the fibrotic response and
mucus hypersecretion; Inhibits IL-17,
IL-6, TNF-α, and TGF-β through
inhibiting Beclin 1

Chen et al.
(2016)
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TABLE 4 | Summary of effects and mechanisms of bioactive compounds against PF and IPF.

Herbs Component Model Targets Mechanism/specific
effects

References

Morus alba L., Datura metel L.,
and other 6 herbs

β-sitosterol TGF-β-induced human lung
alveolar epithelial cell (PF)

TGF-β1/Snail
pathway

Inhibits the expression of Snail and
Smad2; suppresses EMT and ECM
effect

Park et al. (2019)

Aster tataricus L.f. Ferulic acid silica-induced PF TGF-β/Smad
pathway

Inhibited TGF-β/Smad pathway (CTGF↓,
SLUG↓, α-SMA, EMT↓, Vimentin↓,
E-cadherin↑); decreases the expression
of inflammatory cytokines, and collagen-
I; reduces oxidative stress and EMT;
attenuates histology

Ali et al. (2021)

Morus alba L., Datura metel L.,
and other 6 herbs

Quercetin LPS-induced Human embryonic
lung fibroblast cells (WI-38) and a
trauma-induced rabbit tracheal
stenosis model

TGF-β/AKT/
mTOR pathway

Downregulates expression of mTOR,
AKT, ATG; suppressed fibrotic factors
(VEGF, IL-6, TGF-β, COL-1, and COL-3)

Xiao et al. (2020b)

Eriobotrya japonica (Thunb.)
Lindl.

Hesperidin Bleomycin-induced PF in rat TGF-β/Smad
and NF-κB
pathways

Up-regulates expression of Nrf2 and HO-
1; down-regulates protein level of AMPK,
NF-κB, IκBα, and PP2C-α and mRNA
level of TNF-α, IL-1β, IL-6, collagen-1,
TGF-β; reduce collagen deposition

Zhou et al. (2019)

Ginkgo biloba EGb761 Bleomycin-Induced PF in Mice NF-κB/p65
pathway

Reduces protein level of α-SMA and
TGF-ß1, phosphorylated NF-κB (p65),
caspase-3, and caspase-9; balance of
M1/M2 macrophages and NF-κB (p65)-
mediated apoptosis

Pan et al. (2020)

Morus alba L., Datura metel L.,
and other 6 herbs.

Quercetin Bleomycin -induced pulmonary
fibrosis in aged mice

Balance of
p-AKT and
CAV1

Enhances expression of CAV1 and
reduces expression of p-AKT; inhibits
ligand-induced apoptosis (FasL↓ and
TRAIL↓) in fibroblasts

Hohmann et al.
(2019)

Eriobotrya japonica (Thunb.)
Lindl.

Hyperoside Bleomycin-induced pulmonary
fibrosis in mice

AKT/GSK3β
pathway

Reduces the levels of MDA, TNF-α, and
IL-6 and increases the activity of SOD;
inhibits the EMT (E-cadherin↑,
N-cadherin↓, vimentin↓, TWIST1↓, and
SNAIL1↓) via the downregulation of AKT/
GSK3β pathway

Huang et al.
(2020)

Eriobotrya japonica (Thunb.)
Lindl.

Ellagic Acid Bleomycin-induced PF in mice and
isolation of primary pulmonary
fibroblasts (PPF)

Wnt signaling
pathway

Reverses an increase in pro-fibrotic
factors hydroxyproline (HYP), ECM
accumulation and promotes autophagy
of fibroblast through Wnt signaling
pathway (Wnt3a↓, β-catenin↓, p-Erk2↓,
p-Akt↓, p-mTOR↓, p62↓, Atg16↑,
Beclin1↑, LC3-II/I↑)

Li et al. (2021)

Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L.

EGCG Bleomycin-induced PF in Wistar
rats

Nrf-2/HO-1 Activates the expression of Nrf-2 and its
downstream HO-1 and NQO-1; reduces
lung index scores and histological
changes; suppresses the expression of
cytokine (TGF-β1↓, IL-6↓, IL-10↓ and
TNF-α↓)

Sriram et al.
(2009), You et al.
(2014)

Aster tataricus L.f. Galangin Bleomycin-induced PF in mouse
and TGF-β1-induced A549 and
NIH/3T3 cells

CD4+ and CD8+

T cells
Increases in the numbers of CD4+ and
CD8+ T cells; attenuates EMT (α-SMA↓,
Vimentin↓, E-cadherin↓) and
inflammatory damage

Wang et al.
(2020b)

Lepidium apetalum Willd.,
Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L., Aster
tataricus L.f.

Isorhamnetin Bleomycin-induced PF in mouse
and TGF-β-induced HBECs and
A549

PERK signaling Suppresses the activation of PERK
signaling (p-PERK↓, p-eIF2α↓, GRP78↓,
CHOP↓); inhibits EMT (α-SMA↓, collagen
I↓, Vimentin↓, E-cadherin↑) and fibrotic
markers, alleviates lung pathologic
abnormalities and collagen deposition

Zheng et al. (2019)

Morus alba L., Datura metel L.,
and other 6 herbs.

Kaempferol Bleomycin-induced PF in mouse
and silicosis models

Autophagy Induces LC3 lipidation; promotes
autophagy (p62↑) in the therapeutic
effects on silicosis

Liu et al. (2019b)

Eriobotrya japonica (Thunb.)
Lindl.; Morus alba L.

Resveratrol Bleomycin-induced PF in mice and
MRC-5 cells

MiR-21 miR-21 targets Smad7 and reduces the
phosphorylation levels of ERK, JNK and
p38; Decreases the expression of
fibronectin, α-SMA, alleviates serious PF
symptoms

Wang et al.
(2018b)
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inflammatory responses and autophagy via the PI3K/Akt/
mTOR pathway (Jang et al., 2017; Wang et al., 2021). Taken
together, in asthma, these 10 bioactive compounds can inhibit
inflammatory reactions and airway remodeling through the
MAPK and NF-κB pathways in OVA-induced animal models
(Table 5).

Lung Cancer
Lung cancer is the malignant tumor with the highest mortality
rate. It causes 1.6 million deaths every year, but treatment can
effectively prolong survival and quality of life (Siegel et al., 2021).
TCM treatment can effectively improve the quality of life and
survival time of patients with advanced lung cancer with or
without conventional therapy (Sun et al., 2019; Jiang et al.,
2016b; Xu et al., 2011). Active components of TCM
participate in the treatment of lung cancer through the
regulation of multiple pathways (Table 6). Ursolic acid and
β-sitosterol show a good lung cancer-inhibiting effect via the
TGF-β/Smad pathway (Ruan et al., 2019; Sundarraj et al., 2012;
Wang et al., 2017b). Caffeic acid and sanguinarine enhance the
antiproliferative effect of paclitaxel in lung cancer A549 and
H1299 cells (Lin et al., 2012). Sanguinarine can target NF-κB
pathway-mediated autophagy and mitophagy to block lung
cancer progression (Yu et al., 2020b). Meanwhile, the p53
protein is a transcription factor that inhibits cell proliferation
or survival, acting as a key tumor suppressor protein (Skoulidis
and Heymach, 2019). Loss or mutant of p53 induces lung cancer
with shortened latency and increases rapid progression and
poor prognosis (Donehower et al., 2019). Natural products such
as hyperoside, resveratrol, liquiritin, and formononetin have a
good effect on improving the antitumor function of p53 and
inducing the apoptosis of tumor cells. Hyperoside increases
Caspase-9/Caspase-3 activation to induce apoptosis in in vitro
and in vivomodels of A549 and H1975 cells (Liu et al., 2016; Lü,
2016). Resveratrol decreases antiapoptotic factors, Bcl-2 and
Bcl-xl and the levels of MMP2, and MMP9 by upregulating the
p53/HO-1 pathways against lung cancer (Liu et al., 2010;
Rasheduzzaman et al., 2018; Li et al., 2019). Liquiritin
decreases the expression levels of PCNA, p-PTEN, caspase
family, and PARP (Zhou and Ho, 2014). Formononetin
promotes Mcl-1 ubiquitination and degradation via Fbw7 to
enhance the EGFR-TKI sensitivity (Yang et al., 2014; Yu et al.,
2020c). The PI3K/Akt signaling pathway is an important
dysregulated pathway in tumorigenesis, which controls lung
cancer growth, metabolism, motility, and other key cellular
processes (Janku et al., 2018). Isorhamnetin and apigenin

inhibit EMT and decrease invasion by inhibiting Akt
activation (Chang et al., 2018b; Luo et al., 2019). Moracin N
induces autophagy mTOR signaling pathway (Gao et al., 2020).
Furthermore, isorhamnetin as a potential application in
adjuvant radiotherapy inhibits the activation of NF-κB and
increases the expression of IL-13 (Du et al., 2020).
Resveratrol and ellagic acid promote lung cancer cell
apoptosis via the PI3K/Akt signaling pathway (Liu et al.,
2018b; Li et al., 2019). Amygdalin downregulates the
phosphorylation of Akt to inhibit invasion and migration of
H1299 and PA cells (Qian et al., 2015). Inactivation of STAT3 is
a target for increasing cisplatin sensitivity in lung cancer
treatment, galangin, and laricitrin are STAT3 inhibitors in
adjuvant chemotherapy (Chang et al., 2016a; Chang et al.,
2016b; Yu et al., 2018). Oleanolic acid enhances mitophagy
through the PINK1/Parkin axis in A549 cells (Castrejón-
Jiménez et al., 2019). Rosmarinic acid could reverse the
cisplatin resistance by inhibiting the expression of P-gp,
MDR1, and MAPK pathways and plays a key role in the
treatment of non-small cell lung cancer (NSCLC) (Liao et al.,
2020). EGCG from Eriobotrya japonica (Thunb.) Lindl. and
Ginkgo biloba L. can suppress the levels of Axl and Tyro three
to reduce the resistance to platinum (Kim and Lee, 2014).
Ginkgolide B and glabridin from Ginkgo biloba L. have
inhibitory effects on autophagy and angiogenesis, mediated
by Beclin-1 or FAK/Src complex, respectively (Tsai et al.,
2011; Wang et al., 2020c). In H1975 cell model, ursolic acid
inhibits the Wnt/β-catenin pathway to suppress proliferation
and induce apoptosis (Yang et al., 2019). As a cisplatin
sensitizing agent, ginkgetin enhances the ferroptosis-
mediated disruption of the Nrf2/HO-1 axis (Lou et al.,
2021). Kaempferol downregulates Nrf2 and upregulates
miR-340 to induce apoptosis and autophagy (Han et al.,
2018; Fouzder et al., 2021). As for quercetin, it can target
aurora B or miR-16-5p/WEE1 pathways to inhibit lung
cancer progression and enhance the radiosensitivity of
NSCLC cells (Xingyu et al., 2016; Wang et al., 2020d).
Hesperidin exhibits antiproliferative and apoptosis
induction effects by regulating the miR-132/ZEB2 signaling
pathway (Birsu Cincin et al., 2015; Tan et al., 2020). Luteolin
inhibits cell proliferation and induces apoptosis via miR-34a-
5p targeting MDM4 and RhoA (Jiang et al., 2018; Masraksa
et al., 2020). Taken together, these results demonstrate that
these bioactive compounds have anticancer effects by
targeting multiple pathways, including NF-κB, p53, TGF-β,
or miRNAs (Table 6).

TABLE 4 | (Continued) Summary of effects and mechanisms of bioactive compounds against PF and IPF.

Herbs Component Model Targets Mechanism/specific
effects

References

Perilla frutescens (L.) Britton Rosmarinic
acid

X-ray-induced lung injury MiR-19b-3p Attenuates RhoA/Rock signaling through
up-regulating miR-19b-3p/MYPT1;
relieves the pulmonary fibrosis caused by
radiotherapy

Zhang et al. (2020)
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Collectively, the network of bioactive compounds, targets,
signal pathways, and different pulmonary diseases is visualized
in Figure 2. These bioactive compounds, such as isorhamnetin,
formononetin, resveratrol, and galangin are active substances of
types of saponins, flavonoids, and alkaloids, which can regulate
different key targets (NF-κB, PI3K/Akt, Nrf-2, NLRP3) to
regulate cytokine production, oxidative stress or chemotherapy
sensitivity against a series of lung-related diseases.

DISCUSSION

According to the theories of TCM and commonly used Chinese
medicines in the clinical application against respiratory diseases,
this review summarizes the pharmacological effects and
molecular mechanisms of 31 active compounds of 10 Chinese
herbal medicines in six main lung-related diseases, including
pulmonary infection, ALI, PF, COPD, asthma, and lung cancer.

TABLE 5 | Summary of effects and mechanisms of bioactive compounds against asthma.

Herbs Component Model Targets Mechanisms/specific
effects

References

Perilla frutescens (L.)
Britton

Rosmarinic
acid

OVA-induced asthmatic
mice model

MAPK and NF-κB
pathway

Inhibits expression of ERK, JNK and p38
phosphorylation, activation of NF-κB, Th2
cytokines and IgE, reduces in AMCase,
CCL11, CCR3, Ym2 and E-selectin mRNA
expression

Liang et al. (2016a), Liang
et al. (2016b)

Tussilago farfara L. Tussilagone OVA-induced asthmatic
guinea pigs and IgE-
stimulated RBL-2H3 cells

NF-κB and MAPK
pathway

suppresses the phosphorylation of Lyn, Syk,
Akt, NF-κB p65, ERK and p38 MAPK;
down-regulates the levels of histamine, IgE
and IL-6 in the serum

Liang et al. (2016a), Liang
et al. (2016b), Jin et al.
(2020)

Ginkgo biloba L. Formononetin OVA-induced asthmatic
mice

NF-κB and JNK Inhibits the activation of NF-κB and JNK;
enhances the expression of HO-1;
ameliorates collagen deposition and
oxidative stress, and increases SOD activity;
reduces the expression of IL-4, IL-5, IL-13,
Ig E, CCL5, and CCL11

Yi et al. (2020)

Aster tataricus L.f. Galangin OVA-induced BALB/c mice
and TGF-β1 induced
ASMCs

MAPK/Akt axis; NF-
κB pathway

Downregulates the expression of VCAM-1
and p-p65; promotes IκB degradation;
upregulates the expression of PPARγ;
reduces eosinophil infiltration, hyperplasia
and the expression of IL-4, IL-5, IL-13, IL-17,
TNF-α, NO, ROS, EPO, CXCL10 and OVA-
specific IgE

Kim et al. (2013), Zha et al.
(2013), Henry et al. (2020)

Ginkgo biloba L. Ginkgolide B OVA-induced BALB/c mice MAPK pathway Suppresses the expression of MAPK and
p-ERK; inhibits the expression of IL-5 and
IL-13

Chu et al. (2011)

Eriobotrya japonica
(Thunb.) Lindl.

Ellagic acid OVA-induced mouse
asthma model

NF-κB pathway Inhibited NF-κB activation (p-IκB↓, p- NF-κB
p65↓); increases Th2 cytokines and inhibits
lung eosinophilic inflammation

Alves et al. (2013), Zhou
et al. (2014)

Eriobotrya japonica
(Thunb.) Lindl.,
Ginkgo biloba L.

EGCG OVA-induced asthmatic
mice and TGF-β1-induced
16HBE cells

PI3K/Akt pathway Inhibits p-PI3K, p-Akt expression through
up-regulating PTEN; inhibits MMP-9
production, ROS generation and EMT
(α-SMA↓, E-cadherin↑); reduces airway
remodeling

Kim et al. (2006), Yang
et al. (2018)

Morus alba L., Datura
metel L., and other 6
herbs.

Kaempferol Bovine serum albumin and
OVA-induced BALB/c mice
model

Syk-PLCγ, PKCμ-
ERK-cPLA2-COX2
and NF-κB pathway

Decreases the levels of IL-5, IL-13, GM-CSF
and TGF-β; ameliorates airway hyperplasia
and hypertrophy; blunting eosinophil
accumulation via suppressing NF-κB
pathway

Gong et al. (2012), Shin
et al. (2015), Molitorisova
et al. (2021)

Ginkgo biloba L. Glabridin OVA-induced BALB/c mice
model

OVA-specific IgE Suppresses the level of serum IgE; reduces
white blood cells and improves respiratory
function

Dogan et al. (2020)

Morus alba L., Datura
metel L., and other 6
herbs.

β-sitosterol OVA-induced airway
inflammation in guinea pigs

cytokine Suppresses the levels of TNFα, IL-4 and IL-
5; Upregulates the tidal volume and
downregulates the respiration rate

Mahajan and Mehta,
(2011)

Morus alba L., Datura
metel L., and other 6
herbs.

Quercetin OVA-induced BALB/c mice
model

IL-5 Reduces neutrophil counts in blood and IL-5
level

Rogerio et al. (2007)

Eriobotrya japonica
(Thunb.) Lindl., Aster
tataricus L.f.

Luteolin OVA-induced mice model PI3K/Akt/mTOR
pathway

Inhibits the OVA-induced inflammatory
responses and autophagy via activating the
PI3K/Akt/mTOR pathway and inhibiting the
Beclin-1-PI3KC3 protein complex

Jang et al. (2017), Wang
et al. (2021)
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TABLE 6 | Summary of effects and mechanisms of bioactive compounds against lung cancer.

Herbs Component Model Targets Mechanism/specific
effects

References

Perilla frutescens (L.) Britton;
Eriobotrya japonica (Thunb.)
Lindl.; Morus alba L.

Ursolic acid H1975 cells TGF-β1 signaling
pathway

Reduces TGF-β1 pathway to regulate
integrin αVβ5 and MMP9 expression;
inhibits the cell migration, invasion
EMT in H1975 cells

Ruan et al. (2019)

Morus alba L., Datura metel L.,
and other 6 herbs.

β-sitosterol A549, NCI-H1975 and
H1299 cells

TGF-β/Smad2/3
pathway

Inactivates TGF-β, Smad2/3 and
c-Myc; inhibits autophagy and
induced G0/G1 cell cycle arrest and
inhibits cell proliferation

Sundarraj et al. (2012),
Wang et al. (2017b)

Aster tataricus L.f. caffeic acid A549 and H1299 cells NF-κB pathway Reduces nuclear translocation of NF-
κB p65; sensibilization of paclitaxel;
anti-proliferation and apoptosis

Lin et al. (2012)

Morus alba L. Sanguinarine A549 and THP-1 in vivo
model

NF-κB pathway Inhibits p-p65 expression via
exosomes; suppresses the
expression of TNF-α, IL-6, and CCL-
2; induces autophagy and mitophagy

Yu et al. (2020b)

Eriobotrya japonica (Thunb.)
Lindl.

Hyperoside A549 and H1975 in vivo and
in vitro model

Caspase-3, p53,
and NF-κB
signaling pathway

Inhibits NF-κB transcriptional activity,
enhances Caspase-9/Caspase-3
activation; induces apoptosis and
inhibits proliferation

Liu et al. (2016), Lü (2016)

Eriobotrya japonica (Thunb.)
Lindl.; Morus alba L.

Resveratrol A549, HCC-15, ASTC-a-1,
PC14, H69, and IMR90

p53, PRMT5;
HO-1

Decreases the phosphorylated Akt,
PRMT5 and NF-κB via upregulation
of p53 and HO-1; promotes cancer
cell apoptosis (Bcl-2↓, Bcl-xl↓, cyclin
D1↓, cyclin E1↓); inhibits invasion
(MMP-9↓; MMP-2↓)

Liu et al. (2010),
Rasheduzzaman et al.
(2018), Li et al. (2019)

Prunus mandshurica (Maxim.)
Koehne

Liquiritin A549 cells p53 and p21 Upregulates p53 and p21; induces
apoptotic pathways (p53↑, p21↑;
PCNA↓, MDM2↓, p-GSK3β↓, p-Akt↓,
p-c-Raf↓, p-PTEN↑; PARP↓, Bcl-2↓,
caspase family↑)

Zhou and Ho, (2014)

Ginkgo biloba L. Formononetin A549 and NCI-H23 cells p53, EGFR-Akt-
Mcl-1 axis

Enhances Mcl-1 ubiquitination via
degradation of Fbw7; increases the
phosphorylation of p53; promotes
the EGFR-TKI sensitivity; induces cell
cycle arrest and apoptosis

Yang et al. (2014), Yu et al.
(2020c)

Lepidium apetalum Willd.,
Eriobotrya japonica (Thunb.)
Lindl., Ginkgo biloba L., Aster
tataricus L.f.

Isorhamnetin A549 cells Akt/ERK1/2 and
NF-κB pathway

Suppresses the expression of Akt,
ERK1/2, IL-13, and NF-κB p65;
inhibits EMT, MMP-2 and MMP-9
activity

Luo et al. (2019), Du et al.
(2020)

Aster tataricus L.f. Apigenin A549, CL1–5, HCC827,
and H1975 NSCLC in vitro
and A549 in vivo models

CD26/DPPIV Suppresses the expression of CD26,
DPPIV and Akt; modulates EMT
(Snail↓, Slug↓) and decreases
invasion

Chang et al. (2018b)

Eriobotrya japonica (Thunb.)
Lindl.

Ellagic acid A549 cells PI3K/Akt
signaling pathway

Reduces the phosphorylation of PI3K
and Akt; suppresses cell proliferation,
induces apoptosis (Bax↑, Bcl-2↓,
Caspase-3↑, p21↑)

Liu et al. (2018b)

Morus alba L. Moracin N A549 and PC9 cells mTOR signaling
pathway

Inhibits the expression of p-S6 EGFR;
reduces ROS generation, promotes
cancer cell autophagy (p-AKT↓,
p-mTOR↓) and apoptosis (Bax↑, Bcl-
2↓, Caspase-9↑)

Gao et al. (2020)

Prunus mandshurica (Maxim.)
Koehne

Amygdalin H1299 and PA cell Akt and RICTOR Down-regulates the expression of cell
integrin β1/4 and FAK; inhibits the
in vitro invasion and migration
(E-cadherin↑)

Qian et al. (2015)

Ardisia japonica (Thunb.)
Blume

Laricitrin A549, CL1-5, and H1395 in
vivo; LLC cells implanted
into C57BL/6

BRAF; STAT3 Inhibits the phosphorylation of STAT3
and expression of IL-10; changes the
CD4+ T cell phenotype from Th2 to
Th1; ameliorates BRAF mutation-
induced lung cancer; enhances the
DDP sensitivity

Chang et al. (2016a), Chang
et al. (2016b)

(Continued on following page)
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Many studies have demonstrated that bioactive compounds can
ameliorate bacterial, virus, and LPS-induced pulmonary infection
by targeting the NF-κB, MAPK, Nrf2/HO-1, and NLRP3

pathways, reducing the release of cytokines and chemokines,
and suppressing inflammation by pathological reaction,
oxidative stress, and ROS production. Eriobotrya japonica

TABLE 6 | (Continued) Summary of effects and mechanisms of bioactive compounds against lung cancer.

Herbs Component Model Targets Mechanism/specific
effects

References

Aster tataricus L.f. Galangin A549 and A549/DDP STAT3 Suppresses the NF-κB, Bcl-2/Bax
ratio via inactivating p-STAT3/p65;
enhances the DDP sensitivity

Yu et al. (2018)

Perilla frutescens (L.) Britton;
Eriobotrya japonica (Thunb.)
Lindl.

Oleanolic acid A549 cells PINK1/Parkin axis Decrease p62 and Nrf2 proteins,
induces an ROS production;
promotes ROS production and
mitophagy (p-AKT↓; p-mTOR↓)

Castrejón-Jiménez et al.
(2019)

Perilla frutescens (L.) Britton Rosmarinic
acid

A549 cisplatin-resistant
cells

MAPK signaling
pathway

Inhibits the expression of P-gp and
MDR1, enhances p-JNK, p-c-JUN,
p21 and p53 expression; DDP
resistance reversal agent in NSCLC

Liao et al. (2020)

Eriobotrya japonica (Thunb.)
Lindl.; Ginkgo biloba L.

EGCG A549 and H460 platinum-
resistant cells

Axl, Tyro3 Suppresses the expression of both
Axl and Tyro 3 receptor tyrosine
kinases; reduces platinum-resistance

Kim and Lee, (2014)

Ginkgo biloba L. Ginkgolide B A549 and H1975 cells Beclin-1 Reduces Beclin-1, induces inhibition
of NLRP3 and autophagy (Bcl-2↓,
PCNA↓, p62↑)

Wang et al. (2020c)

Ginkgo biloba L. Glabridin A549 cells FAK/Src complex Inhibits the FAK/Src complex;
suppresses the activation of Akt and
RhoA; promotes inhibition of
migration, invasion, and angiogenesis

Tsai et al. (2011)

Morus alba L.; Perilla
frutescens (L.) Britton;
Eriobotrya japonica (Thunb.)
Lindl

Ursolic acid H1975 cells in vitro and in
vivo models

Wnt/β-catenin
signaling pathway

Suppresses CT45A2 gene
transcription by inhibiting TCF4 and
β-catenin; inhibits proliferation and
enhances apoptosis of H1975

Yang et al. (2019)

Ginkgo biloba Ginkgetin A549, NCI-H460, and SPC-
A-1 cells and A549
xenograft nude mouse
model

Nrf2/HO-1 axis Regulates ferroptosis-mediated
disruption of the Nrf2/HO-1 axis
(Nrf2↓, HO-1↓, SLC7A11↓, GPX4↓);
decreased GSH/GSSG ratio,
enhances ROS formation and
apoptosis as a cisplatin sensitizing
agent

Lou et al. (2021)

Morus alba L., Datura metel L.,
and other 6 herbs

Kaempferol A549, H460 cells Nrf2 and miR-340 Suppresses the expression of GST,
NQO1 and HO1 through
downregulating Nrf2; upregulates
miR-340 and PTEN; induces
apoptosis and autophagy (cyclinD1↓,
Bcl-2↓, Bax↑, Caspase-3↑,
Caspase-9↑)

Han et al. (2018), Fouzder
et al. (2021)

Morus alba L., Datura metel L.,
and other 6 herbs

Quercetin Radiation-resistant NSCLC
cell lines

MiR-16-5p/WEE1
axis

Increases the expression of miR-16-
5p to target WEE1; enhances the
radiosensitivity of NSCLC cells

Wang et al. (2020d)

Morus alba L., Datura metel L.,
and other 6 herbs

Quercetin A549, H441 and
H1975 in vitro and A549 in
vivo models

Aurora B Suppresses CT45A2 gene
transcription by inhibiting TCF4 and
β-catenin; reduces the growth of lung
cancer cells

Xingyu et al. (2016)

Eriobotrya japonica (Thunb.)
Lindl.

Hesperidin A549, NCI-H358, H460
cells

FGF/NF-κB and
miR-132/ZEB2
signaling pathway

Suppresses the expression of FGF
and NF-κB and enhances apoptosis-
related nucleosomal enrichment
factor; upregulates miR-132 which
inhibits the expression of ZEB2; anti-
proliferation, apoptosis; induces cell
death (Annexin V, Caspase-3, JC-1)

Birsu Cincin et al. (2015),
Tan et al. (2020)

Eriobotrya japonica (Thunb.)
Lindl., Aster tataricus L.f.

Luteolin A549, H1975, and H460
cells

miR-34a-5p,
Src/FAK

Inhibits cell proliferation and induces
apoptosis via miR-34a-5p targeting
MDM4; diminishes the p-FAK, p-Src,
Rac1, Cdc42, and RhoA

Jiang et al. (2018),
Masraksa et al. (2020)
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(Thunb.) Lindl. and its compounds (EGCG, isorhamnetin,
hesperidin, hyperoside, kaempferol, β-sitosterol) may be
considered an effective Chinese herbal medicine for the
treatment of viral infections. Flavonoids, including apigenin,
galangin, isorhamnetin, rutin, moracin M, amygdalin,
hesperidin, quercetin, formononetin, luteolin, and liquiritin,
exhibit good bioactivity against ALI. As for inflammation,
bioactive compounds from Aster tataricus L.f. and Eriobotrya
japonica (Thunb.) Lindl. have potential anti-inflammatory
activity, suggesting that apigenin, quercetin, luteolin, and
isorhamnetin are effective anti-inflammatory compounds. In
the studies of COPD, bioactive compounds have mainly
attenuated cigarette smoke-induced emphysema, airway
remodeling, and inflammation through the NF-κB, MAPK,
and TGF-β/Smad pathways, and resveratrol is one of the
important and effective bioactive substances against COPD.
Multiple components, including β-sitosterol, ferulic acid,
quercetin, hesperidin, EGb761, and resveratrol, are directly or
indirectly related to TGF-β/Smad, which is a crucial target for PF.
These components can effectively suppress biological process of
EMT and ECM. In asthma, rosmarinic acid, tussilagone,
formononetin, and galangin targeting the MAPK and NF-κB
pathways to reduce OVA-specific IgE, and ameliorate airway
hyperplasia and hypertrophy. Importantly, these active
components such as organic acids and flavonoids can inhibit
the proliferation and migration of lung cancer and increase its
sensitivity to radiotherapy and chemotherapy. Hyperoside,
resveratrol, glabridin, luteolin, and kaempferol are considered

potential candidates for the treatment of lung cancer based on a
large number of studies. Collectively, ECCG, kaempferol,
isorhamnetin, quercetin, and β-sitosterol are important
bioactive compounds for prevention and treatment of ALI, PF,
and lung cancer. Taken together, multiple bioactive compounds
from the 10 different herbs have potential therapeutic effects
against respiratory diseases by regulating various molecular
pathways (Figures 2, 3).

However, in the studies of different bioactive compounds on
respiratory diseases, three important aspects should be
considered. Firstly, only key and common active ingredients in
each herb are summarized, which might not be fully
representative of the herb. More active components should be
further identified to explore their pharmacological effects against
respiratory diseases. Secondly, multiple compounds In a herb can
target similar or different signaling pathways to play the potential
roles in those diseases. The network of various targets of different
components might be used to explain the combined effect of the
formula. Thirdly, different signaling pathways or pathological
procedures in infection, inflammation, COPD, or lung cancer are
potential targets for these active ingredients. However, the
potential targets and the binding role of these active
compounds still remain unclear. It should be a future
direction for most researchers to confirm specific targets of
those potential drug candidates using multiple modern
techniques. Finally, the quantitative analysis for the biological
activity, toxicity and selectivity of 31 bioactive compounds should
be performed in a kind of respiratory diseases to predict the

FIGURE 2 | Network of bioactive compounds, targets, pathways, and six main respiratory diseases.
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promising candidates for drug development using systematic
review and meta-analysis. Overall, this review provides novel
perspectives on the preclinical study and clinical application of
herbal medicines and their bioactive compounds against
respiratory diseases.

CONCLUSION

In summary, 10 Chinese herbal medicines were selected based on
the theories of TCM and high-frequency use of Chinese
medicines in clinical application. The pharmacological effects
and molecular mechanisms of 31 bioactive compounds from
these 10 Chinese herbs in infection, ALI, PF, COPD, asthma, and
lung cancer were summarized. The bioactive compounds, such as
epigallocatechin-3-gallate, kaempferol, isorhamnetin, quercetin,
and β-sitosterol, can mainly regulate the NF-κB, Nrf2/HO-1,
NLRP3, TGF-β/Smad, MAPK, and PI3K/Akt/mTOR pathways to
inhibit infection, inflammation, extracellular matrix deposition,
and tumor growth in a series of lung-related diseases. This review
provides novel perspectives on the preclinical study and clinical
application of Chinese herbal medicines and their bioactive
compounds against respiratory diseases.
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Metabolomics Analysis Reveals
Interaction of Base-Line
Chemotherapy and Shiyiwei Shenqi
Tablets in Breast Cancer Treatment
Hong Wan1†, Xiaojun Xu2,3†, Xiaowei Yang2,3†, Angqing Li3, Xiaopeng Ma4, Aman Xu1,
Xiao Yuan1, Wenbin Wang1, Tao Guo1, Guangtao Luo2,3, Xiaobo He3, Wang Li5,
Zhaorui Wang2,3, Qiang Sun6, Jing Pei2,3*, Yongzhen Guo7* and Yong Zhu1*

1Department of General Surgery, The Fourth Affiliated Hospital of Anhui Medical University, Hefei, China, 2Department of Breast
Surgery, The First Affiliated Hospital of Anhui Medical University, Hefei, China, 3Department of General Surgery, The First Affiliated
Hospital of Anhui Medical University, Hefei, China, 4Department of Thyroid and Breast Surgery, The First Affiliated Hospital of
University of Science and Technology of China, Hefei, China, 5Department of Head and Neck Surgery, The First Affiliated Hospital
of University of Science and Technology of China, Hefei, China, 6Cancer Institute, Xuzhou Medical University, Xuzhou, China,
7Department of Pathology, The Third Affliated Hospital of Zhengzhou University, Zhengzhou, China

Shiyiwei Shenqi Tablet (SSTs) has been widely used for treatment of different types of
cancer including breast cancer. SST has drawn more and more interest due to the low rate
of side effects. The aim of this study was to investigate the metabolites in serums of breast
cancer patients who received base-line chemotherapy only or combination treatment with
SST. An untargeted metabolomics method was developed to investigate the alteration of
metabolism in patients’ serums using ultra-high-performance liquid chromatography/
Q-exactive Orbitrap mass spectrometry. The patients were separated based on the
metabolomics data, and further analyses showed that SST treatment can affect the
metabolism of glucose, fatty acid, bile acid and amino acid. In particular, SST treatment
significantly reduced some short peptides which are potential tumor neoantigens. This
study may provide novel insights into the mechanism underlying interaction between SST
and base-line chemotherapy in terms of affecting metabolic pathways and thereby
changing metabolic products, which might shed new light for clinical medication.

Keywords: shiyiwei shenqi tablets, breast cancer, untargeted metabolomics, amino acid metabolism, side effects

INTRODUCTION

Breast cancer is the leading female cancer (2,261,419 cases worldwide in 2020) and the leading cause of
cancer-related deaths around the world (684,996 deaths worldwide in 2020) (DeSantis et al., 2019; Sung
et al., 2021). Despite dramatic improvements achieved in breast cancer diagnosis and treatments, the
prognosis of breast cancer patients, especially those with metastasis, remains unsatisfactory (Miller
et al., 2019). In China, the breast cancer incidence and mortality are rising (Chen et al., 2016).
According to the report of Centers for disease Control of China, breast cancer has become the most
common cancer type in Chinese women. There were 416,371 new breast cancer cases in 2020 in China,
and 117,174 breast cancer-induced death in 2020, which impose a heavy burden on the public health
system (Cao et al., 2021). The influence of some recognized risk factors such as alcohol use, tobacco use,
hormone levels, and body weight on breast cancer generation, and the roles of metabolism in breast
cancer etiology and treatment remain unclear and need further study (Li et al., 2016).
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Metabolomics is characterized as a technique that can
comprehensively and simultaneously identify small molecule
metabolites and quantify their changes under different
conditions (Johnson et al., 2016; Cui et al., 2018; Jang et al.,
2018; Guo et al., 2019). Metabolomics aims to identify indicators
to reflect interactions between biological systems. So, it is an ideal
holistic method for investigation of drug-drug interactions to
obtain further insights into pharmacodynamic mechanisms
(Kalwat and Cobb, 2017). Non-targeted metabolomics
provides high-throughput analysis of metabolites in samples,
which is very helpful for investigating new drug-drug
interactions (Li et al., 2017; Zhang et al., 2020). Several
analytical platforms including nuclear magnetic resonance
(NMR), high performance liquid chromatography mass
spectrometry (HPLC-MS), and gas chromatography mass
spectrometry (GC-MS) are used for non-targeted
metabolomics analysis (Alonso et al., 2015). MS based
metabolomics approaches have been widely applied due to
their high throughput and sensitivity, and highly quantitative
and reproducible data (Cui et al., 2018). Furthermore, the
negative and positive ionization also enhances the examination
sensitivity.

Although surgery chemotherapy, radiotherapy, and targeted
therapy have been combined and widely utilized for breast cancer
treatment, recurrence and metastasis remain leading to a high
mortality of advanced breast cancer patients (Harbeck et al.,
2019). Furthermore, chemotherapy can lead to substantial side
effects as well as drug resistance, resulting in therapeutic failure
eventually (Ponde et al., 2019). Therefore, it is urgent to seek
novel treatment methods for breast cancer. Traditional Chinese
medicine (TCM) has been widely used to treat various types of
cancers (Yan et al., 2017; Xiang et al., 2019), particularly, TCM
has been applied in almost half patients who have breast cancer in
China (Poo et al., 2020; Yang et al., 2021). Notably, the utilization
of TCM in Western countries is also rising. Previous studies
showed that the extract of Astragalus membranaceus can induce
apoptosis of several breast cancer cells via suppressing PI3K/
AKT/mTOR pathway (Zhou et al., 2018; Liu et al., 2019).
Scutellaria barbata plus Hedyotis diffusa has shown high
efficacy in breast cancer therapy (Fang et al., 2020). These
studies indicate the promising prospects of TCM in breast
cancer therapy.

TCM has drawn more and more interest due to its high safety
and efficacy, low toxicity and side effects, as well as potential
synergistic effects when combined with chemotherapy (Xiang
et al., 2019). Shiyiwei Shenqi Tablet (SST) is a traditional Chinese
decoction that has been utilized for treatment of leucopenia and
relief of chemotherapy related symptoms: lassitude, vomiting,
weakness, nausea, emaciation, and dizziness. SST consists of 11
Chinese herbs including Panax ginseng C. A. Mey, Astragalus
abbreviatus Kar. and Kir, Angelica acutiloba (Siebold & Zucc.)
Kitag, Gastrodia elata Blume, Rehmannia glutinosa (Gaertn.) DC,
Catsia tora Linn, Rhizoma Alismatis, Cuscuta abyssinica A. Rich,
Asarum acuminatum (Ashe), E. P. Bicknell, Cornu Cervi, and
Lycium chinense Mill) (Dong et al., 2010; Chen et al., 2011; Yang
et al., 2017). The mechanisms of pharmacodynamics and drug-
drug interaction for SST still remain unclear. Moreover, the

influence of compounds on metabolism of each other is very
complicated. Therefore, new strategy is needed to investigate the
drug-drug interactions in combination treatment with base-line
chemotherapy and SST. In this study, we performed non-targeted
metabolomics analysis using HPLC-MS to explore the
interactions between base-line chemotherapy and SST in
breast cancer treatment. Patients with sole base-line
chemotherapy treatment or combination treatments were
prospectively enrolled, and the changes of metabolites in
serum were examined to elucidate the mechanism of
interaction between base-line chemotherapy and SST.

MATERIALS AND METHODS

Study Subjects
30 Chinese female patients aged from 30 to 70 years with a
definite diagnosis of breast cancer were prospectively enrolled.
The clinicopathological characteristics of the patients involved
were assessed independently by two senior pathologists. In
addition, patients with any prior treatment for breast cancer,
preinvasive carcinoma, distant metastasis, other malignancies,
active rheumatism, or heart failure were excluded. All the
involved patients were informed about the participation
benefits and risks, and were provided written informed
consent. Studies were approved by the Institutional Review
Board of the Fourth Affiliated Hospital of Anhui Medical
University, and conducted in compliance with the Declaration
of Helsinki principles (PJ-YX2020-011).

Study Design
The 30 patients were randomly divided into two groups: 1) base-
line chemotherapy treatment group (n � 15); 2) adjuvant SST
treatment group (n � 15). Patients from the adjuvant SST
treatment group were given epirubicin combined with
cyclophosphamide as the neoadjuvant chemotherapy and SST.
Patients from the base-line chemotherapy treatment group
received epirubicin combined with cyclophosphamide as
neoadjuvant therapy. The dosages of epirubicin and
cyclophosphamide were 90 mg/m2 and 600 mg/m2 per course,
respectively. The dosage of SST was 2 g three times a day. Before
treatment and 14 days after treatment, the whole blood samples
were clot and centrifuged for 10 min at 1,000×g, and serum was
isolated and stored at −80 °C until further use.

Formula of SST
First, Panax ginseng C.A.Mey [Araliaceae; Panax quinquefolius
var. ginseng], 67 g Astragalus mongholicus Bunge [Fabaceae;
Astragalus membranaceus Fisch. ex Bunge], 89 g Angelica
sinensis (Oliv.) Diels [Apiaceae; Angelica polymorpha var.
sinensis Oliv], 44.5 g Gastrodia elata Blume [Orchidaceae;
Gastrodia elata var. gracilis Pamp], 89 g Rehmannia glutinosa
(Gaertn.) DC. [Orobanchaceae; Rehmannia Libosch. ex Fisch.
and C.A.Mey.], 66.5 g Alisma plantago-aquatica subsp. orientale
(Sam.) Sam. [Alismataceae; Alisma plantago-aquatica var.
orientale Sam.], 89 g Senna tora (L.) Roxb. [Fabaceae; Cassia
contorta Vogel], 22 g Cornu Cervi Pantotrichum [Cervidae;
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antler ofCervus nipponTemminck], 66.5 g Cuscuta chinensis Lam.
[Convolvulaceae; Pentake chinense (Lam.) Raf.], 2.5 g Asarum
sieboldii Miq. [Aristolochiaceae; Asarum sieboldii var. cornutum
Y.N.Lee], 66.5 g Lycium barbarum L. [Solanaceae; Lycium
barbatum Thunb.]. All of these herbs were grounded into
powder. The powder were then boiled at high pressure for 20 h.
Further, the residues were filtrated, and the paste was concentrated
to a relative density of 1.20–1.25 (55–60°C) at reduced pressure,
then spray-dried and crushed into fine powder. Finally, the sucrose
were added to the powder to make 1000 g SST.

Untargeted Metabolomics Analysis
Sample preparation: The metabolites in serum were identified
using HPLC-MS. For HPLC-MS analysis, 200 µL serum sample
was added into a tube with 1,200 µL ice methanol and acetonitrile
(50/50, v/v). After a 10-min standing at -20°C, the solution was
centrifuged for 10 min at 10000 rpm. Then the supernatant was
dried by rotary evaporation, and 50 µL acetonitrile was added for
re-dissolving and further analysis by LC-MS.

LC-MS conditions: LC experiment was conducted on a waters
e2695 UPLC (waters, the USA). A Fortis C18 column (2.1 ×
100 mm, 1.7 μm) was used at 40°C. Water containing acetic acid
(99.9/0.1, v/v, solvent A) and acetonitrile (solvent B) were used as
mobile phase. A gradient of 0 min, 5% (B); 1 min, 25% (B); 3 min,
45% (B); 6 min, 95% (B); and 12 min, 95% (B) was used in both
positive and negative mode. The posting time was set as 2 min.
The injection volume and flow rate of the mobile phase were 5 μL
and 0.3 ml/min, respectively. Electrospray ionization (ESI) with
both negative and positive full scan was used for detection.
Solutions were infused at 0.3 ml/min with the following
parameters: temperature: 350°C, capillary: 4000 V, and speed
of drying gas using nitrogen: 12 L/min. The samples for
quality control (QC) were prepared by mixing all the serum
samples from patients and injected six times before test for system
stability checking and also injected every 10 samples during test.

Data and Statistical Analysis
The untargeted metabolomics was carried out as described
previously (Sha et al., 2020). Briefly, deconvolution of LC-MS
spectrum, including peak alignment, noise processing and
baseline correction was performed using Thermo Data
Analysis software. Compound Discoverer TM2.0 was then
used for normalization to obtain the matrix. The raw
intensities were transformed and normalized. For multiple
peaks mapped to the same metabolites, the average intensity
values were used. The matrix was then subjected to orthogonal
partial least squares discrimination analysis (OPLS-DA) and
principal component analysis (PCA) using the R ropls package
(version 1.21.0) to obtain the differential metabolites between
groups (Thevenot et al., 2015). Metabolites with variable
importance in projection (VIP) > 1 were further analyzed by
one-way analysis of variance (One-way ANOVA), followed by
Benjamini-Hochberg correction and fold change analysis.
Metabolites with fold change >2 or <0.5 and FDR <0.05 were
considered to have statistically significant difference. Finally, the
metabolites were traced to metabolite pathways through the
Kyoto encyclopedia of genes and genomes (KEGG) by

MetaboAnalyst (https://www.metaboanalyst.ca/MetaboAnalyst/
home.xhtml) (Chong et al., 2018). All the statistics were
performed using the R software (version 3.4.4).

RESULTS

Identification of Key Compounds in SST
Serum samples from 30 breast cancer patients were used for
untargeted metabolomics analysis. Among them, sample 1 and
3 frombase-line chemotherapy and adjuvant SST treatment groups
failed in untargeted metabolomics analysis due to their relatively
low data quality. Baseline characteristics are presented in Table 1.
The clinical characteristics including age, tumor TNM stage, tumor
size, and PR, ER, HER2 and lymph node metastasis status showed
no significant differences between the two groups to ensure the
accuracy of this study. We used magnetic resonance imaging
(MRI) to evaluate the efficacy of the two groups, and the results
showed the SST group exhibited a better efficacy on breast cancer
after a 14-day treatment (Supplementary Figure S1).

SST is mainly composed of eleven traditional Chinese
medicine ingredients. Through our detection, we have found
six key components including ginsenoside, artemisia iactone,
astragaloside, gastrodin, emodin, and quercetin in SQEI by
LC-HRMS (Figure 1). Therefore, we considered these six
compounds as the main pharmaceutical components.

Untargeted Metabolomics Analysis of
Serum Samples After Base Line Treatment
To confirm the stability of our HPLC-MS system, we performed
PCA on the untargeted metabolomics data based on both

TABLE 1 | Demographic and baseline disease characteristics of the patients.

Characteristic SST group
(N = 12)

Base
line group (N = 14)

p Value

Age ns
<45 yr 5 6 -
≥45 yr 7 8
ER status ns
Positive 6 7 -
Negative 6 7
PR status ns
Positive 7 8 -
Negative 5 6
Her-2 status ns
Positive 4 5 -
Negative 8 9
Tumor size ns
≤2 cm 2 3 -
>2 cm 10 11
Nodal status ns
Positive 12 13 -
Negative 0 1
TNM stage ns
Stage II 8 9 -
Stage III 4 5

Yr � years; p value was calculated using Chi-square test.
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positive and negative ion models. The results showed that the
QC samples could be discriminated from the real samples in
both positive and negative ion models. Furthermore, the QC
samples tended to be clustered, which demonstrated the stability
of our HPLC-MS system (Supplementary Figure S2A). We also
calculated the relative standard deviation (RSD) of each
metabolite identified. The results showed that the RSD values
of different peaks of QC samples were small, further confirming

the stability of our HPLC-MS system (Supplementary
Figure S2B).

We also performed untargeted metabolomics analysis using an
HPLC-QE-Orbitrap-MS platform for 14 serum samples from
breast cancer patients who received base line chemotherapy
before surgery. Serum samples from patients before and after
base line chemotherapy treatment were subjected to
metabolomics analysis using an optimized HPLC-QE-

FIGURE 1 | Structures of compounds identified from Shiyiwei Shenqi Tablets.
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Orbitrap-MS method. The raw MS data of both negative and
positive modes were imported into Thermo Data Analysis
software for peak detection, correspondence, normalization
and alignment. A data matrix was then subjected OPLS-DA
and PCA using R ropls package. The PCA score plot

(Figure 2A) showed that serum samples after base line
chemotherapy could be discriminated from those before base
line chemotherapy (R2X � 0.526). Further OPLS-DA confirmed
that serum samples after base line chemotherapy were clearly
distinguished from those before base line chemotherapy

FIGURE 2 | Metabolomics analysis of breast cancer patients’ serums after base-line chemotherapy. (A, B) PCA (A) and OPLS-DA (B) plots of the metabolites
detected in serums of breast cancer patients before and after base-line chemotherapy (n � 14). (C) Volcano plot showing the DEMs identified in serums of breast cancer
patients after base-line chemotherapy. (D) The bubble plot showing the enriched pathways of DEMs identified in serums of breast cancer patients after base-line
chemotherapy. (E) The heatmap illustrating the levels of DEMs identified in serums of breast cancer patients after base-line chemotherapy; each row represents
one metabolite, and each column represents one sample.
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(Figure 2B), and the Q2Y and R2Y values were 0.883 and 0.984,
respectively.

VIP, which is frequently used in metabolomic analysis, was
employed to identify the differentially expressed metabolites
(DEMs) after treatments. High-resolution MS peaks were
annotated to known metabolites by Thermo Data Analysis
software according to the database including HMDB, KEGG,
and in-house reference metabolites. The VIP score and fold
change for each metabolite before and after treatments were
then calculated. In total, 186 metabolites including 41 up-
regulated and 145 down-regulated metabolites showed
significant changes after treatments (Figure 2C and 2E, FDR
<0.05 and fold change >2 or <0.5 and VIP >1) (the complete
DEMs list is shown in Supplementary Table S1). The DEMs
included amino acid, fatty acids and phospholipids, such as 1-
[(9Z)-hexadecenoyl]-sn-glycero-3 -phosphocholine, [FA (18:4)]
6Z_9Z_12Z_15Z-octadecatetraenoic acid, Ala-Pro, and Gly-Pro
(Table 2).

The changes of metabolic pathways were analyzed using
MetaboAnalyst webtool, and the results showed that the

potential metabolic pathways related to base line
chemotherapy were those involved in metabolism of amino
acids, fatty acids, and vitamins. In particular, pathways
involved in metabolism of glycosphingolipid, linoleate, and
leukotriene, and carnitine shuttle were considered the most
probably involved metabolic pathways after base line
chemotherapy (Figure 2D and Supplementary Table S2).

Untargeted Metabolomics Analysis of
Patient Serums After SST Treatment
Untargeted metabolomics analysis of patient serum samples was
conducted using HPLC-QE-Orbitrap-MS platform. After peak
detection, alignment, correspondence, and normalization, the
PCA score plot showed that the serum samples after SST
treatment could be distinguished from those before SST
treatment (Figure 3A, R2X � 0.540). Further OPLS-DA
confirmed that serum samples after SST treatment were clearly
discriminated from those before SST treatment, and the R2Y and
Q2Y values were 0.921 and 0.583, respectively (Figure 3B).

TABLE 2 | The representative differential metabolites identified in serum samples after base-line treatment.

Compound m/z Rt Molecular
formula

VIP FC FDR Change Metabolic
pathway

1-(4Z,7Z,10Z,13Z,16Z,19Z-docosahexaenoyl)-sn-glycero-3-
phosphocholine

567.3312 5.744 C30H50N
O7P

2.023 0.252 0.0014 Down Phospholipid
metabolism

1-[(11Z,14Z)]-icosadienoyl-sn-glycero-3-phosphocholine 547.3628 6.401 C28H54N
O7P

2.006 0.426 0.0022 Down Phospholipid
metabolism

1-[(8Z,11Z,14Z)-icosatrienoyl]-sn-glycero-3-phosphocholine 545.3476 6.131 C28H52N
O7P

1.110 0.470 0.0468 Down Phospholipid
metabolism

1-[(9Z)-hexadecenoyl]-sn-glycero-3-phosphocholine 493.3160 5.68 C24H48N
O7P

1.596 0.430 0.0261 Down Phospholipid
metabolism

Ala-Pro 186.1001 0.688 C8H14N2 O3 1.232 4.006 0.0152 Up Amino acid
metabolism

Gly-Pro 172.0848 0.79 C7H12N2 O3 1.375 2.656 0.0152 Up Amino acid
metabolism

H-Gly-Pro-Pro-OH 269.1370 0.877 C12H19N3 O4 1.208 3.268 0.0261 Up Amino acid
metabolism

leu-leu-leu-leu 470.3460 2.624 C24H46N4 O5 1.792 0.276 0.0019 Down Amino acid
metabolism

Linoleamide 279.2556 6.829 C18H33NO 1.339 0.382 0.0082 Down Fatty acid metabolism
Methyl L-leucyl-L-leucinate 258.1939 2.429 C13H26N2 O3 1.785 0.217 0.0026 Down Amino acid

metabolism
N5-Ethyl-L-glutamine 174.1004 1.706 C7H14N2 O3 1.547 2.301 0.0082 Up Amino acid

metabolism
N-Acetyl-D-alloisoleucine 173.1044 2.816 C8H15NO3 1.759 2.403 0.0026 Up Amino acid

metabolism
N-Acetyl-DL-norvaline 159.0886 2.227 C7H13NO3 1.834 2.234 0.0011 Up Amino acid

metabolism
PC 757.5612 13.71 C42H80N

O8P
1.987 0.406 0.0064 Down Phospholipid

metabolism
Val-Arg 273.1799 2.594 C11H23N5

O3

1.041 2.604 0.0173 Up Amino acid
metabolism

[FAtrihydroxy(18:0)]9_10_13-trihydroxy-11-octadecenoicacid 330.2402 4.596 C18H34O5 1.639 0.356 0.0046 Down Fatty acid metabolism
[FA(18:4)]6Z_9Z_12Z_15Z-octadecatetraenoicacid 276.2083 5.782 C18H28O2 1.813 0.433 0.0040 Down Fatty acid metabolism
[FAhydroxy(20:4)]5S-hydroxy-12-keto-6Z_8E_10E_14Z-
eicosatetraenoicacid

334.2132 7.307 C20H30O4 1.942 0.172 0.0011 Down Fatty acid metabolism

(Dichloromethyl)phosphonate 161.9056 0.656 CHCl2O3P 1.642 0.203 0.0298 Down Phospholipid
metabolism

Val-Leu-Gly-Lys 415.2773 2.575 C19H37N5
O5

1.171 2.502 0.0229 Up Amino acid
metabolism
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To identify the DEMs after SST treatment, the high-resolution
MS peaks of the LC-MS chromatograms were annotated to
known candidates by Thermo Data Analysis software
according to the database including HMDB, KEGG, and in-
house reference metabolites. The VIP score for each

metabolite was then calculated by combing the peaks mapped
to one metabolite. Totally 76 down-regulated and 3 up-regulated
metabolites exhibited significant changes after SST treatment
(Figure 3C and 3E, FDR <0.05 and fold change >2 or <0.5
and VIP >1) (the complete DEMs list is shown in Supplementary

FIGURE 3 |Metabolomics analysis of breast cancer patients’ serums after SST treatment. (A, B)PCA (A) andOPLS-DA (B) plots of themetabolites detected in serums
of breast cancer patients before and after SST treatment (n � 12). (C) Volcano plot showing the DEMs identified in serums of breast cancer patients after SST treatment.
(D) The bubble plot showing the enriched pathways of DEMs identified in serums of breast cancer patients after SST treatment. (E) The heatmap illustrating the levels of
DEMs identified in serums of breast cancer patients after SST treatment; each row represents one metabolite, and each column represents one sample.
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Table S3). Interestingly, two dipeptides His-Trp and L-Phe-L-
Phe were significantly up-regulated in serum after SST treatment
(Table 2). In contrast, several metabolites involved in metabolism
of nucleotides such as adenine and adenosine were dramatically
down-regulated after SST treatment (Table 3).

We further analyzed the alterations of metabolic pathways
after SST treatment using the MetaboAnalyst web tool. As shown
in Figure 3D and Supplementary Table S4, the changes of
metabolic pathways were mainly involved in metabolism of
Vitamin B6 (pyridoxine), Vitamin E, and purine, carnitine
shuttle, biosynthesis of bile acid, and regulation of drug
metabolism-cytochrome P450. The scatter plot displayed the
most possible metabolic pathways via circle size. Therefore,
the metabolism of Vitamin B6 and purine, and carnitine
shuttle were considered to have most altered metabolic
pathways after SST treatment.

Untargeted Metabolomics Analysis of
Patient Serum Between SST Treatment and
Base Line Chemotherapy
Since dramatic metabolic changes happened after SST treatment
and base line chemotherapy, we next analyzed and compared
these metabolic alterations between patients who received SST
treatment or only base line chemotherapy. The PCA score plot
clearly separated patients receiving SST treatment from those
receiving base line chemotherapy based on the serum
metabolomics data (Figure 4A, R2X � 0.522). The OPLS-DA
results further demonstrated that serum samples after SST
treatment were clearly discriminated from those after base line
chemotherapy, the R2Y and Q2Y values were 0.898 and 0.655,
respectively (Figure 4B).

DEMs were also identified by the VIP score of each metabolite.
A total of 287 metabolites including 50 down-regulated and
237 up-regulated metabolites exhibited significant changes in
serum between SST and base line chemotherapy treatments
(Figure 4C and 4E, FDR <0.05 and fold change >2 or <0.5
and VIP >1) (the complete DEMs list is shown in Supplementary
Table S5). In particular, metabolites such as phospholipids,
amino acids, and fatty acids showed significant changes
between SST and base line chemotherapy treatments
(Table 4). The metabolic pathway changes between SST and

base line chemotherapy treatments were further analyzed using
the MetaboAnalyst web tool. As shown in Figure 4D and
Supplementary Table S6, metabolic pathways involved in
carnitine shuttle, saturated fatty acids beta-oxidation, parathio
degradation, bile acid biosynthesis, and leukotriene metabolism
were considered the most altered metabolic pathways between
SST and base line chemotherapy treatments.

Amino Acid Metabolism Was Identified as
an Important Pathway After SST Treatment
by Untargeted Metabolomics Analysis
Amino acid metabolism enhances tumor cell proliferation
survival by supporting building block synthesis, producing
immunosuppressive metabolites for immune escape, and
reducing the production of agents mitigating oxidative stress
(Pavlova and Thompson, 2016; Tabe et al., 2019). At the same
time, numerous short peptides are generated during cancer
initiation and progression. Untargeted metabolomics analysis
results revealed that many short peptides such as val-pro-gly-
val-gly, tyr-lys-pro-asn, and D-Ala-D-Ala were dramatically
reduced after SST treatment, while these metabolites remained
unchanged after base line chemotherapy (Figure 5A). In
addition, some amino acids including N-Acetyl-L-Carnosine
and arginine were also significantly reduced after SST
treatment (Figure 5A). Intriguingly, the dipeptide his-trp was
significantly increased after SST treatment, indicating SST
treatment might induce the expression of some protective
peptides (Figure 5A). Furthermore, some nucleotides such as
adenine and adenosine were dramatically decreased after SST
treatment compared with those after base line chemotherapy.
These results showed that SSTmay exert its effect in breast cancer
treatment through modulating amino acid metabolism.

Glycometabolism Pathways Were
Demonstrated as Co-regulatory Pathways
in Both SST and Base Line Chemotherapy
Treatments by Untargeted Metabolomics
Analysis
Glycometabolism pathways including the tricarboxylic acid
(TCA) cycle and glycolysis are reported to play important

TABLE 3 | The representative differential metabolites identified in serum samples after SST treatment.

Compound m/z Rt Molecular
formula

VIP FC FDR Change Metabolic
pathway

His-Trp 341.1479 1.815 C17H19N5O3 1.594 7.792 0.018 Up Amino acid metabolism
Cystathionine 222.0672 2.883 C7H14N2O4S 2.110 0.109 0.007 Down Amino acid metabolism
Adenosine 267.0962 0.872 C10H13N5O4 1.695 0.141 0.035 Down Nucleotide metabolism
Histidinate 154.0620 2.086 C6H8N3O2 1.411 0.205 0.003 Down Amino acid metabolism
Arg-Phr 321.1790 1.025 C15H23N5O3 1.560 0.427 0.015 Down Amino acid metabolism
Deoxycholic Acid 392.2926 6.832 C24H40O4 1.818 0.496 0.015 Down Bile acid metabolism
L-Phe-L-Phe 312.1470 3.003 C18H20N2O3 1.581 4.004 0.049 Up Amino acid metabolism
D-Ala-D-Ala 160.0847 1.956 C6H12N2O3 1.502 0.495 0.013 Down Amino acid metabolism
Adenine 135.0546 2.029 C5H5N5 2.142 0.488 0.004 Down Nucleotide metabolism
DL-α-Aminocaprylic acid 159.1259 2.720 C8H17NO2 1.365 0.396 0.015 Down Amino acid metabolism
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roles including promoting proliferation, growth, and long-term
maintenance in carcinogenesis. (Pavlova and Thompson, 2016;
Martinez-Outschoorn et al., 2017). The common characteristics
of cancer cells known as Warburg Effect include enhancing

uptake of glucose and glucose fermentation to lactate. Normal
cells mainly produce energy through glycolysis, followed by TCA
cycle and oxidative phosphorylation (Vander Heiden et al., 2009).
However, cancer cells principally produce their energy through

FIGURE 4 | Metabolomics analysis of breast cancer patients’ serums between base-line chemotherapy and SST treatments. (A, B) PCA (A) and OPLS-DA (B)
plots of the metabolites detected in serums of breast cancer patients between base-line chemotherapy and SST treatments (n � 12 for SST group, n � 14 for base-line
chemotherapy group). (C) Volcano plot showing the DEMs identified in serums of breast cancer patients between base-line chemotherapy and SST treatments. (D) The
bubble plot showing the enriched pathways of DEMs identified in serums of breast cancer patients between base-line chemotherapy and SST treatments. (E) The
heatmap illustrating the levels of DEMs identified in serums of breast cancer patients between base-line chemotherapy and SST treatments; each row represents one
metabolite, and each column represents one sample.
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enhanced glycolysis, followed by lactic acid fermentation in the
presence of abundant oxygen inmicroenvironment. Interestingly,
citric acid and L-(+)-lactic acid were dramatically upregulated
after both SST and base line chemotherapy treatments (Figure 6).
Together, these upregulations may have resulted from cancer cells
that are killed by chemotherapy or SST.

DISCUSSION

Nowadays, surgery combined with radiotherapy, chemotherapy,
targeted therapy, hormonal therapy, and immunotherapy has
been extensively used for treating patients with breast cancer
(Harbeck et al., 2019). Chemotherapy is commonly used for
treatment of different stages of breast cancer. Moreover,
neoadjuvant chemotherapy has been used to shrink tumors
before surgery (Early Breast Cancer Trialists’ Collaborative
Group (EBCTCG), 2018; Untch et al., 2014). Normally, the
chemotherapeutic strategy is established by combining two or
more agents to achieve a better effect for breast cancer. Although
chemotherapy shows significant efficacy in killing cancer cells, it
also results in non-negligible side effects such as alopecia,
vomiting, constipation, diarrhea, immune dysfunction, and
myelosuppression (Tao et al., 2015). The severity of these
adverse effects is highly related to the regimen type, drug
dosage, treatment length, and general health of patients.
Furthermore, some breast cancer patients also show significant
chemotherapy resistance. Thus, an adjuvant treatment aimed at
managing side effects and increasing chemotherapy sensitivity is
expected.

TCM has been increasingly combined with regular
chemotherapy in breast cancer treatment because it can

enhance chemotherapy sensitivity and alleviate the side effects
induced by chemotherapy (Li et al., 2020). Some meta-analyses
and systematic reviews have shown that the adjuvant use of TCM
with chemotherapy can attenuate a series of side effects induced
by chemotherapy including alopecia, vomiting, diarrhea,
constipation, myelosuppression, and immune dysfunction (Li
et al., 2020). For example, previous studies have shown that a
TCM named Yiqi Jianpi Hewei could alleviate the occurrence rate
of chemotherapy induced constipation in breast cancer patients
(Wu et al., 2019; Li et al., 2020). The SST has been used to restore
the immune function of chemotherapeutic or post-operational
period gastric cancer patients (Lu et al., 2020). However, the
mechanisms of pharmacodynamics and drug-drug interaction
remain unclear. Moreover, the impacts of compounds on drug
metabolism is not just simply the sum of effects from individual
compounds.

In this study, we applied an untargeted metabolomics analysis
method using HPLC-MS to examine the metabolite changes in
serum of breast cancer patients following base line chemotherapy
and SST adjuvant therapy. In addition, the mass spectrometry
analysis data were further subjected to OPLS-DA and PCA
analyses to obtain good division. Numerous differentially
expressed metabolites especially those involved in fatty acid or
amino acid metabolism have been identified after base line
chemotherapy and SST adjuvant therapy, and treatments had
shown significant impacts on the metabolites. We also analyzed
the metabolic pathways involved based on the differentially
expressed metabolites. The carnitine shuttle, bile acid
biosynthesis, drug metabolism-cytochrome P450, and vitamin
B6 (pyridoxine), Vitamin E, and purine metabolism pathways
were considered as the potential pathways affected by SST
treatment.

TABLE 4 | The representative differential metabolites identified in serum samples between SST treatment and base-line treatment.

Compound m/z Rt Molecular
formula

VIP FC FDR Change Metabolic
pathway

leu-leu-leu-leu 470.346 2.624 C24H46N5 1.912 7.464 0.0001 Up Amino acid metabolism
LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)) 541.3163 5.445 C28H48N7P 1.559 5.797 0.0007 Up Phospholipid metabolism
LysoPC(22:4(7Z,10Z,13Z,16Z)) 571.3629 6.335 C30H54N7P 1.670 2.926 0.0009 Up Phospholipid metabolism
LysoPC(22:5(7Z,10Z,13Z,16Z,19Z)) 569.347 6.013 C30H52N7P 1.651 3.764 0.0009 Up Phospholipid metabolism
N5-Ethyl-L-glutamine 174.1004 1.706 C7H14N23 1.440 0.496 0.0073 Down Amino acid metabolism
N-Acetyl-L-methionine 191.0612 2.264 C7H13NOS 1.285 0.447 0.0034 Down Amino acid metabolism
N-Acetyl-L-tyrosine 223.0841 2.173 C11H13N4 1.496 0.464 0.0001 Down Amino acid metabolism
Omega 321.2144 5.143 C15H31N6 1.180 3.107 8.23E- Up Fatty acid metabolism
PC 757.5612 13.71 C42H80N8P 1.671 2.589 0.0014 Up Phospholipid metabolism
Pyrimidine 80.03746 11.15 C4H4N2 1.665 1.420 0.0018 Up Nucleotide metabolism
Stearic acid 284.2714 8.208 C18H36O2 1.569 1.800 0.0050 Up Fatty acid metabolism
Ubiquinone-1(CoQ1) 250.1202 5.035 C14H18O4 1.589 1.450 0.0014 Up Energy metabolism
val-leu-gly-lys 415.2774 2.575 C19H37N5 1.045 0.271 0.0001 Down Amino acid metabolism
[FA(16:2)]N-hexadecyl-ethanolamine 299.2819 5.945 C18 H37NO2 1.393 2.191 0.0004 Up Fatty acid metabolism
[FA(18:2)]9Z_11E-octadecadienoicacid 280.2399 6.174 C18H32O2 1.713 1.846 0.0005 Up Fatty acid metabolism
[FA(18:4)]6Z_9Z_12Z_15Z-octadecatetraenoicacid 276.2084 5.782 C18H28O2 1.669 3.871 0.0001 Up Fatty acid metabolism
Ala-Pro 186.1001 0.688 C8 H14N2O3 1.292 0.154 0.0001 Down Amino acid metabolism
Arachidonic acid 304.2401 7.147 C20H32O2 1.294 1.293 0.0086 Up Fatty acid metabolism
asp-gly-lys 318.153 0.587 C12H22N6 1.500 6.844 0.0011 Up Amino acid metabolism
Creatine 131.0697 0.706 C4H9N3O2 1.234 1.458 0.0034 Up Amino acid metabolism
Creatinine 113.0591 2.904 C4H7N3O 1.581 1.860 0.0073 Up Amino acid metabolism
Gly-Pro 172.0849 0.79 C7H12N23 1.173 0.415 0.0495 Down Amino acid metabolism
Lauryl glucoside 348.2507 4.264 C18H36O6 1.237 1.522 0.0258 Up Glycometabolism
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Amino acid metabolic disorder plays acritical role in breast
cancer (Pavlova and Thompson, 2016; Tabe et al., 2019). The
differentially expressed metabolites we found, such as val-pro-

gly-val-gly, tyr-lys-pro-asn, and D-Ala-D-Ala were significantly
reduced after adjuvant SST treatment. In breast cancer initiation
and progression, many peptides called neoantigens are generated

FIGURE 5 | Levels of amino acid (A) and nucleotide (B) metabolism related metabolites in serums of breast cancer patients receiving base-line chemotherapy or
adjuvant SST treatment; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by student’s t test.

FIGURE 6 | Levels of glucose metabolism related metabolites in serums of breast cancer patients receiving base-line chemotherapy or adjuvant SST treatment.
**p < 0.01 by student’s t test.
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by disrupted alternative splicing processes and gene mutations
(Benvenuto et al., 2019). In addition, amino acid metabolism
disruption also leads to aberrant expression of short peptides in
cancer. In this study, a lot of short peptides were detected with a
remarkable decrease in breast cancer patients after adjuvant SST
treatment. This result means that adjuvant SST treatment can
inhibit the production of potential neoantigens, thereby
alleviating tumor burden by affecting the amino acid
metabolism disorder. Warburg effect has been known as an
important phenomenon in cancer development: different from
normal cells which primarily use oxidative phosphorylation in
mitochondria to generate energy, most cancer cells primarily use
aerobic glycolysis to obtain energy for development. We found
the differential metabolites were all involved in aerobic glycolysis,
such as L-(+)-lactic acid and citric acid, suggesting that the
adjuvant SST treatment can improve the prognosis of breast
cancer, thereby affect the glucose metabolism disorder.

We systematically performed untargeted metabolic analysis to
investigate the potential mechanism of SST in breast cancer
treatment. The results revealed that SST may enhance
chemotherapy sensitivity and alleviate side-effects mainly by
affecting the amino acid and glucose metabolism pathways.
However, the detailed mechanisms of how SST impacts the cancer
cell malignant biological properties remain further study. Furthermore,
SST led to significant alleviation of side effects induced by
chemotherapy, which may be related to drug and vitamin
metabolism pathways. Hypothetically, SST may protect patients
from vomiting and aspirating gastric contents through affecting the
patients’ gutmicrobiota, thereby influencing the secondarymetabolites.

At present, although TCM has been widely applied in breast
cancer therapy for many years in China and also some other Asian
counties (Xiang et al., 2019), it remains a challenge to introduce
TCM to western countries. Currently, most reported clinical trials
about the use of TCM in treating breast cancer were performed in
Chinese patients. Therefore, more clinical trials are needed to be
performed in western countries to facilitate the use of TCM
worldwide. Another concern is whether TCM influences the
pharmacokinetics of chemotherapeutic agents in combination
treatments. Some in vivo studies showed that there were no
interactions between chemotherapeutic agents and TCM such as
berberine. However, pharmacokinetic studies of chemotherapeutic
agents in combination with TCM are quite few. Moreover, the
mechanisms about how TCM alleviates the side-effects induced by
chemotherapy also need further research.

CONCLUSION

We used an HPLC-MS-based untargeted metabolomics analysis
method to investigate drug interactions between base line
chemotherapy and SST treatment. Based on the HPLC-MS
results, we have identified several differential metabolites after
base line chemotherapy and SST treatment, respectively. The
metabolites exhibited different changes before and after

treatment of only base line chemotherapy or combination
treatment with SST, indicating that the SST treatment can
affect the glycometabolism, fatty acid, bile acid and amino acid
metabolism. Especially, some short peptides which are potential
tumor neoantigens were significantly reduced after adjuvant SST
treatment. This work has elucidated the interaction mechanism
between base line chemotherapy and SST treatment based on
analysis of metabolite changes, and identified potential metabolic
pathways involved, which might shed new light on clinical
medication.
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Proteomic Analysis Reveals the
Protective Effects of Yiqi Fumai
Lyophilized Injection on Chronic Heart
Failure by Improving Myocardial
Energy Metabolism
Xiaoying Han1†, Yi Zhang1†, Ou Qiao1, Haixia Ji 1, Xinyu Zhang1, Wenzhe Wang1, Xia Li 1,
Juan Wang1, Dekun Li2, Aichun Ju2, Changxiao Liu3 and Wenyuan Gao1*

1School of Pharmaceutical Science and Technology, Tianjin University, Tianjin, China, 2Tasly Pride Pharmaceutical Company
Limited, Tianjin, China, 3Tianjin Pharmaceutical Research Institute, Tianjin, China

Yiqi Fumai lyophilized injection (YQFM) is the recombination of Sheng mai san (SMS).YQFM
has been applied clinically to efficaciously and safely treat chronic heart failure (CHF).
However, the mechanism of YQFM is still not fully elucidated. The purpose of our study
was to investigate the protective mechanism of YQFM against abdominal aortic coarctation
(AAC) in rats by proteomic methods. After YQFM treatment, the cardiac function were
obviously meliorated. One hundred and fifty-seven important differentially expressed proteins
(DEPs) were identified, including 109 in model rat compared with that in control rat (M:C) and
48 in YQFM-treated rat comparedwith that inmodel rat (T:M) by iTRAQ technology to analyze
the proteomic characteristics of heart tissue. Bioinformatics analysis showed that DEPs was
mainly involved in the body’s energy metabolism and was closely related to oxidative
phosphorylation. YQFM had also displayed efficient mitochondrial dysfunction alleviation
properties in hydrogen peroxide (H2O2)-induced cardiomyocyte damage by Transmission
Electron Microscope (TEM), Metabolic assay, and Mitotracker staining. What’s more, the
levels of total cardiomyocyte apoptosis were markedly reduced following YQFM treatment.
Furthermore, Western blot analysis showed that the expressions of peroxisome proliferator
activated receptor co-activator-1α(PGC-1α) (p < 0.01 or p < 0.001), perixisome proliferation-
activated receptor alpha (PPAR-α) (p < 0.001)and retinoid X receptor alpha (RXR-α) were
upregulated (p < 0.001), PGC-1α as well as its downstream effectors were also found to be
upregulated in cardiomyocytes after YQFM treatment(p < 0.001).These results provided
evidence that YQFMcould enhancemitochondrial function of cardiomyocytes to play a role in
the treatment of CHF by regulating mitochondrial biogenesis-related proteins.

Keywords: chronic heart failure, Yiqi Fumai lyophilized injection, oxidative phosphorylation, mitochondrial
biogenesis, perixisome proliferation-activated receptor alpha
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BACKGROUND

Chronic heart failure is myocardial damage caused by various
reasons, resulting in injures the function and structure of the
myocardium, and finally resulting in low ventricular pumping or
filling function (Mosterd and Hoes, 2007). The mortality rate of
patients with CHF(4-year) is up to 50%, and the mortality rate of
patients (1-year) with severe heart failure is as high as 50% (Heo
et al., 2008; Yancy et al., 2013; Wang et al., 2017). Therefore, CHF
is an important challenge facing the cardiovascular field in the
21st century. With the deepening of the understanding of the
pathogenesis of heart failure, Western medicine’s treatment of
CHF has gradually shifted from a cardiotonic, diuretic, and
vasodilator-based cardiac circulation model to prevent
ventricular remodeling, improve prognosis, and recover.
Targeting the synchrony of ventricular function, these drugs
can alleviate patient mortality and relieve symptoms with
advantage. However, there are some adverse events that may
limit the use of TCM (Fu et al., 2010; Faris et al., 2012;Wang et al.,
2015a), so conventional treatment of western medicine is often
combined with TCM syndrome differentiation and treatment,

and the advantages of Chinese and Western medicine are
complemented.

YQFM derives from the classic name “Sheng Mai SAN,”made
by Radix of Panax ginseng C.A. Mey. (Araliaceae), Fructus of
Schisandra chinensis (Turcz.) Baill (Schisandraceae), and Radix
of Ophiopogon japonicus (L.f) Ker-Gawl. YQFM is a TCM
powder injection produced by Tasly Pharmaceutical Co., Ltd.,
It is mainly used for coronary heart disease fatigue angina pectoris
syndrome of Qi and Yin deficiency, and chronic left ventricular
insufficiency caused by coronary heart disease II and III Qi and
Yin deficiency. Since its official launch in 2007, the quality is
stable and the curative effect is accurate, and it has been wide-
ranging recognized by doctors and patients. Past studies have
shown that its active ingredients could melioration HF by
inhibiting the activity of NF-κB (Xing et al., 2013), and reduce
hypoxia-induced myocardial injury (Feng et al., 2016; Li et al.,
2016). In addition, YQFM can regulate MAPKs and alleviate
myocardial remodeling and heart failure caused by coronary
artery ligation (CAL) (Pang et al., 2017). Many components of
YQFM show mitochondrial regulation (Zheng et al., 2018),
including ginsenosides Rb1, Rb3, Rg1, Rg3, Schisandra B, and

Graphical Abstract | Potential mechanism of YQFM in the treatment of chronic heart failure is to improve myocardial energy metabolism via enhancing the
mitochondrial function of myocardial.
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ophiopogon D (Chiu et al., 2007; Chen and Ko, 2010; Sun et al.,
2013; Mu et al., 2015; Dong et al., 2016; Chen et al., 2019; Park
et al., 2019; Li et al., 2021). Nevertheless, the mechanism of
YQFM in treating chronic heart failure remains to be further
elucidated. Differential proteomics is a method to clarify the
pathological changes of diseases or the mechanism of therapeutic
intervention through differential expression analysis of proteins
(Wilhelm et al., 2014), to obtain “panoramic information” about
life activities within a short period. Differential proteomics
analyzes the dynamic evolution process of protein expression
in the body under different conditions from a holistic perspective.
Its research method is very consistent with the method of TCM
syndrome differentiation and treatment, and the comprehensive
regulation of TCM prescriptions. With the help of the
development and breakthrough of proteomics technology, it is
now possible to study the changes in the overall protein
expression of various organs in the organism under different
internal and external interventions and influences, such as in the
onset of cardiovascular disease, and to detect the changes in the
cell The composition, expression and regularity of this protein
(Suo et al., 2016; Wei et al., 2019). The application of proteomics
to the research of TCM can effectively help researchers to find the
targets of TCM compounds, analyze the biological processes
involved in the pharmacological effects of TCM, and further
explain the mechanism of TCM from the perspective of
molecular biology.

This study was aimed to explore the therapeutic effect and
mechanism by which YQFM attenuates AAC-induced CHF in
rats and H2O2-induced cardiomyocyte damage in H9C2 cells.
However, due to the complexity of TCM prescriptions and various
causes of CHF, the mechanism of the optimized prescription is not
very clear. Therefore, this experiment used differential proteomics to
investigate the targets protein regulated by YQFM in treating CHF
rats, and combined with biological function analysis to explore the
possible biological basis of the therapeutic effect of the formula.
Western blot verification were used to confirm that the
mechanism of YQFM in the treatment of CHF.

MATERIALS AND METHODS

Chemicals and Materials
YQFM was donated by Tasly Pride Pharmaceutical Company
Limited. Lactate dehydrogenase (LDH) assay kit, rat cardiac
troponin-T (cTnT) and creatine kinase isoenzyme-MB (CK-
MB) ELISA kits were obtained from Nanjing Jiancheng
Bioengineer Institute. Antibodies against cleaved cTnT, Bax,
Bcl-2, PGC-1α, PPAR-α, RXR-α, Tfam and NRF-1 and
secondary anti-rabbit antibodies were purchased from Abcam,
(Cambridge, United Kingdom). Hydrogen peroxide (H2O2,
Aladdin®, 700 μmol/L).

HPLC-QQQ-MS/MS Analysis Condition
Sample solutions for qualitative analysis. 2.60 g of YQFM was
accurately weighed and dissolved in 30%methanol (10 ml). Sample
solution was added into C8 solid-phase extraction (SPE). The
samples were eluted in turn with the following solutions: 30%

methanol solution containing 2 ml sodium hydroxide (0.5 mol/L),
30% methanol (5 ml) and 100% methanol (5 ml). The 100%
methanol eluent was collected and diluted to 5 ml. The obtained
test solution should be filtered through a 0.22 mm syringe filter.
Accurately weigh the ginsenosides Rb1, Rf, Re, Rc, Rb2, Rb3, Rg1,
Rh1, Rc, Rd, Rf2, Rg2, Schisandrin A, Schisandrin B, Schisandrin
A, and Schisandrin B reference substance, add 50% Methanol is
dissolved, and the mass concentration of ginsenoside Rb1, Rf, Re,
Rc, Rb2, Rb3, Rg1, Rh1, Rc, Rd, Rf2, Rg2, schisandrin A, and
schisandrin B are each 20 μg/ml. A mixed reference solution of
ethyl alcohol and schisandrin A 10 μg/ml.

Sample solutions for qualitative analysis. Chemical analysis
was performed on high performance liquid chromatography
(HPLC) system. Two mobile phases were used for
chromatographic separation on kromasil 100-5-C18 column
(5 μm, 4.6 mm × 250 mm): Phase A is ultrapure water with
0.1% formic acid and Phase B is acetonitrile. Gradient elution
program: 0–8 min, 20–30% B; 8–10 min, 30–32% B; 10–15 min,
32–35% B; 15–26 min, 35–35% B; 26–35 min, 35–40% B;
35–40 min, 40–45% B; 40–50 min, 45–55% B; 50–60 min,
55–70% B; 60–65 min, 70–95% B; 65–72 min, 95–98% B;
72–81 min, 98–20% B. When the injection volume was 10 μl,
the flow rate: 1 ml/min, and the column temperature was 28°C.

Model Establishment
Sprague-Dawley (SD) male rats weighing (220–240) g were
obtained from the Beijing HFK Biotechnology Co., Ltd
(SCXK-2018-0004). All the rats were then subjected to 1 week
of domestication before experiment. The rats were kept in a 22 ±
2°C cage with light/dark circulation for 12 h and humidity of 40 ±
5%. In addition, the rats were fed rat chow and given free water.

Abdominal aortic coarctation (AAC) establishes a pressure
overload CHF model. Its mechanism is that by narrowing the
abdominal aorta, aortic pressure increases, cardiac afterload
increases, myocardial compensatory hypertrophy, ventricular
volume increases, heart expands, cardiac decompensation in the
later stage, resulting in myocardial function and structural damage,
and finally heart failure. AAC model in rats was established by
referring to the referencemethod (Cops et al., 2019). The stepswere as
follows. After intraperitoneal injection of 2% sodium pentobarbital at
0.2ml/100 g (Sigma-Aldrich, St. Louis, MO, United States) and
preparation of the skin (shaved), the rat was fixed on the
operating table supine. The abdominal aorta above the renal artery
branch was blunt dissociated. The needle of No. 7 syringe was parallel
to the abdominal aorta, and No. 4 non absorbable surgical silk thread
was used to connect the abdominal aorta and syringe. The needle was
ligated together, and then the syringe was slowly withdrawn, the
abdomen was closed, and layered sutures were used to narrow the
diameter of the rat’s abdominal aorta to 0.7mm, and then 0.1ml of
penicillin was injected into the abdominal cavity to prevent infection.

Animal Grouping and Administration
Except for 10 rats in the blank control group, 55 of the 70 rats were
made into AAC models. They were then grouped randomly into
control, AAC, AAC+YQFM low-dose (YQFM-L, 20 mg/kg/d) arms,
AAC+YQFM medium-dose (YQFM-M, 40mg/kg/d) arms,
AAC+YQFM high-dose (YQFM-H, 80mg/kg/d) arms and
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captopril (Capt., 40 mg/kg/d) group. The dose of rats in the middle
group received an adult equivalent dose of 70 kg, the dose of rats in
the high group received twice the adult equivalent dose, and the dose
of rats in the low group received half of the adult equivalent dose.

After 4 weeks of intervention, the rats were anesthetized. 2%
sodium pentobarbital (Shanghai, China) (0.2 ml/100 g) was
injected intraperitoneally. The blood was gathered from the
femoral artery, centrifuged and stored at −80°C for analysis.
After perfusing the heart with cold PBS to remove blood, filter
paper was used to remove free PBS. The heart tissue was
immersed with 4% paraformaldehyde (Google Biotechnology,
Wuhan, China), and a biopsy was performed to monitor the
morphology of the myocardial tissue. The remaining heart tissue
was saved in liquid nitrogen for 1 h and stored at −80°C before
proteomics and Western blot analysis.

Echocardiography
Four weeks after administration, the rats were anesthetized with 2%
sodium pentobarbital and underwent echocardiography on an
ultrasound machine. Left ventricular posterior wall thickness
(LVPWd, LVPWs) during diastolic and systolic periods was recorded
in M mode to examine left ventricular thickening (Luo et al., 2015).

Biochemical Parameters
cTnT, LDH and CK-MB in serum are unique biomarkers of
myocardial injury after heart failure (Bertinchant et al., 2000;
Giannitsis and Katus, 2013). After 28 days, the serum CK-MB
and LDH were detected by blood biochemical examination to

evaluate the cardiomyocyte repair. Quantitative examination of
cTn T and CK-MB and LDH analysis on serum samples from
different research groups using assay kits.

Cardiac Histopathological Examination
The left ventricular region of each group was fixed in 4%
paraformaldehyde for 24 h. After fixation, it was embedded with
paraffin and stained with hematoxylin and eosin (HE),Masson and
Periodic Acid Schiff (PAS) respectively.The pathological changes of
myocardial fibers in each group of rat were observed by an optical
microscope (JEOL, Tokyo, Japan).

Immunohistochemical Measurement of
cTnt
Immunohistochemical analysis of cTnt expression in the heart.
Paraffin-embedded tissue was sectioned continuously at 4 μm,
dewaxed with xylene and hydrated with gradient alcohol. The
sections were incubated with goat serum (10%) for 1 h, then
combined with primary antibody and incubated overnight at 4°C.
Follow the instructions in themanufacturer’s agreement for subsequent
procedures. The Image Pro Plus software was used to evaluate images.

Protein Extraction and Tandem Mass Tags
Protein Labelling
Randomly collect rat myocardial tissue, three samples in control
arm, three samples in model arm, and three samples in the

FIGURE 1 | Comparison of the liquid chromatogram of the mixed reference substance and YQFM sample. (A) Standard solution and (B) Sample solution: 1:
ginsenoside Rg1, 2: ginsenoside Rf, 3: ginsenoside Rb1, 4: ginsenoside Rc, 5: ginsenoside Rb2, 6: ginsenoside Rb3, 7: ginsenoside Re, 8: ginsenoside Rd, 9:
schizandrol A, 10:20(S)-ginsenoside F2, 11: schizandrol B, 12: ginsenoside Rg2, 13: schisandrin A, 14: schisandrin B, 15: ginsenoside Rh1.
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YQFM-H treatment group. All frozen samples were took out and
ground them with liquid nitrogen. Then the same amount of
samples was transferred to MP shaker tubes, and moderate dose
of protein lysis solution (1% SDS + 8M urea, containing protease
inhibitors) was added. FastPrep®-24 instrument (MP
Biomedicals, OH, United States) was used to homogenize
heart tissue samples in pyrolysis buffer (TEAB, 25 mM
Triethylammonium bicarbonate, 2% sodium dodecyl sulfate
(SDS)). The protein was quantified according to the BCA kit
instructions. Samples from each animal in the group were then
divided into equal groups. Tissue samples, 50 μg of reference cell
containing the same amount of all samples and 50 μg of total
protein in each combination group, were reduced by DL-
Dithiothreitol and then trypsin was digested using the
membrane assisted sample preparation method modified by
Wiśniewski et al. (2009).The sample diluted with 8 M urea
was used to filter (Nanosep 30 k Omega, Pall Life Sciences,
Washington, New York, United States), and the SDS was
washed repeatedly with 8 M urea.

Methyl methane thiosulfonate diluted in digestion buffer (20mM
TEAB, 1% sodium deoxycholate (SDC)) was used for alkylation, and
the membrane was washed repeatedly with digestion buffer. Trypsin
was added to 25mM TEAB at a ratio of 1:100 relative to protein
mass, and the samples were incubated overnight at 37°C. The next
morning, another portion of trypsinwas added and the samples were
incubated at 37°C for 4 h (Boersema et al., 2009; Xu et al., 2014; Liu

et al., 2017). According to the manufacturer’s instructions, the
peptide was labeled with isobaric mass labeling reagent TMT®.
In one group, each reference and sample were labelled with a unique
label from theTMT6plex or 10 plex isobaricmass labelling kit. After
TMT labeling, a set of samples were combined, concentrated and
acidified to about pH 2 to precipitate SDC.

High Performance Liquid Chromatography
Fractionation
Trypsin samples were separated into fractions by high-pH reverse
HPLCwith ACQUITYUPLC BEHC18 (1.7 μmparticles, 2.1 mm
ID, and 250 mm length) (Wang et al., 2010; Song et al., 2011). The
procedure was as follows: Within 48 min, a gradient of 0–100%
acetonitrile (pH � 10.0) was used to separate peptides. According
to the time and peak type, 20 fractions were collected for each
group, and they were combined into 10 fractions. After vacuum
centrifugation, they were dissolved in mass spectrometry loaded
buffer for two-dimensional analysis.

LC-MS/MS Analysis
Tryptic peptide was dissolved in 0.1% (V/V) formic acid, and then
9RKFSG2_NCS-3500RS (Thermo, United States) Ultra High
Performance Liquid System was used for separation (Motoyama
and Yates, 2008). 0.1% formic acid and 2% acetonitrile were
contained in Solvent A, while 0.1% formic acid and 80%

FIGURE 2 | The effect of YQFM on cardiac function in CHF rat after being treated for 28 days. (A)Representative echocardiograph from the various groups. (B) Left
ventricle ejection fraction (LVEF) (n � 6 animals/group). (C) Left ventricle fractional shortening (LVFS) (n � 6 animals/group). Data are means ± SD. #p < 0.05, ##p < 0.01,
###p < 0.001 vs the Control group, *p < 0.05, **p < 0.01, ***p < 0.001 vs the Model group.
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FIGURE 3 | The effect of YQFM on Cardiac Morphology in CHF rat after being treated for 28 d. (A) HE, Masson and PAS pathology section (B–D) staining of the
myocardial. (n � 6 animals/group). Data are means ± SD. #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Control group, *p < 0.05, **p < 0.01, ***p < 0.001 vs the Model group.

FIGURE 4 | The effect of YQFM on Cardiac Morphology in CHF rat after being treated for 28 days. (A,B) Immunohistochemistry analysis of cTnt expression in heart
sections of different groups. The diseased areas in the heart aremagnified in the panel below (n � 3 per group). Concentration of cTn t (C), CK-MB (D) and LDH (E) in CHF
rat after being treated for 28 days (n � 6 animals/group). Data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs the Model group, #p < 0.05, ##p < 0.01, ###p < 0.001
vs the Control group.
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acetonitrile were contained in solvent B. Gradient elution: 0–6min,
0–7% solvent B; 7–68min, 7–24% solvent B; 69–80min, 24–29%
solvent B; 80–90min, 29–39% solvent B; 90–94min, 39–52% solvent
B; 94–97min, 52–100% solvent B; 97–105min, 100–100% solvent B;
and 105–106min, 0% solvent B. The flow rate was kept at 300 nl/min.

The peptides has passed a nano-electrospray ionization source and
then analyzed by Q-Exactive Plus(Thermo, United States)mass
spectrometry.The resolution of the primary mass spectrometer is
70,000, AGC target 3e6, the fragmentation method was HCD, and
maximum injection time is 20ms; the secondary resolution was
35,000, AGC target 1e5, the maximum injection time was 50ms.
In the MS investigation scan, the first 20 precursor ions above the
threshold ion count 5E4 were scanned once, and then the alternate
data dependence program between 20ms/MS scans was performed,
and 18.0 swas excludeddynamically. Automatic gain controlwas used
to prevent the ion trap frombeing over full. m/z scan range: 350–1300.

Database Search
The software version used by the database was Proteome
Discoverer TM Software 2.2. When searching the database, the
original file has been submitted to the Proteome Discoverer
server, and then the database was searched in the established
database.

Bioinformatics Analysis
Gene Ontology (GO) annotated proteome comes from Genebank
database. Then, through GO annotation, proteins were classified
according to biological process, cell composition and molecular
function. The KEGG database was accustomed to explain the
pathways of identified proteins.

Cell Culture and Treatment
H9C2 cells were obtained from the Chinese Academy of
Sciences (Shanghai, China). Dulbecco’s modified eagle’s
medium (DMEM) containing 10% (v/v) FBS, 1% (V/V)
penicillin-streptomycin solution was used for cell culture,
and placed in the incubator at 37°C with a humidified 5%
CO2. To stimulate cardiomyocyte injury, H2O2 was used to
stimulate H9C2 cells. H9C2 cells were treated with 45 µg/ml
(YQFM-L), 90 µg/ml (YQFM-M) or 180 µg/ml (YQFM-H)
YQFM for 24 h.

Transmission Electron Microscopy
H9C2 cells were inoculated on 6-well plates and H2O2 was used to
cause myocardial cell damage. After 24 h, the cells were treated
with YQFM (90 µg/ml) for 24 h. The cultured cells were fixed on
2.5% glutaraldehyde for 1 h respectively with glutaraldehyde,

FIGURE 5 | Quality control of protein data validation. (A) Protein information. The x-axis in the figure represents the identified protein information, from left to right: the
total number of secondary spectra, the number of matched spectra, the number of identified peptides, the number of identified proteins, and the number of identified protein
groups. (B) Protein mass distribution of all identified proteins. (C) Distribution of protein’s sequences coverage. (D) Protein length distribution of all identified peptides.
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dehydrated, critical-point dried, metal sputtering, and analyzed
by TEM at 6,000 × magnification.

Metabolic Assay
H9C2 cells were inoculated in 96-well plates. Except for control
group, H2O2 was used to simulate myocardial cell injury in other
groups. After 24 h, cells were treated with different dose of YQFM
(45, 90, and 180 µg/ml) for 24 h. DMEM medium was replaced
with 100 μl XF containing 4,500 mg/L glucose. The cells were
then incubated in the absence of CO2 at 37°C for 1 h. According to
the manufacturer’s agreement, oxygen consumption rate (OCR)
was measured by SeaHorse XF96 Extracellular Analyzer as a
measure of oxidative metabolism.

Immunofluorescence Staining
After the indicated treatments, H9C2 cells were seeded in chamber
slides at a density of 1 × 106 cells/well. Take a slice of
cardiomyocytes that have been cultured for 24 h. After treated
with or without YQFM for 24 h, immunostaining of the cells was
carried out withMitotracker (Thermo Fisher Scientific, Waltham,
MA, United States). Incubate with DAPI staining solution for
10 min, and wash with PBS three times; immediately after

mounting with anti-fluorescence quenching solution, observe
under a confocal microscope.

Apoptosis Assay
FITC-labeled annexin V and propidium iodide staining were used
to evaluate the apoptosis of the treated cells, and FACS calibur
flow cytometry (Becton Dickinson, United States) was used to
examine the level of apoptosis. The cell cycle was subsequently
checked using FlowJo software.

Western Blot Analysis
The left ventricular protein was extracted with RIPA lysate
containing protease inhibitors, and the protein concentration
was determined by BCAmethod. The SDS-PAGE was performed,
electrophoresed to nitrocellulost membrane, and blocked with 5%
bovine serum albumin for 1 h. Next, antibodies and dilutions as
follows: Bax (Abcam, ab32503, rabbit), Bcl-2 (Abcam, ab182858,
rabbit), PGC-1α (Abcam, ab176328, rabbit), PPAR-α (Abcam,
ab245119, rabbit), RXR-α (Abcam, ab125001, rabbit), NRF-1
(Abcam, ab55744, rabbit) and Tfam (Abcam, ab176558,
rabbit).The fluorescently labeled secondary antibodies are then
conjugated by incubation. The blotted proteins were examined

FIGURE 6 | The differentially abundant proteins (DEPs) in serum between Model:Control and Treatment: Model. (A) Volcano Plots of DEPs of Model:Control. (B)
Volcano Plots of DEPs of Treatment:Model. (C) Venn-diagram showing the overlap of all DEPs. (D) DEPs involved in Model:Control. (E) DEPs involved in Treatment:
Model. Red or Green represents the numbers of upregulated and downregulated proteins, respectively.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7195328

Han et al. YQFM and Chronic Heart Failure

113

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


and quantified on the Odyssey Infrared Imaging system. The ratio
of the target protein to the internal reference protein β-actin
reflects the relative expression of the protein.

Statistical Analyses
All data are expressed as the means ± SD. GraphPad Prism
statistical software was used for analysis, and one-way analysis of
variance was used for comparison between groups; p < 0.05 was
considered statistically significant.

RESULTS

Analysis of Chemical Components of Yiqi
Fumai Lyophilized Injection
In order to detect the chemical constituents of YQFM, an HPLC
method was established. After analyzing the HPLC of YQFM
standard solution and sample solution (Figures 1A,B). A total of
14 compounds were identified from YQFM.

Effects of Yiqi Fumai Lyophilized Injection
on Cardiac Dysfunction in Chronic Heart
Failure Rat
As indicated on the Figure 2A, echocardiography was used as a
method to assess cardiac function. Compared with the control
group, the titers of left ventricular rejection fraction (LVEF) and
left ventricular shortening fraction (LVFS) in the model group
were significantly decreased by 30 and 23%, respectively,
indicating that the AAC model was successfully constructed.
Notably, in CHF rat administered YQFM LVEF% and LVFS%
were effectively restored to normal levels, respectively
(Figures 2B,C).

Effects of Yiqi Fumai Lyophilized Injection
on Cardiac Morphology in Chronic Heart
Failure Rat
In order to examine the therapeutic efficiency of YQFM against
CHF in vivo, we applied YQFM to rats with cardiac dysfunction. At
28 days after treatment, the effect of YQFM was examined by
histological evaluation of cardiac tissue. After YQFM treatment,
myocardial cell interstitial edema, intracellular space enlargement
and vacuolization, and inflammatory cell infiltration were
alleviated (Figures 3A,B). Compared with the model group and
captopril group, less sedimentary fiber was observed in LV as a
result of YQFM treatment. It demonstrates a significantly reduced
level of scar tissue (Figures 3A,C). PAS staining was consistent
with Masson’s results (Figures 3A, D). Less sedimentary collagen
was observed in LV after YQFM treatment.

Effects of Yiqi Fumai Lyophilized Injection
on the Biochemical Parameters of Chronic
Heart Failure Rat
To elucidate cardiac function, the cTnt titer was determined by
immunohistochemical evaluation. The results are indicated in
Figures 4A,B, indicating that the model groups treated by
YQFM show a significant reduction. Considering the absolutely
heart tissue specificity, cTnt, CK-MB, and LDH were used as the
primary biometric characteristics for the diagnosis of cardiac
damage. Changes in the concentrations of cTnt, CK-MB and
LDH can describe the severity of myocardial injury. Our data
show that cTnt, CK-MB and LDH concentrations were lower in
the YQFM processing arm than in the model (AAC) group (Figures
4C–E). It implied that YQFM treatment could reduce the degree of
damage and the necrosis of myocardial tissue in rats with heart
failure.

FIGURE 7 | Cluster analysis of differentially expressed proteins among
the three groups. Color changes with protein expression, blue indicates
negative correlation, red indicates positive correlation, the stronger the color,
the strongest correlation.
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LC-MS/MS
In this study, iTRAQ technology was used to analyze the
proteomic characteristics of heart tissue. 9,066 proteins in
total were identified (Figure 5A). The quality control of
protein data revealed that the molecular weight of the
protein was in the range of 1–100 kDa (Figures 5B,C), and
many peptides were between 7 and 14 amino acids in length
(Figure 5D).

Identification of Differentially Expressed
Proteins in Heart Tissue of Yiqi Fumai
Lyophilized Injection-Treated Rat
To probe the mechanisms of YQFM, the MaxQuant was used to
obtain the general summary of proteomics change in Model:
Control and Treatment: Model. The ratio of Model: Control and
Treatment: Model was compared to probe changes in key protein
expression among the three groups (Figures 6A,B) (p < 0.05). 148
DEPs are displayed in a Venn diagram (Figure 6C). At the same
time, 109 differentially accumulated proteins were explicated in
Model: Control, 84 of which were down regulated and 24 were up
regulated. 48 proteins were explicated in Treatment: Model, of
which 11 were down regulated and 37 were up-regulated
(Figures 6D,E).

Clustering Analysis
The results of hierarchical clustering were shown in a heat map,
where blue means down regulation and red means up regulation.
The difference in protein expression observed between the groups
were displayed in Figure 7. It was clear that the overall protein
expression pattern in the model and treatment groups was different
from that in the control group. In the model group, many proteins
showed a down regulated expression pattern (blue band), while in
the control and treatment groups, many proteins were up regulated.

Function Notes and Categories of
Differentially Expressed Proteins
To better explore the biological correlation of protein expression
changes and retrieve information about biological processes or
pathways, the identified DEPs have been analyzed by
bioinformatics methods. From the GO analysis results (Figures
8A,B), it can be seen that in the biological process analysis, 157
differentially expressed proteins were mainly distributed in the
metabolic process, cellular process and single-organism process.
In the cell location analysis among them, most proteins were
mainly concentrated in the three types of cells, cell parts and
organelles. As far as molecular functions were concerned,
proteins related to catalytic activity and binding dominate most.

FIGURE 8 | Functional annotation and categories of DEPs. (A) GO annotations analisis of Model:Control. (B) GO annotations analisis of Treatment:Model. (C)
KEGG analyses of protein functions. (D) Enrichment analysis of KEGG energy metabolism pathway.
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In order to further explore the biological pathway in response to
YQFM protection, KEGG pathway annotation was used to explore
all DEPs (Figures 8C,D). The results showed that most proteins
were enriched in energy metabolism pathway. Metabolic pathway
analysis was performed on the proteins in the obtained energy
metabolism pathway. As shown in the figure, the oxidative
phosphorylation pathway apparently plays a very important role
in treatment.

Effects of Yiqi Fumai Lyophilized Injection
on H2O2 Induced Mitochondrial Dysfunction
In Vitro
Next, we investigated effects of YQFM on the mitochondrial
dysfunction by using TEM, Metabolic assay, and Mitotracker
staining. The ultrastructural morphology of mitochondria in
H9C2 cells was observed by conventional TEM (Figures 9A,B).
After hypoxia, the mitochondria of cardiomyocytes swelled, the
number of mitochondria decreased, and the mitochondrial matrix

appeared cristae and vacuole-like phenomena. After YQFM
treatment, the damage of cardiomyocyte mitochondria was
significantly reduced. We detected the effect of YQFM on OCR
in H9C2 cells with H2O2 stimulation. OCR was significantly reduced
in H9C2 cells stimulated by H2O2, all of which were ameliorated by
YQFM.We also found that mitochondrial content of H9C2 cells was
increased significantly after 24 h of YQFM treatment with 180 μg/
ml, determined by the red fluorescence intensity and mitochondrial
size of the mitotracker (Figure 9C). All of these results implied that
YQFM ameliorated mitochondrial function in H9C2 cells stimulated
by H2O2.

Effect of Yiqi Fumai Lyophilized Injection on
Apoptosis of Cardiomyocytes Induced by
H2O2 In Vitro
In the process of oxidative phosphorylation, the imbalance of
intracellular ROS levels will lead to oxidative stress and
ultimately lead to cell apoptosis. Therefore, we hypothesized

FIGURE 9 | YQFM ameliorated the mitochondrial dysfunction induced by H2O2 in vitro. (A) TEM images of the ultrastructural morphology of H9C2 cells
mitochondria. (B) Oxygen consumption rates (OCR) in H9C2 cells treated with YQFM-L, YQFM-M& YQFM-H. (C) H9C2 cells were subjected to Mitotracker red staining.
The model group refers to H9C2 cells induced by H2O2.
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that YQFM may improve mitochondrial function by inhibiting
apoptosis. In this study, the flow cytometry and Western blot
were used to evaluate the effect of YQFM on cell apoptosis.
Research results indicated that YQFM significantly inhibited
H2O2 induced apoptosis (Figure 10A), accompanied by
decreased Bax cleavage and increased bcl-2 expression
(Figures 10B–D).

Effects of Yiqi Fumai Lyophilized Injection
on Mitochondrial Biogenesis-Related
Proteins In Vitro
To determine the molecular mechanisms of mitochondrial
dysfunction enhancement through YQFM treatment, we
detected the expression of mitochondrial biogenic related
proteins by Western blot (Figure 11A). Since previous studies
have described the key role of PGC-1 α in regulating
mitochondrial biogenesis, the 24-hour treatment with YQFM
of 180 μg/ml can lead to a significant increase the expression of
PGC-1 α. Western blot analysis further corroborated the
regulatory effect of YQFM on PGC-1 α (Figure 11B). PGC-1α
and PPAR-α/RXR-α jointly regulate the increase of
mitochondrial activity to coordinate mitochondrial biogenesis,
so YQFM-treated cardiomyocytes displayed significant increase
in all of these proteins (Figures 11C,D).

In H9C2 cells treated with 180 μg/ml YQFM, NRF-1, the
downstream target of PGC-1 α, was also increased at 24 h,
while Tfam, the downstream target of NRF-1 and
mitochondrial DNA expression regulator, had similar changes
with NRF-1 (Figure 11H). These results revealed that YQFM
treatment increasedmitochondrial content by activating PGC-1 α
and activating mitochondrial biogenesis related proteins.

DISCUSSION

The incidence of CHF greatly increased with the aging of the
world population. (Yancy et al., 2013) Hence, seeking safe and
effective therapy has become a common concern in the global
medical community and has been widely concerned. Current
clinical studies have indicated that YQFM could availably
alleviate the clinical symptoms of CHF patients (Nie et al.,
2020). At the same time, studies have shown that YQFM can
improve heart failure through a variety of ways (Li et al., 2019;
Zhang et al., 2019). Notwithstanding, the exact mechanism of
action remains to be explored in depth. In this research, we used a
proteomic based method to investigate the mechanism of YQFM
in ACC model rats and on H9C2 cells, and developed a better
understanding of YQFM.

CHF is a syndrome caused by the inability of the heart pump
to meet the body’s energy needs (Bertero and Maack, 2018).
Despite a lot of work, the pathogenesis of cardiomyocyte
abnormalities caused by CHF is still not fully understood.
Factors that cause abnormal contraction and relaxation of
heart failure include abnormal metabolic pathways that lead to
energy production, energy transfer, and reduced energy
utilization (Zhou and Tian, 2018). CHF also affects the
surroundings. Early muscle fatigue and motor intolerance are
always present in CHF patients, in which the reduction of
mitochondrial ATP production and energy transfer through
phosphotransferase kinase play an important role.

Yiqi Fumai for injection is mainly extracted from the
traditional Chinese medicine red ginseng, Ophiopogon
japonicus and Schisandra. Its active ingredients are diverse,
and it has the advantages of multiple pathways, multiple
targets, and safety and effectiveness. Therefore, YQFM may

FIGURE 10 | YQFM suppressed cardiomyocyte apoptosis caused by H2O2. (A,B) Flow cytometric measurement of H9C2 cells apoptosis caused by H2O2. (C)
The amount of Bax and Bcl-2 from H9C2 cells lysate was examined by Western blot analysis. (D,E) Relative protein levels were measured by densitometry for Bax and
Bcl-2 (n � 3 per group). Data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs the Model group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Control group.
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also have a certain regulatory effect on myocardial energy. Studies
have shown that YQFM ginsenoside Rb1, ginsenoside Rb3,
ginsenoside Rg1, ginsenoside Rg3, Schizandrin B,
Ophiopogonin D and other natural products can regulate
energy metabolism by increasing the activity of mitochondria.
In 3T3-L1 mature adipocytes, ginsenoside Rb1 can activates the
mRNA expression of PGC-1α, UPC-1 and PRDM16, which in
turn increased basal glucose uptake and promoted browning (Mu
et al., 2015; Park et al., 2019). Ginsenoside Rb3 can regulates
energy metabolism and apoptosis of cardiac myocytes by
activating PPAR α pathway (Chen et al., 2019).

Ginsenoside Rg1 can protect cardiomyocytes from
Hypoxia/reperfusion (H/R) by regulating GDH and MFN2
to maintain mitochondrial dynamics (Dong et al., 2016).
Ginsenoside Rg3 activates PGC-1α and Nrf2 in rat
myocardium, and the mRNA levels of Tfam and NRF-1
downstream of PGC-1α are enhanced (Sun et al., 2013).
Schizandrin B improves mitochondrial function in
damaged myocardium (Chiu et al., 2007; Chen and Ko,
2010). Ophiopogonin D intervention can reduce lipid

accumulation and mitochondrial damage of heart and
cardiomyocytes stimulated by palmitic acid in diabetic
mice (Li et al., 2021). The enhanced mitochondrial
function of these natural products is helpful to support the
protective effect of YQFM on CHF.

It is well known that cTnT is the main feature of myocardial
injury in CHF (Barberi and van den Hondel, 2018). The results
of heart histopathology and cTn t showed that YQFM could
reverse myocardial injury and alleviate CHF. In proteomics
analysis, 157 DEPs was identified. GO clearly confirmed that the
DEPs of Model: Control and Treatment: Model participated in
various biological processes. KEGG pathway results showed that
most proteins were significantly enriched in the energy
metabolism pathway, especially in oxidative phosphorylation
pathway.

In the process of oxidative phosphorylation, the electrons
escaping from the mitochondrial electron transport chain react
with oxygen to form O2 (Saybaşili et al., 2001).Convert it into
hydrogen peroxide and other reactive oxygen species (ROS).The
imbalance of intracellular ROS levels can cause oxidative stress,

FIGURE 11 | YQFM upregulated mitochondrial biogenesis-related genes with PGC-1α activation. (A) The amount of PGC-1α,PPAR-α and RXR-α from H9C2 cells
lysate was examined by Western blot analysis. (B–D) Relative protein levels were measured by densitometry for PGC-1α,PPAR-α and RXR-α. (E) The amount of NRF-1
and Tfam from H9C2 cells lysate was examined by Western blot analysis. (F,G) Relative protein levels were measured by densitometry for NRF-1 and Tfam (n � 3 per
group). Data are means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs the Model group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Control group.
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leading to DNA damage and eventually apoptosis. And our
results demonstrate that YQFM inhibited cardiomyocyte
apoptosis, improved the vacuolation state of mitochondria in
cardiomyocytes, examined oxidative metabolism, and H9C2 cells
mitochondrial content was significantly increased. This result
further shows that YQFM can improve mitochondrial function
through oxidative phosphorylation.

Mitochondria are cardinal for the survival of cardiomyocytes
and the maintenance of normal heart function (Hammerling
and Gustafsson, 2014). More and more evidences show that
mitochondrial dysfunction can cause CHF, which indicates that
there is a close relationship between mitochondrial biology and
heart function (Aubert et al., 2013; Wang et al., 2015b; Tao et al.,
2015). Studies have shown that PGC-1α is a key molecule of
mitochondria, and PGC-1α is involved in mitochondrial energy
metabolism and plays a key role in oxidative stress and
inflammation (Jeganathan et al., 2017). PGC-1α is an
important synergistic factor of PPAR/RXR (Warren et al.,
2018), which regulates the metabolism of lipids and sugars
by acting with PPAR/RXR. In addition to its action with PPARs,
PGC-1α mainly binds to two other transcription factors to
regulate the function of cardiac mitochondria. That is,
activation of PGC-1α protein can activate downstream
transcription factors like NRFs and Tfam, thereby promoting
mitochondrial biosynthesis. At the same time, it promotes
physiological processes such as glucose utilization and fatty
acid oxidation (Huang et al., 2017). In our study, the
expressions of PGC-1α, PPAR-α and RXR-α were up
regulated in cells treated with YQFM for 180 μg/ml for 24 h,
and PGC-1 α and its downstream effectors, including NRF-1
and TFAM, were also found to be up regulated in cardiac
myocytes.

These results provide evidence that YQFM could enhance
mitochondrial function and improve mitochondrial energy
metabolism of cardiomyocytes by regulating PGC-1α and its
related proteins.

CONCLUSION

In summary, we performed proteomic characteristics of heart
tissue analysis of protein expression in heart tissue of AAC rats
treated with YQFM using an iTRAQ technology. A total of 157
important DEPs were identified, including 109 in M: C and 48 in
T: M. Intensive bioinformatics analysis identified metabolic
process, cellular process and single-organism process as

significant biological processes. The oxidative phosphorylation
process were mainly involved, especially the mitochondrial PGC-
1α signaling pathway. In general, the results of this study were
helpful to understand of the mechanisms of YQFM. In addition,
this work demonstrated the potential application of the iTRAQ
technique in Anti-CHF studies.
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Inhibitory Effects of Rhaponticin on
Osteoclast Formation and Resorption
by Targeting RANKL-Induced NFATc1
and ROS Activity
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The extravagant osteoclast formation and resorption is the main cause of osteoporosis.
Inhibiting the hyperactive osteoclastic resorption is considered as an efficient treatment for
osteoporosis. Rhaponticin (RH) is a small molecule that has been reported to possess anti-
inflammatory, anti-allergic, anti-fibrotic, and anti-diabetic activities. However, the influence
of RH on osteoclasts differentiation and function is still unclear. To this end, an array of
assays including receptor activator of nuclear factor kappa-B (NF-κB) ligand (RANKL)
induced osteoclastogenesis, tartrate-resistant acidic phosphatase (TRAcP) staining,
immunofluorescence, and hydroxyapatite resorption were performed in this study. It
was found that RH had significant anti-catabolic effects by inhibiting
osteoclastogenesis and bone resorption without cytotoxicity. Mechanistically, the
expression of NADPH oxidase 1 (Nox1) was found to be suppressed and antioxidant
enzymes including catalase, superoxide dismutase 2 (SOD-2), and heme oxygenase-
1(HO-1) were enhanced following RH treatment, suggesting RH exhibited antioxidant
activity by reducing the generation of reactive oxygen species (ROS) as well as enhancing
the depletion of ROS. In addition, MAPKs, NF-κB, and intracellular Ca2+ oscillation
pathways were significantly inhibited by RH. These changes led to the deactivation of
osteoclast master transcriptional factor-nuclear factor of activated T cells 1 (NFATc1), as
examined by qPCR and Western blot assay, which led to the decreased expression of
downstream integrin β3, c-Fos, cathepsin K, and Atp6v0d2. These results suggested that
RH could effectively suppress RANKL-regulated osteoclast formation and bone
resorption. Therefore, we propose that RH can represent a novel natural small
molecule for the treatment of osteoporosis by inhibiting excessive osteoclast activity.
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INTRODUCTION

The well-orchestrated bone formation and bone resorption is
vital for bone modelling and remodelling (Baron & Kneissel,
2013). Excessive bone resorption is considered to be the main
cause of osteoporosis which is characterized by reduced bone
mass, with the high risk of bone fractures (Rachner, Khosla, &
Hofbauer, 2011). Estrogen deficiency and glucocorticoid
administration are the top two primary causes of osteoporosis
(Adami & Saag, 2019; Manolagas, O’Brien, & Almeida, 2013) and
subsequent vertebral or hip fractures pose heavy economic
burdens to patients and society (Melton, 2003). Clinically
available osteoporosis treatments such as hormone
replacement therapy, bisphosphates, and RANKL antibody
have acceptable therapeutic outcome by exhibiting an
appreciated suppression on bone resorption. However, a series
of potential adverse impacts including breast cancer, endometrial
carcinoma, heart attack, and jaw osteonecrosis will have some
limitation on their application (Ross, Paganini-Hill, Wan, & Pike,
2000; Lopez-Jornet, Camacho-Alonso, Molina-Minano, &
Gomez-Garcia, 2010; Wang et al., 2017). Therefore, it is
urgent to provide more effective alternative options to alleviate
these osteoclast-related bone disorders.

Osteoclasts (OCs) are bone-resorbing and multinucleated
cells, differentiating from the bone marrow monocytes
(BMMs) (Ibbotson, Roodman, McManus, & Mundy, 1984).
Mature osteoclasts are the unique cell lineage which can
resorb bone tissue and thus highly involved in the bone
metabolism. During the process of differentiation, there are
two indispensable factors: macrophage colony-stimulating
factor (M-CSF) and RANKL (Teitelbaum, 2000). M-CSF
maintains the proliferation and survival of osteoclast precursor
BMMs (Teitelbaum, 2000). RANKL mediates the differentiation
of osteoclast precursor cells and regulates the function of mature
osteoclasts by binding to its receptor–RANK (Wada, Nakashima,
Hiroshi, & Penninger, 2006). RANKL-induced intracellular
signalling pathways include reactive oxygen species (ROS),
NF-κB, mitogen-activated protein kinase (MAPK) and calcium
oscillation, which collaboratively induce the differentiation and
function of osteoclasts (Wada, et al., 2006). Eventually, two main
transcription factors–activator protein 1 (AP-1) and nuclear
factor of activated T cells 1 (NFATc1) are activated to
enhance osteoclast-specific markers such as tartrate-resistant
acid phosphatase (TRAcP) and cathepsin K (CTSK) (Indo
et al., 2013; Wada, et al., 2006). Hence, strategies on
suppressing the RANKL-induced pathways in osteoclasts are
deemed practical for the treatment of osteoporosis.

Rhaponticin (RH) is a natural compound originally isolated
from the famous Chinese medicinal herb Rheum undulatum L.. It
is well-known for anti-inflammatory, anti-allergic, anti-fibrotic,
and anti-cancer effects (Kim & Ma, 2018; Tao et al., 2017; Wei
et al., 2017). RH suppresses the spread and expansion of cancer
cells by decreasing its transmutation and angiogenic functions
(Kim & Ma, 2018). RH also effectively prevents pulmonary
fibrosis via the modification of AMP activated protein kinase
(AMPK) activation and transforming growth factor beta (TGF-
β)/Smad pathway in vitro and in vivo (Tao, et al., 2017). Given the

wide range of bioactivities that RH exhibited, we hypothesized
RH may affect osteoclast formation and function. In this study,
we identified that RH could significantly inhibit RANKL-induced
osteoclast formation and resorption by targeting RANKL-
induced ROS and NFATc1. The underlying mechanisms
include the suppression on MAPK, NF-κB and Ca2+

oscillations. Therefore, these results suggested the potential
and beneficial anti-catabolic effects of RH on osteoclast-related
bone disorders.

MATERIALS AND METHODS

Materials and Reagents
Rhaponticin (purity >98%) was purchased from Ruifensi
company (Chengdu, China) and dissolved with dimethyl
sulfoxide (DMSO), stocking at the concentration of 100 mM
in −20°C freezer. Further dilution was achieved through
adding phosphate-buffered saline (PBS) to the original stock.
The complete cell medium consisted of Alpha modified minimal
essential medium, penicillin/streptomycin (1%), and fetal bovine
serum (10%), obtained from Thermo Fisher Scientific (Scoresby,
Vic, Australia). Recombinant M-CSF and glutathione
S-transferase-recombinant RNAKL (GST-rRANKL) were used
as previously described (Xu et al., 2000). The regents for MTS and
luciferase assay were purchased from Promega (Madison, WI,
United States). The primary antibodies special for NFATc1,
c-Fos, CTSK, V-ATPase-d2, integrin β3, extracellular signal
regulated kinase (ERK), phosphorylated ERK (p-ERK), P38,
phosphorylated P38 (p-P38), and β-actin were obtained from
Cell Signaling Technology, Santa Cruz Biotechnology and Abcam
companies.

Cell Culture
The BMMs were extracted from the femur and tibia of 10 weeks
C57BL/6J mice, and the procedures were in conformity with the
principles of the Animal Ethics Committee of the University of
Western Australia (RA/3/100/1601). The bone marrow was
flushed from the long bones, with the filtering and centrifuge,
the bone marrow extracts were cultured in osteoclast cells special
medium with the existence of M-CSF at the concentration of
50 ng/ml, and changed the medium every 2 days.

Cytotoxicity Assay
The BMMs were seeded into the 96-well plate (5 × 103 cells per
well) with the M-CSF kit, without the stimulation of RANKL. On
the following day, different concentrations of RH were added to
the medium for culturing 48 hours. Then the cell viability was
determined at the 490 nm absorbance after 2 hours incubation
with MTS kit (10 µl/well).

In vitro Osteoclastogenesis Assay
BMMs at the stage of passage 2 were seeded into the 96-well plate
(5 × 103 cells per well) and cultured with complete medium
containingM-CSF with the overnight to adhere. On the following
day, the BMMs were changed to the medium with RANKL
(50 ng/ml), in the presence or absence of RH at the varying

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 6451402

He et al. The Anti-Osteoclastogenic Effects of Rhaponticin

123

https://www.merriam-webster.com/dictionary/collaborative
http://www.youdao.com/w/eng/transmutative/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


concentrations (6.25,12.5, 25 and 50 μM). The culturing cell
medium needed to be changed about three times every 2 days
until the osteoclasts formed after RANKL stimulus. Then the
mature cells were fixed with 2.5% glutaraldehyde for 10 mins,
with the washing by PBS three times, they were well prepared for
TRAcP staining. The cells with more than three nuclei were
recognized as the TRAcP-positive osteoclasts, counting under the
light microscope.

Furthermore, the time course was undertaken to investigate
the effects of RH on definite stages of osteoclastogenesis. The RH
was added to the medium with RANKL at an early stage
(1–2 days), middle-stage (3–4 days), late-stage (5–6 days) and
the whole stage (1–6 days). Finally, the osteoclasts were fixed
for TRAcP staining as described above.

Immunofluorescent Staining
The BMMs were seeded in the 96-well plates with the culturing of
M-CSF at the above concentration overnight. Cells were then
stimulated by the consistent concentration of RANKL, with the
RH treatment (25 and 50 μM, respectively) or not. When the
mature osteoclasts formed, 4% paraformaldehyde was added in
the wells to fix about 15 minutes at room temperature. After the
wash with PBS and permeabilization with 0.25% Triton X-100,
the prepared cells were then blocked at the room tempreture for
1 hour with 3% bovine serum albumin. Next, they were probed
with the effects of Rhodamine-Phalloidin for the staining of
F-actin in the dark. And the nuclei of mature osteoclasts were
counterstained with DAPI. Then, they were visualized on the
confocal fluorescence microscope (Nikon, A1S confocal
microscopy).

Hydroxyapatite Resorption Assay
The bone resorption could be detected with the hydroxyapatite
resorption assay induced by the osteoclasts as described
previously (Chen et al., 2019). The primary BMMs were
planted into the 6-well collagen-coated plate with the
stimulation of M-CSF and RANKL with the above
concentration. The mature osteoclast cells were transferred
into the 96-well plate with the coat of hydroxyapatite after
gently detaching them from the previous plate with special cell
dissociation solution (Sigma-Aldrich). With the stimulation of
RANKL, the osteoclasts in 96-well hydroxyapatite plate were
incubated with the RH at indicated 25 and 50 μM concentrations
for 48 hours to fully display the bone resorption function. Then
one half of wells were fixed for TRAcP staining for counting the
number of multinucleated TRAcP-positive cells in the well, as
described above, and the other half wells were flushed with the
bleach to remove the adhering cells and measure the resorbed
areas on hydroxyapatite surface by osteoclasts.

RNA Isolation and RT-PCR Analysis
After the maturation of osteoclasts from the primary BMMs by
the stimulation of M-CSF and RANKL, with the treatment of RH
or not, as mentioned above, the total RNA of different groups was
isolated with 1 ml Trizol reagent per well, the procedures were
practised according to the manufacturer’s protocol. cDNA was
then generated from the RNA samples, with the reagents of

M-MLV reverse transcriptase and oligo dT primers. The specific
amplification sequences of polymerase chain reaction (PCR) was
underdone with the detection of SYBR Green MasterMix,
following the special conditions. The related primers were
used for detecting gene expression as shown: Nfatc1 (Forward:
5′-CA ACGCCCTGACCACCGATAG-3′; Reverse: 5′-GGCTGC
CTTCCGTCTCATAGT- 3′), Atp6v0d2 (Forward: 5′-GTGAGA
CCTTGGAAGACCTGAA-3′; Reverse: 5′-GAGAAATGTGCT
CAGGGGCT-3′), Ctsk (Forward: 5′-GGGAGAAAAACCTGA
AGC-3’; Reverse: 5′-ATTCTGGGGACTCAGAGC-3′), c-Fos
(Forward: 5′-GCGAGCAACTGAGAAGAC-3′; Reverse: 5′-
TTGAAACCCGAGAACATC- 3′), and Hprt (Forward: 5′-
CAGTCCCAGCGTCGTGATTA-3′’; Reverse: 5′-TGGCCT
CCCATCTCCTTCAT-3′) was used as a housekeeping gene.
The perforation of the reaction was running on the ViiA™ 7
Real-time PCR machine (Applied Biosystems, Paisley, United
Kingdom).

Luciferase Reporter Assays
The luciferase reporter construct was performed to investigate the
activation of NFATc1 and NF-κB transcription with the
transfected RAW264.7 cells (Wang et al., 2003; Cheng et al.,
2018). Briefly, the prepared transfected cells were seeded in the
48-well plate with 1.0 × 105 cells per well overnight. After the
pretreatment with 50 μM RH for 1 hour, the cells were cultured
with the presence of RANKL (100 ng/ml) about 24 hours for
NFATc1 luciferase reporter and 6 hours for NF-κB luciferase
reporter. The cells were subjected to luciferase reporter assay
system according to the manufacturer’s protocol (Promega).

Western Blot Analysis
The BMMs were cultured in 6-well plates and with the adding of
RANKL (50 ng/ml) at the concentration of 1.5×105 per well, with
the presence or absence of RH in the medium. At the stated
culturing times, the cells were lysed in special RIPA lysis buffer.
After the cells protein samples were resolved and collected, the
SDS gel electrophoresis was used for protein separation. The
protein was then transferred to Nitrocellulose blotting
membranes (Amersham, Germany). The membranes were
gently blocked with 5% skim milk for 2 hours, and incubated
in the targeted specific primary antibodies by gently shaking
overnight at 4°C. The following day, with the wash by PBS for
3 times per 10 minutes, the membranes were incubated in the
secondary Rat/Mouse antibodies for 1 hour at the room
temperature. Finally, the antibody reactivity was detected with
Extreme Sensitivity Chemiluminescence Substrate (PerkinElmer,
Waltham, MA, Unites States). The protein images were visualized
on the machine of Image Quant LAS 4000 (GE Healthcare) and
then analyzed with the tool of ImageJ software.

Intracellular Ca2+ Measurement
Intracellular Ca2+ oscillation assay was used tomeasure the effects
of RH on the calcium signalling, involving in the progress of the
osteoclast differentiation as previously described (Wang et al.,
2019). Briefly, after the culturing of BMMs for overnight in 48-
well plates, the cells were pretreated 1 hour with or without RH
(50 μM) and then added RANKL to the complete medium for
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another coculturing of 24 hours. The treated cells were washed
with assay buffer, consisting of Hanks’ buffer and the supplement
of 1 mmol/L probenecid and 1% Fetal Bovine Serum. Then the
intracellular free calcium was labeled by Fluo4 staining solution
for 45 minutes (Chen et al., 2019a). Then the free calcium was
detected at the fluorescent light (488 nm excitation wavelength)
and the images were scanned and obtained at 2s intervals for
3 minutes with the fluorescence microscope. Oscillating cells with
two intensity peaks at the observed time were positively identified
and their oscillation intensity changes were counted by the minus
of the maximum and the minimum peak (Wang, et al., 2019).

Statistical Analysis
All data were presented as mean ± standard deviation,
representing at least three experiments and performance in
triplicate. One-way analysis of variance and Student’s t-test

was used to determine the significance of differences between
results, with p < 0.05 considered to be significant.

RESULTS

RH Inhibits RANKL-Induced
Osteoclastogenesis
TheMTS assay was performed to assess the cytotoxicity of RH on
BMM cells. BMMs were cultured with M-CSF and RH for
48 hours at the varying dosages. RH had no effect on the
proliferation and viability of BMM cells when compared with
the control group at the concentration of 50 µM or lower
(Figure 1A and 1B). To determine the influence of RH on the
formation progress of osteoclasts from BMMs induced by
RANKL, we performed an osteoclastogenesis assay as

FIGURE 1 | Rhaponticin (RH) suppressed RANKL-induced osteoclastogenesis in vitro. (A) Chemical structure and formula of RH. (B) MTS assay of the BMMs
cultured with various concentrations of RH. (C, D)Representative images of optical microscope and TRAcP staining of BMMs treated with RH in different concentrations
for 6 days (C) and in 50 μM, at different time phase of 1–2 days (D1-2), 3–4 days (D3-4), 5–6 days (D5-6), 1–6 days (D1-6), during differentiation (D) were shown. (E, F)
Quantification of TRAcP positive multinucleated osteoclasts (nuclei > 3) with the treatment of RH (n � 3). *p < 0.05, **p < 0.01 relative to RANKL-induced control
group. Scale bar � 200 μm.
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mentioned above (Chen et al., 2019). The primary BMMs were
cultured with the presence of M-CSF and the stimulation of
RANKL around 6 days by the treatment of RH in various
concentrations. The TRAcP staining result indicated that RH
could significantly reduce the osteoclastogenesis in a dose-
dependent manner. The TRAcP-positive multinucleated cell
numbers at 25 and 50 µM concentrations were significantly
less than the positive control group (Figures 1C,E). In the
time-course experiment, BMM cells were treated with RH at
different time phases (1–2, 3–4, 5–6, 1–6 days), which could
investigate the stage that the inhibitory effects of RH
treatment mainly exhibits. The results suggested that RH
displayed the various levels of effect at the different stages
during osteoclast differentiation (Figures 1D,F). To observe
the effects of RH on the morphological changes of F-actin
ring, a vital structure during the formation of mature OC,
BMMs were stimulated with RANKL and the treatmnent of
doses of RH until they became mature osteoclasts, then the
Rhodamine Phalloidin was used to stain actin ring and DAPI

for the nuclei. The nuclei number of the osteoclasts was counted
under the microscope (Figure 2A). It showed that both nuclei
number per osteoclast and average area of F-actin belt per field
were decreased in the presence of RH as compared with that in
the RANKL-positive group (Figures 2B,C). Therefore, RH may
possess potential inhibitory effects on the osteoclastogenesis
induced by RANKL.

RH Decreases the Hydroxyapatite
Resorption by Osteoclastic Cells
As RH could inhibit the osteoclastogenesis and formation of
F-actin ring, hydroxyapatite resorption assay was carried out to
examine the outcome of RH on osteoclast-induced bone
resorptive function. Following the incubation of mature
osteoclasts with RANKL for 48 hours, the number of
osteoclasts was reduced by RH at 50 µM (Figures 3A,B), and
the average resorbed area in hydroxyapatite-coated well by per
cell was significantly decreased by the treatment of RH (25 and
50 µM) in comparison with the control group (Figure 3C). The
hydroxyapatite resorption result was consistent with
osteoclastogenesis assay, demonstrating that RH possesses
potential anticatabolic influence on osteoclast formation and
bone resorptive function.

RH Inhibits Osteoclast Marker Gene
Expression
To further explore the mechanisms of inhibitory effects on
osteoclastogenesis and osteoclastic bone resorption by RH,
BMMs were cultured with RANKL and M-CSF and treated
with RH (25 and 50 µM) for about 6 days till the mature
osteoclasts formed. PCR assay was then performed to
distinguish the expression levels of osteoclast cells-related
marker genes including Nfatc1, c-Fos, Ctsk, and Atp6v0d2. As
demonstrated in Figure 3, the expression of Nfatc1, was
effectively inhibited by RH in a dose-dependent manner when
compared with the control group (Figure 3D). Additionally, the
expression levels of other genes, such as c-Fos, Ctsk, and Atp6v0d2
were also down-regulated by RH treatment (Figures 3E–G).

RH Suppresses the Expression Activity of
NFATc1 and the Related Proteins
To determine the effects of RH on NFATc1 transcriptional
activity induced by RANKL, the NFATc1 luciferase assay was
performed. RH pretreatment showed a significant inhibition on
RANKL-induced NFATc1 activity (Figure 4A). Additionally, the
Western blot results showed that RH could significantly suppress
the NFATc1 expression at protein level in osteoclast cells
following the induction of RANKL at day 3 and 5 (Figures
4B,C). And the other expressions of osteoclast-related proteins
were also down-regulated with RH, including integrin β3, c-Fos,
CTSK, and V-ATPase-d2 when compared with the untreated
group (Figure 4B-G). Thus, the NFATc1 activity was
significantly inhibited via influencing downstream signaling
and transcription by RH.

FIGURE 2 | RH inhibited the formation of F-actin belt during the
osteoclast formation induced by RANKL. (A) The confocal images of F-actin
ring formation were detected with Rhodamine Phalloidin, combined DAPI
staining for nuclei respectively. Scale bar, 200 μm. (B) Quantification of
the nucleus number per osteoclast under the different concentrations of RH.
(C) Quantification of the average of actin ring area per field (n � 3). *p < 0.05,
**p < 0.01 relative to RANKL-induced control group. Scale bar � 200 μm.
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RH Suppresses ROS Activity and Ca2+

Oscillation in the Osteoclastogenesis
Induced by RANKL
To inspect the effect of RH on the intracellular ROS level at the
stage of osteoclast differentiation induced by RANKL, oxidation-
sensitive protein makers were tested with Western blot assay.
Nox1 was known as the protein marker contributing to ROS
generation (Sasaki et al., 2009). The Nox1 protein expression level
was significantly improved by the stimulation of RANKL, but
significantly suppressed with the treatment of RH (Figures
5A,B). The antioxidant enzymes including HO-1, catalase and
SOD-2 were enhanced dose-dependently by RH treatment as
examined by Western blot (Figures 5A,C–E). The results
indicated that RH is able to reduce the intracellular ROS
generation and enhance the scavenging ability of ROS level.
As reported by other studies, calcium oscillation initiation
plays a grave role in the activation of NFATc1 (Takayanagi
et al., 2002). Furthermore, to explore the molecular

mechanism of the inhibition of osteoclast formation and
function by RH, the intracellular calcium oscillation activity
was also performed. In the results, Ca2+ oscillation was
increased with the stimulation of RANKL. While this trend
was dramatically attenuated after the treatment of RH
(Figures 5F–I).

RH Represses NF-κB Activation and the
Phosphorylation of ERK and P38 in MAPK
Pathways
We also investigated the effects of RH on NF-κB activity induced
by RANKL. With the luciferase reporter assay, RANKL
stimulation could increase the activity of NF-κB luciferase,
while the treatment of RH significantly inhibited the obvious
trend (Figure 6A). NF-κB complex is bound with IκB-α and is
prevented from translocating to nucleus for futher activation.
Western blot results further indicated that the degradation of IκB-
α was induced by RANKL but was suppressed by RH treatment

FIGURE 3 | RH attenuated osteoclast hydroxyapatite resorption and osteoclast-specific genes expression. (A) Representative images of the resorption on
hydroxyapatite-coated plates and TRAcP staining after treatment of RH for 48 hr. (B) Quantification of TRAcP-positive osteoclasts numbers per well (n � 3). (C)
Quantification of resorption area on hydroxyapatite surface per osteoclast (n � 3). (D–G) PCR results of osteoclast-specific genes Nfatc1, c-Fos, Ctsk, and Atp6v0d2.
Gene expression levels were standardized to Hprt expression. *p < 0.05, **p < 0.01 relative to RANKL-induced control group. Scale bar � 200 μm.
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(Figures 6B,C). Therefore, it was revealed that RH treatment had
an attenuating effect on NF-κB activity during the progress of
osteoclastogenesis.

The MAPK signalling pathway members of P38 and ERK are
vital in the activation of c-Fos and NFATc1 (Chen et al., 2019a;
Huang, Chang, et al., 2006). Therefore, the effects of RH
treatment on MAPK pathway activation during RANKL-
induced osteoclastogenesis was investigated. BMMs were
preincubated in serum-free medium for 4 hours, then
stimulated by RANKL with the presence of RH or not, at 0,
10, 20, 30, and 60 minutes. RH pretreatment had attenuated the
phosphorylation of ERK at 10, 20, and 30 minutes (Figures
6B,D,E). Additionally, the phosphorylation of P38 was
significantly inhibited by RH treatment at 10 and 20 minutes
compared to the control group (Figures 6B,F). These results
suggested that RH could down-regulate osteoclast formation and
function against the RANKL stimulation by suppressing the
MAPK signalling pathways.

DISCUSSION

Osteoporosis is a highly prevalent disease which can cause a
substantial economic burden to individuals and society due to the
increased risk of bone fractures (Harvey, Dennison, & Cooper,
2010). And the excessive osteoclastic activity and bone resorption
are considered as the main reasons for bone loss (Baron &

Kneissel, 2013). The serious side effects induced by the long-
term and large-usage of the traditional clinical anti-osteoporotic
agents have limited their wide application in treating osteoporosis
(Lopez-Jornet, et al., 2010; Ross, et al., 2000; Wang, et al., 2017).
Therefore, alternative therapeutic agents to prevent osteolytic
diseases are urgent to be exploited. Many herbs have been proved
possessing the effects to treat osteoporosis (Chen et al., 2019; Jin
et al., 2019). RH, an important stilbene-type component extracted
from the root of Rheum undulatum L., possesses various
biological activities, such as anti-allergic, anti-cancer, anti-
diabetic and anti-inflammatory activities in the previous
reports (A. Kim & Ma, 2018; Li, Tian, Wang, & Ma, 2014;
Tao, et al., 2017). However, there is no research regarding its
potential effects on bone cells. In this study, firstly, RH was
proved to be able to suppress the osteoclastogenesis and
osteoclastic resorption.

Osteoclasts are the monocyte-macrophage lineage-derived
large multinucleated cells, acting with the vital role in bone
remodelling by resorbing bone matrix. M-CSF and RANKL
play a leading role in osteoclast biology and are used to
induce osteoclastogenesis in our study. M-CSF provides signals
required for the survival and proliferation of early osteoclast
precursors. It is also imperative for macrophage maturation in the
presence of RANKL. Upon these stimulations, the precursors
differentiate into the mature osteoclasts characterized by the
F-actin ring forammtion with resorptive function (Teitelbaum,
2000). TRAcP is an acid phosphatase and abundant in osteoclasts,

FIGURE 4 | RH suppressed NFATc1 activation and its downstream protein expression. (A) RH inhibited the NFATc1 activity of RAW 264.7 cells transfected with
luciferase report construct. The cells were pretreated with RH for 1 hour, followed by RANKL stimulation at 50 ng/ml concentration for 24 hours (n � 4). (B)
Representative Western blot images of the effects of RH on the protein expression of NFATc1, integrin β3, CTSK, c-Fos, and V-ATPase-d2 at day 0, 1, 3, and 5 with the
stimulation of RANKL (50 ng/mL). (C–G)Quantification of the ratios of band intensity of NFATc1, integrin β3, CTSK, c-Fos, and V-ATPase-d2 relative to β-actin (n �
3). *p < 0.05, **p < 0.01 relative to RANKL-induced control group.
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FIGURE 5 | RH suppressed RANKL-induced ROS activity and Ca2+ oscillation. (A) Representative Western blot images of the Nox1, catalase, HO-1, and SOD-2
expression with the treatment of RH, the Nox1 expression was significantly suppressed by RH, and the antioxidant enzymes of HO-1, catalase and SOD-2 were
enhanced. BMMs were stimulated with RANKL (50 ng/mL) with RH at the concentration of 25 and 50 μM or PBS for 2 days before collecting protein. (B–E)
Quantification of the ratios of band intensity of Nox1, HO-1, catalase, and SOD-2 relative to β-actin (n � 3 per group). *p < 0.05, **p < 0.01 comparison with the
RANKL-induced positive control group. (F–H) Representative images of fluorescence intensity waves of Ca2+ oscillation in negative group, RANKL stimulated positive
group and RH (50 μM) treated group. There were three colours indicating different cells in each group. (I) Quantification of fluorescence intensity change of Ca2+

oscillation in each group. *p < 0.05, **p < 0.01 relative to RANKL-induced positive control group.
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a specific marker for osteoclast cells activity (Janckila, Takahashi,
Sun, & Yam, 2001). In our study, the MTS results found that the
viability of BMM cells was not influenced by RH, even at the high
concentration of 50 μM, while the quantity of RANKL-induced
TRAcP-positive cells was meaningfully lower by RH treatment
compared with the positive group, indicating the osteoclast
formation was efficiently inhibited by RH. Furthermore, in the
time-course assay, the number of TRAcP-positive mature
osteoclasts was effectively reduced at different times as
indicated, especially with fewer osteoclasts at the early and
middle stages. It may be related with the early inhibition of
RH on the upstream of ROS, NF-κB, and MAPK pathways and
then the NFATc1 protein expression according to the results
below. Additionally, the mature osteoclasts are featured by
resorbing the bone tissues through multiple processes
(Croucher, McDonald, & Martin, 2016). In the bone
resorption pit assay, we found that RH-treated group
displayed a significantly reduced resorption area as compared
with the positive control group, indicating the inhibition of RH
on bone resorption.

Next, we explored the mechanisms for the anti-catabolic
effects of RH. During osteoclast differentiation and maturation
stimulated by RANKL, the BMM will highly express NFATc1

protein at about 2 or 3 days after the stiulation of RANKL, acting
as a master transcriptional factor to promote the expression of the
numerous genes which are prerequisites for bone resorption
(Negishi-Koga & Takayanagi, 2009; Zhao, Wang, Liu, He, &
Jia, 2010). The physiological implication of NFATc1 for
osteoclasts has been well elucidated. Firstly, osteoclast
precursor cells with the deficiency of NFATc1 fail to
differentiate into the mature osteoclasts (Zhao, Shao, Chen, &
Li, 2007). Secondly, NFATc1 regulates the expression of target
genes and proteins that empower osteoclastic resorption as
evidenced by the osteopetrosis in the conditional NFATc1-
deficient mice (Aliprantis et al., 2008). In our study, we found
that RH significantly suppressed the expressions of NFATc1 at
both gene and protein levels, which further caused the
downregulation of related proteins and genes including
integrin β3, c-Fos, V-ATPase-d2, and CTSK. This was also
supported by the suppressed NFATc1 transcriptional activity
as examined by luciferase assay. These findings suggested the
involvement of NFATc1-mediated mechanisms by which RH
inhibited osteoclastogenesis and osteoclastic resorption.

The physiological intracellular ROS activity rests on the
equilibrium between the rates of generation and scavenging
(Chen et al., 2019). RANKL-induced ROS production is

FIGURE 6 |RH suppressed the activation of NF-κB and the phosphorylation of ERK and P38 induced by RANKL. (A) RH inhibited the NF-κB activity of RAW 264.7
cells with luciferase report construct at the different concentrations of RH as indicated. The cells were pretreated with varying densities of RH and stimulated with RANKL
at 50 ng/mL for 6 hours. (B–C) Representative images of the expression level of IĸB-α and β-actin in Western blot assay and the quantification of the ratios of band
intensity of IκB-α to β-actin. (B–F) Representative images of the expression phosphorylation level of ERK and P38 with or without the treatment of 50 μM RH, and
the quantification of the fold change ratios of band intensity of p-ERK to ERK and p-P38 to P38 (n � 3). *p < 0.05, **p < 0.01 relative to RANKL-induced positive group.
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mainly mediated by Nox1 (Lee et al., 2005) and ROS were
essential in mediating osteoclastogenesis by facilitating MAPKs
and NF-κB (Koh et al., 2006; Kim, Lee, Kim, Lee, & Kim, 2017).
Our results showed that the expression of Nox1 was effectively
inhibited by RH. We then examined the RH’s effect on antioxidant
enzymes (HO-1, catalase, and SOD-2) which contribute to ROS
scavenging. Previous studies showed that HO-1 was an antioxidant
protein which can protect organs from the onset of tumorigenesis,
and regulate osteoclastogenesis and bone resorption (Zwerina et al.,
2005; Chen et al., 2016). Catalase could protect tumour cells against
specific apoptosis induction by inhibiting the intercellular ROS
generation (Bechtel & Bauer, 2009). SOD-2 was a vital factor for
bone metabolism. The knockdown of SOD-2 would be inductive for
ROS generation, leading to increasing osteoclasts formation. Whilst
SOD-2 overexpression significantly suppressed the differentiation of
mature osteoclast by attenuating ROS level (Kim, et al., 2017). These
ROS scavenging proteins were significantly upregulated following
RH treatment. Taken together, RH suppressed the ROS level during
the osteoclastogenesis by significantly inhibiting ROS production
and boosting ROS scavenging activity.

Upon RANKL binding to RANK, a series of downstream
signalling cascades are initiated to regulate osteoclast formation.
The expression of NFATc1 would be activated by the upstream
cascades of TNF receptor-associated factor 6 (TRAF6), NF-κB,
MAPK, and calcium-signalling pathways (Huang, Ryu, et al.,
2006). IκB-α binds to NF-κB complex and prevents its
translocation into the nucleus (Ghosh & Hayden, 2008).

Following the stimulation of RANKL, IκB-α is degraded in the
cytoplasm and releases NF-κB which subsequently induces
osteoclastogenesis. Our results demonstrated that the treatment
of RH inhibits the degradation of IκB-α in the presence of RANKL,
indicating the suppression on NF-κB activity.

Furthermore, ERK and P38 are the essential members of the
MAPK family. RANKL could enhance the phosphorylation levels of
ERK and P38 to regulate the differentiation and function of osteoclasts
(Liu et al., 2019). It was reported that the inhibitors of P38 (SB202190)
and ERK (PD98059) could block the activation of theMAPKpathway
and thus exerted a strong suppression on RANKL-induced osteoclast
formation (Lee et al., 2002). The Western blot results demonstrated
that RH could inhibit the expression levels of p-ERK1/2 and p-P38
induced by RANKL. This may also partly due to the decreased ROS
level following RH treatment. The longlasting Ca2+ oscillation is
essential to guarantee the vigorous induction of NFATc1 in an
auto-amplification manner, which is initially triggered by the
stimulation of RANKL (Asagiri et al., 2005). Calcineurin inhibitors
potently suppressed RANKL-induced osteoclast formation via
decreasing the translocation of nuclear NFATc1, suggesting the
crucial role of the Ca2+-NFATc1 pathway in osteoclastogenesis
(Takayanagi, et al., 2002). Interestingly, we found that RH
treatment downregulated the activity of RANKL-induced Ca2+

oscillation, which may largely contribute to the suppression of
NFATc1 in our study.

In summary, our studies indicated that RH has inhibitory
effects on RANKL-induced osteoclastogenesis and osteoclastic

FIGURE 7 | A proposed diagram depicts the RH treatment on the inhibition of osteoclast formation and function. RH suppresses NF-κB activity, ERK, and P38
phosphorylation and Ca2+ oscillation, eventually leading to the deactivation of NFATc1 and its downstream osteoclast-specific genes. In addition, RH treatment also
reduced ROS level by inhibiting ROS production and boosting ROS scavenging activity.
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resorption via effecting vital signaling including ROS, NF-κB,
MAPK, Ca2+ oscillation, and eventually NFATc1 activation
(Figure 7). The results propose that RH, a natural compound
from Rheum undulatum L., may be a potential and therapeutic
candidate for the prevention and treatment of osteoclast-related
bone disorders. However, in our study, the effected concentration for
RH to exhibit the antiosteoporotic function is about 50μM, without
cellular toxicity for BMMs, so the higher concentration should be
considered in the future studies. Meanwhile the therapeutic effects
on osteoporosis in vivo and the precise molecular target of RH in
osteoclasts may require further investigations.
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A New Strategy to Investigate the
Efficacy Markers Underlying the
Medicinal Potentials of Orthosiphon
stamineus Benth.
Zheng Li1,2*†, Biao Qu3†, Lei Zhou1, Hongwei Chen4, Jue Wang3, Wei Zhang3 and
Caifa Chen1*

1Jiangsu Engineering Research Center of Cardiovascular Drugs Targeting Endothelial Cells, College of Health Sciences, School of
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University, Beijing, China, 3State Key Laboratory of Quality Research in Chinese Medicines, Macau University of Science and
Technology, Macau, China, 4School of Public Health (Shenzhen), Sun Yat-sen University, Shenzhen, China

Orthosiphon stamineus Benth. (OSB) is a well-known herbal medicine exerting various
pharmacological effects and medicinal potentials. Owing to its complex of phytochemical
constituents, as well as the ambiguous relationship between phytochemical constituents
and varied bioactivities, it is a great challenge to explore which constituents make a core
contribution to the efficacy of OSB, making it difficult to determine the efficacy makers
underlying the varied efficacies of OSB. In our work, a new strategy was exploited and
applied for investigating efficacy markers of OSB consisting of phytochemical analysis, in
vivo absorption analysis, bioactive compound screening, and bioactive compound
quantification. Using liquid chromatography coupled with mass spectrometry, a total of
34 phytochemical components were detected in the OSB extract. Subsequently, based
on in vivo absorption analysis, 14 phytochemical constituents in the form of prototypes
were retained as potential bioactive compounds. Ten diseases were selected as the
potential indications of OSB based on previous reports, and then the overall interaction
between compounds, action targets, action pathways, and diseases was revealed based
on bioinformatic analysis. After refining key pathways and targets, the interaction reversing
from pathways, targets to constituents was deduced, and the core constituents, including
tanshinone IIA, sinensetin, salvianolic acid B, rosmarinic acid, and salvigenin, were
screened out as the efficacy markers of OSB. Finally, the contents of these five
constituents were quantified in three different batches of OSB extracts. Among them,
the content of salvianolic acid Bwas the highest while the content of tanshinone IIA was the
lowest. Our work could provide a promising direction for future research on the quality
control and pharmacological mechanism of OSB.

Keywords: herbal medicine, efficacy markers, Orthosiphon stamineus benth., quality control, phytochemical
analysis
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INTRODUCTION

The usage of herbal products as drugs for disease treatment,
cosmetics, and health supplements is truly universal as can be
seen in different regions of the world. Moreover, herbs,
commonly containing various primary and secondary
metabolites, have been exploited as a valuable source of
leading compounds, and many of the approved drugs have
been directly or indirectly derived from them (Bauer et al.,
2014). Orthosiphon stamineus Benth. (syn: Orthosiphon
aristatus (Blume) Miq.) (OSB) is a medicinal plant from the
Lamiaceae family which is widely distributed in southern China
and Southeast Asia. In China, the dried whole plant of OSB is also
named “Shen Cha,” which is a popular folk medicine of Dai
nationality (Chen et al., 2009). As a traditional medicinal herb,
OSB has been widely used for the treatment of kidney stones and
other urinary tract diseases on empiricism (Arafat et al., 2008). In
past decades, many studies have explored the pharmacological
effects and medicinal potentials of OSB. The reported therapeutic
effects of OSB included a diuretic effect for treating urinary
diseases (Adam et al., 2009), glucose-lowering ability for
treating type 2 diabetes mellitus (T2DM) (Lokman et al.,
2019), anti-inflammatory activities for managing arthritis
(Tabana et al., 2016), hepatoprotective effect for alleviating
liver injury (Yam et al., 2007), and neuroprotective ability for
improving Alzheimer’s disease (AD) (Retinasamy et al.,
2020), etc.

Many constituents have been identified in this herb and the
major compounds included phenolic acids, polymethoxylated
flavonoids, terpenoids, hexoses, and saponins (Malterud et al.,
1989; Tezuka et al., 2000; Nguyen et al., 2004; Hossain et al., 2013;
Guo et al., 2019b). In previous studies, the water-soluble
constituents, such as protocatechuic acid, caffeic acid, and
danshensu, were regarded as the key bioactive constituents,
since they were found to possess anti-oxidant and anti-
inflammatory properties (Nuengchamnong et al., 2011;
Alshawsh et al., 2012). Meanwhile, the alcohol-soluble
constituents including sinensetin, eupatorin, and 3′-hydroxy-
5,6,7,4′-tetramethoxyflavone (TMF), were also reported to
exert various pharmacological activities, thus the efficacy of
OSB has also been attributed to them in several studies (Yam
et al., 2008; Yam et al., 2009; Chan et al., 2017). However, there are
dozens of constituents in OSB, so many of them have been
reported to exhibit bioactivities. Furthermore, the multiple
constituents could synergistically act on targets to yield a
holistic therapeutic effect. Consequently, it is a great challenge
to explore which constituents make a core contribution to the
efficacy of OSB. Likewise, these issues also make it difficult to
elucidate the relationship between the phytochemicals and the
holistic efficacy.

In the most recent decade, bioinformatics, represented by
network pharmacology, have become efficient tools for
revealing the scientific basis and systematic features of herbal
medicines. These approaches provide a holistic insight into the
relationship between compounds, targets, and signaling pathways
behind drug efficacy (Hopkins, 2008; Chen et al., 2016).
Interestingly, recent studies have utilized network analysis to

screen bioactive constituents as efficacy markers for quality
control of herbal medicines (Liao et al., 2018; Xiang et al.,
2018; Luo L. et al., 2020). However, challenges are still
hanging over many of those related studies. For instance, the
predicted phytochemicals from databases could show significant
deviation from the realistic constituents of herbs. Moreover, the
latest analytical techniques might provide more and newer
phytochemicals which go beyond the content of databases.
The predicted oral bioavailability (OB) is often used in
preliminary screening of phytochemicals, whereas, the
screened constituents might differ from the constituents
actually absorbed in blood. In addition, one herb could have
medicinal potentials for the treatment of different diseases.
Nevertheless, often, many studies only focus on one
indication, thus resulting in biased conclusions of bioactive
constituents to one specific disease. Consequently, these
constituents fail to account for the overall efficacy of the herb,
which results in the fragile reliability of determining them as
efficacy markers.

In this work, a new strategy, consisting of phytochemical
analysis, in vivo absorption analysis, bioactive compound
screening, and bioactive compound quantification, was
exploited for investigating efficacy markers underlying the
medicinal potentials of OSB. Using liquid chromatography
coupled with quadrupole time-of-flight mass spectrometry
(LC-Q/TOF-MS), the constituents in OSB extract were
comprehensively characterized. Then, the blood-absorbed
constituents were identified in plasma samples from rats after
oral administration of OSB extract, which were retained as
potential bioactive compounds. After selecting the potential
indications of OSB, bioinformatic analysis was used to reveal
the interaction between compounds, action targets, action
pathways, and different diseases, and the core bioactive
constituents were screened out as the efficacy markers of OSB.
Finally, the quantitative analysis of efficacy markers was carried
out by an established LC-MS/MS method.

MATERIALS AND METHODS

Reagents and Materials
Raw materials of OSB were purchased from Yunnan Jianping
Biotechnology Co., Ltd. (Origin: Xishuangbanna, Yunnan,
China). Analytical grade ethanol and chloroform were
obtained from Anaqua Global International Inc. Limited
(Cleveland, OH, United States). LC-MS-grade acetonitrile was
supplied from J. T. Baker (Phillipsburg, NJ, United States of
America). LC-MS-grade formic acid was obtained from Fisher
Scientific (Fair Lawn, NJ, United States). Ultra-pure water
produced from a Milli-Q Gradient Water System (Millipore
Corp Bedford, United States) was used throughout the study.
Chromatographic column Sepax GP-C18 (2.1 × 150 mm, 1.8 µm)
was purchased from Sepax Technologies (Newark, DE,
United States). Reference substances of protocatechuic acid
and cichoric acid were obtained from National Institutes for
Food and Drug Control (Beijing, China); danshensu, rosmarinic
acid, salvianolic acid A, salvianolic acid B, and sinensetin were
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purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China); eupatorin, salvigenin, and TMF were provided by
Shanghai yuanye Bio-Technology Co., Ltd. (Shanghai, China).
All reference substances possessed high purities up to 97%.

Preparation of OSB Extract Samples
The dried herb of OSB was smashed to powder. A total of 10 g
powder was extracted twice with 100 ml of ethanol-water (80:20,
v/v) in an ultrasonic bath for 30 min. Themixture was filtered and
the filtrate was combined. The obtained solution was evaporated
to a concrete under reduced pressure at 55°C. Then it was
dissolved in methanol to remove starch and polysaccharides.
After standing at room temperature for 24 h, the solution was
centrifuged to remove the precipitate (12,000×g, 15 min). The
obtained filtrate was evaporated under reduced pressure at 40°C
until dry to yield the OSB extract. For qualitative analysis, OSB
extract (3.0 mg) was dissolved in 10.0 mL of methanol, followed
by filtration through a 0.22 µm nylon membrane filter before LC-
MS analysis. Respective standard stock solutions of eight
reference substances were prepared in methanol, and stored at
−20°C before use.

Preparation of OSB Plasma Samples
Male Sprague-Dawley rats (200 ± 20 g, n � 3) were provided by
Guangdong Medical Laboratory Animal Center (Guangzhou,
China), and fed at the Experimental Animal Center of Macau
University of Science and Technology (Macau, China). Rats were
kept at an ambient temperature of 22–25°C and a relative
humidity of 55 ± 5% with 12 h light/dark cycles. They were
fed with free access to water and food, and fasted with free access
to water for 12 h before drug administration. The experimental
protocol was approved by the Ethics Review Committee for
Animal Experimentation of Macau University of Science and
Technology. All procedures were in accordance with the Guide
for the Care and Use of Laboratory Animals (National Institutes
of Health). OSB extract was dissolved in 0.5% carboxymethyl
cellulose sodium aqueous solution to give an apparent
concentration of 0.2 g/mL for oral administration. Then the
OSB extract was administered to rats orally with a single dose
of 1.0 g/kg. Blood samples were then collected from the tail vein at
1 h after administration and centrifuged to separate plasma. A
total of 100 μL of plasma was mixed with methanol/acetonitrile
(1:2; v:v) solution (300 μL), followed by vortex for 1 min. After
centrifugation, the collected supernatant was evaporated until dry
under nitrogen gas. The residue was re-dissolved in 200 μL of
methanol and then centrifuged to separate the supernatant for
LC-MS analysis.

Qualitative Analysis of Phytochemical
Constituents in OSB Samples
Qualitative analysis was carried out on an Agilent 6550 ultra-
performance liquid chromatography coupled with a quadrupole
time-of-flight mass spectrometry (UPLC-Q/TOF-MS) system.
Chromatographic separation was achieved on a Sepax GP-C18
column with an ambient temperature of 35°C. The mobile phase
was composed of 0.1% formic acid aqueous solution (A) and

acetonitrile (B), and delivered at a flow rate of 0.25 mL/min using
the following gradient program: 0–5 min, 25–35% B; 5–10 min,
35–50% B; 10–15 min, 50–53% B; 15–20 min, 53–56% B;
20–25 min, 56–80% B; 25–30 min, 80–85% B; 30–35 min,
85–90% B; 35–40 min, 90–95% B; 40–45 min, 95–25% B. The
autosampler was set at 4°C and the injection volume was 5 μL.
The MS equipped with an electrospray ionization (ESI) source
was carried out in both positive and negative modes using the
following optimized parameters: ion spray voltage, 3500 V for
positive mode and 3000 V for negative mode; vaporizer
temperature, 280°C; sheath gas pressure, 50 psi; capillary
temperature, 320°C; and auxiliary gas pressure, 15 psi. The full
scan data were acquired from 100 to 1,000 Da, and MS/MS
fragmentation was carried out with different collision energy.
Identification of the phytochemical compounds was achieved by
matching their retention times (RT), molecular ions, and product
ions obtained from LC-MS and LC-MS/MS analysis with
corresponding reference substances and literature data.

Constituent Screening and Target
Collection
For constituents detected in OSB extract, the OB parameters were
extracted from the TCMSP database (http://tcmspw.com/index.
php), and OB ≥ 30% was selected as a threshold for screening
potential bioactive constituents. For constituents detected in
plasma samples, all of them were considered as potential
bioactive constituents. Based on comparison, the potential
active constituents were determined. Then, the TCMSP (http://
tcmspw.com/index.php) and STITCH (http://stitch.embl.de/)
databases were used to predict potential action targets of OSB.
Moreover, a text mining of PubMed (2016–2021) with each
constituent as a search term was carried out to manually
extract potential targets for updates and supplementation.

Based on the reported efficacies of OSB, ten diseases were
chose as its potential clinical indications, including AD, arthritis,
chronic glomerulonephritis, chronic renal failure, gout, hepatic
cirrhosis, hepatic fibrosis, hyperlipidemia, nephrolithiasis, and
T2DM. The targets of these diseases were extracted from the
human gene database GeneCards (http://www.genecards.org/).
The items “Symbol” and “Score” of genes were reserved, in which
the “Score” represents the relevance degree between disease and
target. The intersection targets between OSB and each disease
were generated through target mapping. The contribution of each
constituent to the intersection targets was analyzed.

Bioinformatic Analysis of Compounds,
Targets, Enriched Pathways, and Their
Interaction
Since different constituents in OSB had the same targets, the
repetitive targets were merged and the repetition quantity of each
target was counted as n, followed by normalization with the
maximum normalized to 1. For each disease, the “Score” values of
their targets were also normalized by being divided by the
maximum. Subsequently, the quantitative datasets of OSB
targets and disease targets were combined to build a data
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matrix of OSB-disease targets. Then it was imported into software
SIMCA-P (Ver.12.0) and Heml (Ver.1.0.3) for multivariate data
analysis to investigate the relevance degree between OSB target
profile and disease target profile.

The target data of each OSB-disease pair were combined to
generate a whole dataset. After it was imported into Cytoscape
(Ver.3.7), the network visualizing the relationship of OSB-
compound-target-disease was constructed. For each OSB-
disease pair, the top 7 constituents and top 20 targets were
extracted according to their degree values. For each OSB-
disease pair, the intersection targets were imported into
STRING (http://www.string-db.org/) to predict the protein-
protein interaction (PPI). Subsequently, the top 20 targets
from each PPI network were extracted and combined. These
targets were used to generate a new PPI network, and the key
regulatory targets were predicted. KEGG pathway enrichment
was performed, and a p value was given along with each enriched
pathway. Based on p values, the top 20 pathways were extracted
for each OSB-disease pair, respectively. Then these top pathways
were combined, and among them the shared pathways by all
OSB-disease pairs were retained. Meanwhile, the embedded
targets and signaling pathways were also labeled.

Screening the Efficacy Markers of OSB
Through Reversing Bioinformatics Analysis
Based on the enriched pathways, the raw data of key KEGG
pathways consisting of embedded signaling pathways and targets
were retrieved. After PPI analysis, the raw data of the key target-
target interaction were retrieved. From the compound-target
network, the raw data of the compound-target interaction
were retrieved. Subsequently, the retrieved datasets were
combined to generate a new whole dataset. After it was
imported into Cytoscape (Ver.3.7), a comprehensive network,
that strung together pathway-target pairs, target-target pairs, and
target-compound pairs, was finally constructed. Based on
topological analysis, the core signaling pathways were firstly
deduced then the core targets, and finally the core constituents
were screened out as the efficacy markers of OSB.

Quantitative Analysis of the Efficacy
Markers in OSB
Liquid chromatography coupled with triple-quadrupole mass
spectrometry (LC-QQQ-MS/MS) was used for simultaneous
quantitation of efficacy markers in OSB. A Waters ACQUITY
BEH C18 column (3.0 × 100 mm, 2.5 µm) was used for
chromatographic separation. The column temperature was
maintained at 35°C. Mobile phase consisted of 0.1% formic
acid solution (A) and acetonitrile (B). To obtain a short run
time and good chromatographic behaviors, the LC conditions
were optimized. The flow rate was set at 0.3 mL/min using the
following gradient program: 0–5 min, 5–35% B; 5–7 min, 35–60%
B; 7–8 min, 65–70% B; 8–9 min, 70–90% B; 9–10 min, 90–5% B.
ESI-MS/MS was carried out in both positive and negative modes.
The ESI parameters were as follows: ESI temperature was 500°C;
ion spray voltage was 5500 V and 4500 V in the negative and

positive modes, respectively; curtain gas was 20 psi. Meanwhile,
the MS/MS parameters for analyte determination in multiple
reaction monitoring (MRM) mode were optimized. The
calibration curves were created by running mixed standards of
efficacy markers at a series of concentrations. The contents of
each efficacy marker in three batches of OSB extracts were
determined based on the calibration curve created on the
same day.

RESULTS

Constituent Identification and Screening
in OSB
The identification of phytochemical constituents in OSB extract
was performed by LC-Q/TOF-MS analysis. As shown in
chromatograms, a larger peak number was generated in the
negative mode (Figure 1A) while a stronger MS response was
obtained in the positive mode (Figure 1B). The detailed
fragment information of parent ions was obtained from MS/
MS fragmentation. For these detected peaks, they were deduced
and identified based on the retention time, exact mass, and
fragment information through matching with reference
substances or related data reported in the literature
(Malterud et al., 1989; Awale et al., 2001; Akowuah et al.,
2004; Guo et al., 2019a; Guo et al., 2019b). As represented
in Table 1 and Figure 1, a total of 34 peaks with significant
responses were detected. For peaks 1, 3, 8, 10, 12, 14, 18, 22, 24,
and 28, these compounds were unambiguously identified by
comparison with their reference substances. The identified
constituents were categorized as 12 phenylpropenoic acids, 2
benzoic acids, 1 flavonoid glycoside, 12 polymethoxylated
flavones, 6 diterpenes, and 1 triterpenoid. Among them,
phenylpropenoic acids and polymethoxylated flavones were
the top two categories in the OSB extract. Most
phenylpropenoic acids displayed the same fragment ion at
m/z 179 which was the precursor ion of caffeic acid, and
these compounds were regarded as its derivatives. For
polymethoxylated flavones, most of them presented same
fragment ions at m/z 313 and 298 that were produced by
continuous loss of OCH3. For diterpenoids, some
compounds presenting the same fragment ion at m/z 121
due to the presence of the benzoyl group belonged to the
orthosiphol class, and some compounds giving the same
fragment ion at m/z 249 belonged to the tanshinone class.
In a word, a total of 34 main phytochemical constituents were
identified in the OSB extract.

The developed method was then applied to investigate the
blood-absorbed phytochemicals in rats after oral administration
of OSB extract. Figures 2A,B showed the representative
chromatograms of plasma samples generated in negative and
positive modes, respectively. A total of 17 phytochemical
constituents of OSB were identified in rat plasma samples.
These constituents including danshensu, caffeic acid,
protocatechuic acid, orthosiphoic acid A, cichoric acid,
rosmarinic acid, salvianolic acid A, salvianolic acid B,
rhamnazin, TMF, sinensetin, eupatorin,
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tetramethylscutellarein, pillion, salvigenin, orthosiphol A, and
tanshinone IIA. Consistent with the above phytcochemical
characterization, phenylpropenoic acids and polymethoxylated
flavones were also the top two categories that could be absorbed
in the circulatory system.

Based on the OB parameter, a total of 20 constituents were
screened out from 34 constituents. Several constituents with
large OB, such as trimethylapigenin (OB 39.83%), however,
were not detected in rat plasma. By contrast, several
constituents with small OB, such as rosmarinic acid (OB
1.38%), however, were detected in rat plasma. Nevertheless,
these screened constituents still showed a lot of overlapping
with the phytochemicals detected in plasma samples. For the
constituents detected in plasma samples, preliminary
collection of their targets was carried out. Finally, the
constituents with reported targets were screened out as
potential bioactive constituents, including protocatechuic
acid, danshensu, caffeic acid, orthosiphoic acid A, cichoric

acid, rosmarinic acid, salvianolic acid A, salvianolic acid B,
TMF, sinensetin, eupatorin, salvigenin, orthosiphol A, and
tanshinone IIA. The chemical structures of these
phytochemicals were provided in Figures 2A,B.

Bioinformatic Analysis of the Interaction
From Compounds to Targets and Pathways
OSB constituents generated a total of 488 potential targets. After
overlapping, OSB shared 410, 383, 208, 421, 164, 339, 392, 210,
137, and 439 targets with AD, arthritis, chronic
glomerulonephritis, chronic renal failure, gout, hepatic
cirrhosis, hepatic fibrosis, hyperlipidemia, nephrolithiasis, and
T2DM, respectively (Figure 3A). As detailed in each
phytochemical constituent, the contribution to targets varied
from constituent to constituent. Salvianolic acid A,
protocatechuic acid, and tanshinone IIA were the top three in
terms of counting their contribution to the total targets of OSB

FIGURE 1 | Extracted ion chromatograms (EIC) of OSB samples obtained from LC-Q/TOF-MS analysis. EIC of OSB extract samples in negative mode (A) and
positive mode (B). LC-Q/TOF-MS, liquid chromatography coupled with quadrupole time-of-flight mass spectrometry; OSB, Orthosiphon stamineus Benth.
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(Figure 3B). By comparison, there was a remarkable variation in
the overall profile of target contribution after intersection with
disease targets (Figure 3B). Rosmarinic acid, sinensetin,
salvigenin danshensu, cichoric acid, and orthosiphoic acid A
were the representatives, in which the first four constituents
showed increased contribution after intersection while the last
two showed decreased contribution after intersection.
Tanshinone IIA, rosmarinic acid, and sinensetin were the top
three constituents in contribution percentage after intersection,
in contrast, rosmarinic acid and sinensetin showed a very low
contribution percentage before intersection. These results
suggested that, for constituents, the effective targets they

possessed for diseases were more meaningful than the amount
of total targets.

Based on multivariate data analysis employing principal
component analysis (PCA) and hierarchical cluster analysis
(HCA) models, the relevance degree between OSB target
profile and disease target profile was investigated. A 3D score
plot was generated in SIMCA using the PCA model, and it
visualized the relevance of overall targets between groups
(Figure 3C). The OSB group showed clear separation from the
disease groups, and most disease groups were located in the same
dimension. Interestingly, only the AD group was located in the
same dimension as the OSB group, and was the nearest to the

TABLE 1 | Constituents identified in the extract of Orthosiphon stamineus Benth.

Peak
No

Precursor
ion

Measured
mass
(m/z)

Calculated
mass
(m/z)

Error
(ppm)

Formula Fragments
(m/z)

Identification Categories

1 [M–H]− 197.0432 197.0449 8.5 C9H10O5 197, 179, 135, 109 Danshensu Phenylpropenoic acids
2 [M–H]− 179.0335 179.0343 4.6 C9H8O4 179, 135 Caffeic acid Phenylpropenoic acids
3 [M–H]− 153.0173 153.0187 8.9 C7H6O4 153, 109 Protocatechuic acid Benzoic acids
4 [M–H]− 167.0349 167.0343 −3.5 C8H8O4 167, 138, 109 Protocatechuic acid methyl ester Benzoic acids
5 [M–H]− 179.0329 179.0343 7.9 C9H8O4 179, 170, 154, 134 Caffeic acid isomer Phenylpropenoic acids
6 [M–H]− 207.0641 207.0656 7.3 C11H12O4 207, 179, 135 Caffeic acid ethyl ester Phenylpropenoic acids
7 [M–H]− 521.1098 521.1083 −2.9 C27H22O11 521, 323, 197, 161 Orthosiphoic acid A Phenylpropenoic acids
8 [M–H]− 473.0738 473.0725 −2.7 C22H18O12 473, 179, 149 Cichoric acid Phenylpropenoic acids
9 [M–H]− 717.1436 717.1454 2.6 C36H30O16 717, 519, 537 Salvianolic acid E Phenylpropenoic acids
10 [M–H]− 359.0751 359.0766 4.1 C18H16O8 359, 197, 179 Rosmarinic acid Phenylpropenoic acids
11 [M–H]− 537.1049 537.1032 −3.2 C27H22O12 537, 493, 356 Lithospermic acid Phenylpropenoic acids
12 [M–H]− 493.1152 493.1134 −3.7 C26H22O10 493, 295, 267 Salvianolic acid A Phenylpropenoic acids
13 [M–H]− 491.0961 491.0977 3.3 C26H20O10 491, 293 Salvianolic acid C Phenylpropenoic acids
14 [M–H]− 717.1473 717.1454 −2.6 C36H30O16 717, 519, 321, 295 Salvianolic acid B Phenylpropenoic acids
15 [M–H]− 463.0857 463.0875 4.0 C21H20O12 463, 300271 Isoquercitrin Flavonoid glycosides
16 [M–H]− 329.0675 329.0660 −4.5 C17H14O7 329, 245, 151 Rhamnazin Polymethoxylated

flavones
17 [M + H]+ 313.1090 313.1077 −4.1 C18H16O5 313, 298, 283 Trimethylapigenin Polymethoxylated

flavones
18 [M–H]− 357.0956 357.0973 4.8 C19H18O7 357, 345, 296, 269 3′-Hydroxy-5,6,7,4′-

tetramethoxyflavone
Polymethoxylated
flavones

19 [M–H]− 313.0724 313.0711 −4.2 C17H14O6 313, 299, 285 Ermanin Polymethoxylated
flavones

20 [M + H]+ 343.1171 343.1183 3.5 C19H18O6 343, 329, 315 Tetramethoxyluteolin Polymethoxylated
flavones

21 [M–H]− 313.0720 313.0711 −2.9 C17H14O6 313, 298, 283 Cirsimaritin Polymethoxylated
flavones

22 [M + H]+ 373.1270 373.1288 4.9 C20H20O7 373, 358, 343, 315 Sinensetin Polymethoxylated
flavones

23 [M–H]− 569.2360 569.2386 4.5 C31H38O10 569, 121 Orthosiphol I Diterpenoids
24 [M–H]− 343.0833 343.0817 −4.8 C18H16O7 343, 328, 313, 285 Eupatorin Polymethoxylated

flavones
25 [M + H]+ 343.1173 343.1183 2.9 C19H18O6 343, 328, 313, 285 Tetramethylscutellarein Polymethoxylated

flavones
26 [M–H]− 313.0723 313.0711 −3.8 C17H14O6 313, 298, 83, 255 Pilloin Polymethoxylated

flavones
27 [M–H]− 327.0881 327.0867 −4.1 C18H16O6 327, 313, 298 5-Hydroxy-3′,4′,7-trimethoxyflavone Polymethoxylated

flavones
28 [M + H]+ 329.1038 329.1026 −3.6 C18H16O6 329, 314, 296 Salvigenin Polymethoxylated

flavones
29 [M–H]− 631.2527 631.2542 2.4 C36H40O10 631, 121 Orthosiphol N Diterpenoids
30 [M–H]− 675.2828 675.2804 −3.5 C38H44O11 675, 637, 589, 505 Orthosiphol A Diterpenoids
31 [M–H]− 677.2573 677.2597 3.5 C37H42O12 677, 631, 121 Norstaminol A Diterpenoids
32 [M–H]− 455.3540 455.3524 −3.5 C30H48O3 455 Oleanolic acid Triterpenoids
33 [M + H]+ 277.0877 277.0866 −4.0 C18H12O3 277, 249, 231 Tanshinone A Diterpenoids
34 [M + H]+ 295.1346 295.1335 −3.6 C19H18O3 295, 277, 249 Tanshinone IIA Diterpenoids
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OSB group, followed by the arthritis and chronic
glomerulonephritis groups (Figure 3C). Consistently, the
heatmap generated in Heml using the HCA model showed
similar results, which visualized the relevance of both
individual and overall targets between groups (Figure 3D).
Based on integrative comparison, AD, arthritis, and chronic
glomerulonephritis had a strong affinity with OSB in terms of
target profile.

The interaction of OSB-compound-target-disease was
visualized in a network which integrated all OSB-disease pairs
(Figure 4). In this network, the top 7 constituents and top 20
targets were magnified into a sub-network for each OSB-disease
pair. Among these top constituents, up to six constituents were
shared by all OSB-disease pairs as follows: protocatechuic acid,
rosmarinic acid, salvianolic acid B, salvigenin, sinensetin, and
tanshinone IIA. Among these top targets, up to six targets were
shared by all OSB-disease pairs as follows: IL1B, IL6, MMP2,
MMP9, NOS2, and TNF. For each OSB-disease pair, the top 20
targets were respectively extracted from the PPI network. Then a
refined PPI network was then constructed through integrating
these top targets (Supplementary Figure S1). Based on the

topological properties, the key regulatory targets were screened
out as follows: AKT1, JAK2, JUN, MAPK1, MAPK8, PIK3CA,
PIK3R1, RELA, STAT3, TNF, and TP53. After pathway
enrichment, the top 20 pathways for each OSB-disease pair
were combined. After merging duplicates, only 37 non-
repetitive pathways were retained, suggesting extensive
overlapping among the top pathways from each OSB-disease
pair (Figure 5). After analysis, a total of eight KEGG pathways
shared by all OSB-disease pairs were screened out. The detailed
information of these pathways is provided in Supplementary
Table S1. One representative pathway is shown in Figure 5 in
which OSB-disease intersection targets were labeled with color.

Screening of the Efficacy Markers of OSB
Through Reversing Bioinformatics Analysis
Based on extraction, 8 key KEGG pathways generated 17 different
signaling pathways. As shown in Figure 6, a KEGG pathway
contained several signaling pathways, while a signaling pathway
was also embedded in several KEGG pathways. These signaling
pathways contained 209 OSB-disease intersection targets after

FIGURE 2 | Extracted ion chromatograms (EIC) of plasma samples from rats after administration of OSB extract in negative mode (A) and positive mode (B). OSB
Orthosiphon stamineus Benth.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7486847

Li et al. Efficacy Markers of Orthosiphon stamineus Benth.

140

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


merging duplicates. As expected, there was a great overlap of
these targets among different signaling pathways. Pathway-target
connection was firstly established, and then target-target connection.
Based on topological properties, two signaling pathways: PI3K-AKT
signaling pathway andMAPK signaling pathway,were screened out as
the core action pathways. After integrating target-compound
interaction, a full-scale network was constructed which reversely
deduced the interaction from KEGG pathways to signaling
pathways, then targets, and finally compounds. The topological
profile of targets was significantly different from that in the
original network as shown in Figure 4. Meanwhile, the core
targets were screened out as follows: PIK3CA, PIK3R1, MAPK1,
MAPK3, AKT1, PIK3CB, HSP90AA1, IKBKB, MAPK8, and RELA,
which also showed a significant difference from the results in Figure 3.
Based on topological analysis, the core compounds were finally
screened out as follows: tanshinone IIA, sinensetin, salvianolic acid
B, rosmarinic acid, and salvigenin. These constituents showed the
interaction with all of core targets, and were finally selected as the
efficacy markers underlying the various medicinal potentials of OSB.

Quantitative Analysis of the Efficacy
Markers in OSB
The optimized MS/MS parameters in MRM mode for the
determination of five efficacy markers were provided in

Table 2, including ion transitions, declustering potential (DP),
and collision energy (CE). Calibration curve for each analyte was
created with a series of concentrations of standard solution.
Acceptable linear correlation was confirmed by the correlation
coefficient (r, 0.9990–0.9999). The detailed information regarding
calibration curves and linear ranges are shown in Table 3. The
proposed method was applied in the quantification of five efficacy
markers in three different batches of OSB extracts. All
compounds were quantified with the content of more than
2.50 mg/g (Table 3). Among them, the content of salvianolic
acid B was the highest with the average content of 220.86 mg/g
while the content of tanshinone IIA was the lowest with
2.78 mg/g.

DISCUSSION

As a traditional herbal medicine, OSB has been empirically used
for the treatment of urinary tract diseases. Recent studies
demonstrated its various medicinal potentials owing to
different pharmacological effects, such as anti-oxidation
(Nuengchamnong et al., 2011), anti-inflammation (Yam et al.,
2010), diuretic (Adam et al., 2009), anti-diabetic (Mohamed et al.,
2013), and hepatoprotection (Yam et al., 2007). The
phytochemicals in OSB represent the material basis of its

FIGURE 3 | Analysis of the intersection targets between OSB and different diseases. (A) Sketch profile of intersection targets between OSB and different diseases; (B)
Contribution of each constituent to the intersection targets of all OSB-disease pairs; (C) 3D score plot generated in SIMCA software using the PCA model for visualizing the
overall relevance of targets between groups; (D) Heatmap integrating the HCAmodel for visualizing the relevance of both individual and overall targets between groups. AD,
Alzheimer’s disease; HCA, hierarchical cluster analysis; OSB, Orthosiphon stamineus Benth.; PCA, principal component analysis; T2DM, type 2 diabetes mellitus.
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pharmacological effects. Taking advantage of modern analytical
techniques, it was reported that OSB contained dozens of
phytochemical constituents (Malterud et al., 1989; Tezuka
et al., 2000; Nguyen et al., 2004; Hossain et al., 2013; Guo
et al., 2019b). The constituents in OSB extract could vary with
the polarities of extract solvents, which thus has a considerable
effect on the bioactivities. Several studies suggested that the
aqueous extract fraction of OSB could show weaker
bioactivities than the extract fraction with strong polarity
(Abdelwahab et al., 2011; Choo et al., 2018). Therefore, large

percentage ethanol solution was used as the extract solvent in this
study. As a result, a total of 34 constituents were detected in OSB
extract. Among them, phenylpropenoic acids, polymethoxylated
flavones, and terpenoids represented the predominant structural
classes.

The identification of blood-absorbed phytochemicals could be
regarded as a preliminary screening of bioactive constituents
from oral herbs. Several studies have reported the quantitative
analysis of several specified constituents of OSB in rat plasma
(Loon et al., 2005; Guo et al., 2019a). However, there is a lack of

FIGURE 4 |Network visualizing the overall interaction of constituents and targets, with integrated sub-network visualizing the top constituents and targets for each
OSB-disease pair. AD, Alzheimer’s disease; OSB, Orthosiphon stamineus Benth.; T2DM, type 2 diabetes mellitus. TMF, 3′-Hydroxy-5, 6, 7, 4′-tetramethoxyflavone.
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FIGURE 5 | The terms of 37 non-repetitive KEGG pathways retained from the pool of top KEGG pathways for each OSB-disease pair. Among them, eight KEGG
pathways were shared by all OSB-disease pairs and a representative KEGG pathway was shown in which OSB-disease intersection targets were labeled with color.
hsa05417: lipid and atherosclerosis; hsa05161: hepatitis B; hsa05205: proteoglycans in cancer; hsa05167: kaposi sarcoma-associated herpesvirus infection;
hsa04066: HIF-1 signaling pathway, hsa05418: fluid shear stress and atherosclerosis; hsa04933: AGE-RAGE signaling pathway in diabetic complications,
hsa01522: endocrine resistance. OSB Orthosiphon stamineus Benth.

FIGURE 6 | Screening of the efficacy markers underlying the varied medicinal potentials of OSB through reversing bioinformatics analysis which deduced the
interaction from key KEGG pathways to signaling pathways, followed by targets, and finally compounds. OSBOrthosiphon stamineus Benth.; TMF, 3′-Hydroxy-5, 6, 7,
4′-tetramethoxyflavone.
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characterization of the phytochemicals absorbed in the
circulatory system. In the present work, a total of 17
phytochemicals were identified in plasma samples from rats
after oral administration of OSB extract. On the other hand,
the predicted OB parameter, representing the fraction of the
orally-administered drug that reaches systemic circulation
unchanged, is widely used for preliminary screening of
active constituents (Xu et al., 2012). Based on OB, a total of
20 constituents were screened out from 34 constituents that
were detected in OSB extract. Interestingly, despite extensive
overlapping, a remarkable difference was still found between
the two pools of constituents respectively generated by plasma
detection and OB screening. Some constituents detected in
plasma had small OB, while some constituents with large OB
were not actually detected in plasma. These findings suggested
that virtual screening using OB resulted in constituent
distortion compared with practical detection. In worse
cases, this distortion might lead to a cascade of deviation in
deduced bioactive constituents and mechanism. Therefore,
practical detection of realistic samples could be a more
reliable approach.

In following bioinformatic analysis, the key constituents
were screened out for each OSB-disease pair based on the
degree from topological analysis. This is a well-accepted
paradigm for identifying key bioactive constituents in many
related studies (Liao et al., 2018; Wang et al., 2019a; Wang
et al., 2019b). However, the intersection targets between OSB
and diseases varied with paired diseases, thus the screened key
constituents could also vary. Furthermore, different targets
had varied relevance to diseases as indicated by different
“Score” values. However, the targets with weak relevance
were treated equally with the targets with strong relevance
due to the unbiased strategy. Consequently, a mass of targets
with weak relevance, however, might play a prominent part in
the screening of key constituents. In our work, the active
compounds were screened through reversing bioinformatics

analysis. It began with disassembling the enriched key
pathways to extract the embedded key targets, thus
excluding many targets with weak relevance. After re-
constructing the interaction between pathways, targets, and
compounds, a new network was generated which was
significantly different from the original target-compound
network. The core targets in the new network were mainly
involved in the PI3K-AKT signaling pathway and MAPK
signaling pathway. There was considerable overlapping
between the two signaling pathways regarding the contained
targets, and the NF-κB signaling pathway was one of the
important intersections between them. Now there is no
clear clue to the relationship between deduced action
mechanisms (PI3K-AKT signaling pathway/MAPK signaling
pathways) and traditional therapeutic effects of OSB owing to
the limited modern pharmacological studies regarding OSB.
However, the NF-κB signaling pathway was reported as the
action pathway of OSB accounting for its traditional
pharmacological activities in several studies (Li et al., 2016;
Retinasamy et al., 2020). Undoubtedly, more effort should be
put into the investigation of the precise therapeutic
mechanism of OSB. Moreover, the core targets showed
minor overlapping with that in the original network. These
results suggested that the unbiased strategy for all targets
might lead to significant distortion of screened core targets.
The core constituents in the new network showed large
overlapping with that in the original network, although a
slight deviation was still found especially in terms of
compound sorting. These results demonstrated the
robustness of the core bioactive constituents of OSB for the
treatment of different diseases, which were extremely
appropriate as the efficacy markers of OSB.

Bioactive constituents including tanshinone IIA, sinensetin,
salvianolic acid B, rosmarinic acid, and salvigenin, were
selected as the efficacy markers accounting for the varied
efficacies of OSB. Surprisingly, in previous OSB-related

TABLE 2 | MS/MS parameters for analyte determination in MRM mode.

Analytes Precursor-product ion pairs
(m/z)

DP (V) CE (V) ESI mode

Tanshinone IIA 295.3 → 277.3 70 28 Positive
Sinensetin 373.1 → 343.0 130 38 Positive
Salvigenin 329.1 → 296.1 110 36 Positive
Rosmarinic acid 359.1 → 161.1 69 20 Negative
Salvianolic acid B 717.1 → 519.1 116 24 Negative

TABLE 3 | Calibration curves, linear ranges and determined contents of five efficacy markers in OSB extracts.

Compounds Calibration curves Linear range (ng/mL) Contents (mg/g)

Tanshinone IIA y � 0.001x + 0.0861 (r � 0.9995) 20–1,000 2.78 ± 0.25
Sinensetin y � 0.0137x − 0.048 (r � 0.9999) 20–1,000 7.18 ± 0.63
Salvianolic acid B y � 0.0000498x + 0.0109 (r � 0.9996) 200–10,000 220.86 ± 20.92
Rosmarinic acid y � 0.000551x + 0.0871(r � 0.9990) 100–10,000 129.98 ± 16.49
Salvigenin y � 0.00373x − 0.0014 (r � 0.9997) 20–1,000 3.01 ± 0.34
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studies, there were few points of focus on tanshinone IIA. The
major interest was fastened on rosmarinic acid and flavonoids
(Yuliana et al., 2009; Shafaei et al., 2016; Cai et al., 2018). Only
recently, one study that aimed at qualitative and quantitative
analysis of phytochemicals in OSB characterized tanshinone
IIA in OSB extract (Guo et al., 2019b). In contrast to its
nonentity in previous OSB-related studies, tanshinone IIA
has been reported to exert various therapeutic activities,
such as improving renal function (Zhang et al., 2020),
relieving myocardial ischemia reperfusion injury (Li Q.
et al., 2016), alleviating neuroinflammation (Maione et al.,
2018), and exerting an antifibrotic effect (Shi et al., 2020). The
action mechanism was suggested to be mainly involved in
activating the PI3K-AKT signaling pathway and/or
suppressing the MAPK and NF-κB signaling pathways. This
evidence underlined the reliability for selecting tanshinone IIA
as an efficacy marker of OSB. In previous studies, the
constituents selected as efficacy contributors of OSB, varied
with studied diseases. Even caffeic acid and protocatechuic
acid, which widely exist in a variety of herbs and lack
specificity, were also regarded as the core bioactive
constituents and included in the quality control of OSB
(Guo et al., 2019a; Guo et al., 2019b). Nevertheless, in most
studies, rosmarinic acid, salvianolic acid B, and methoxy
flavonoids were widely accepted as the bioactive
constituents of OSB (Loon et al., 2005; Nuengchamnong
et al., 2011; Cai et al., 2018; Yam et al., 2018), which was
consistent with our results. Indeed, these phytochemical
monomers have been reported with definite
pharmacological effects for the treatment of various diseases
(Mohamed et al., 2012; Tongqiang et al., 2016; Serino et al.,
2021; Yamamoto et al., 2021). Rosmarinic acid is contained
mainly in the family Lamiaceae, and numerous studies have
demonstrated its health benefits, especially in management of
inflammatory diseases via inhibition of oxidative stress,
apoptosis, and inflammation (Joardar et al., 2019; Luo et al.,
2020). Salvianolic acid B was remarkably abundant in OSB,
and several studies indicated that it had strong anti-
inflammatory and anti-fibrotic effects through targeting the
MAPK and NF-κB pathways (Li et al., 2019; Wu et al., 2019).
Polymethoxylated flavonoids, such as sinensetin, have been
widely reported with anti-inflammatory, anti-oxidant, anti-
dementia, and vasorelaxant activities and the action
mechanisms could be involved in the regulation of different
targets and signaling pathways including AKT and NF-κB
signaling pathways (Lee et al., 2020). In sum, these reported
evidence strengthened the reliability of selecting these
phytochemicals as efficacy makers of OSB.

CONCLUSION

In this work, a new strategy was exploited to investigate the
efficacy markers underlying the varied pharmacological effects
of OSB. By LC-MS analysis, a total of 34 phytochemical
constituents were characterized in OSB, and 14 blood-
absorbed phytochemicals were retained as potential active

compounds. The results from bioinformatic analysis revealed
the overall interaction between compounds, action targets, action
pathways, and diseases. Through refining key pathways and
targets, the interaction reversing from signaling pathways,
targets to constituents was deduced, and then the core
signaling pathways, targets, and compounds were screened
out. Five constituents, including tanshinone IIA, sinensetin,
salvianolic acid B, rosmarinic acid, and salvigenin, were finally
selected as the efficacy markers accounting for the efficacies of
OSB against different diseases. The corresponding action
mechanism was suggested to closely relate with the PI3K-AKT
signaling pathway and/or MAPK signaling pathway, but further
experimental studies are necessary to validate the deduced
mechanism. Finally, the contents of the five efficacy markers
in OSB extracts were quantified, and the content of salvianolic
acid B was the highest while the content of tanshinone IIA was the
lowest. It is believed that our findings could provide promising
directions for future research on the quality control and
pharmacological mechanism of OSB.
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LC–MS Based Metabolomics Study of
the Effects of EGCG on A549 Cells
Tingyu Pan1, Di Han1, Yong Xu1, Wenpan Peng1, Le Bai1, Xianmei Zhou1,2* and
Hailang He1,2,3*

1Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, China, 2Department of Respiratory Medicine, Jiangsu
Province Hospital of Chinese Medicine, Nanjing, China, 3Arizona Metabolomics Laboratory, College of Health Solutions, Arizona
State University, Scottsdale, AZ, United States

(−)-Epigallocatechin-3-gallate (EGCG) is the main bioactive catechin in green tea. The
antitumor activity of EGCG has been confirmed in various types of cancer, including lung
cancer. However, the precise underlying mechanisms are still largely unclear. In the
present study, we investigated the metabolite changes in A549 cells induced by
EGCG in vitro utilizing liquid chromatography-mass spectrometry (LC-MS)-based
metabolomics. The result revealed 33 differentially expressed metabolites between
untreated and 80 μM EGCG-treated A549 cells. The altered metabolites were involved
in the metabolism of glucose, amino acid, nucleotide, glutathione, and vitamin. Two
markedly altered pathways, including glycine, serine and threonine metabolism and
alanine, aspartate and glutamate metabolism, were identified by MetaboAnalyst 5.0
metabolic pathway analysis. These results may provide potential clues for the
intramolecular mechanisms of EGCG’s effect on A549 cells. Our study may contribute
to future molecular mechanistic studies of EGCG and the therapeutic application of EGCG
in cancer management.

Keywords: EGCG, A549 cells, metabolomics, arginine and proline metabolism, glutamate metabolism, histidine
metabolism

INTRODUCTION

As one of the most common cancers globally, lung cancer causes a severe social burden (Ferlay et al.,
2015; Siegel et al., 2016).Worldwide, an estimated 2.2 million new lung cancer cases occurred in 2020
(Sung et al., 2021). As the second most commonly diagnosed cancer, lung cancer remained the
leading cause of cancer death, with an estimated 1.8 million deaths in 2020 (Sung et al., 2021).
Despite significant advances that have been made in the interventions, including surgery, radiation
therapy, chemotherapy, targeted therapy, and immunotherapy on lung cancer, the 5 years survival of
lung cancer only remains 21% (Miller et al., 2019; Siegel et al., 2021). It is critical to consider other
preventive and therapeutic measures for lung cancer not only to decrease its incidence and mortality
but also to overcome the toxicity, side effects, and cost of existing treatments (Hirsch et al., 2017).

Epigallocatechin-3-gallate (EGCG) is the most abundant and effective catechin in numerous types
of white tea and green tea (Sano et al., 2001; Tang et al., 2019). It has been shown that EGCG can
inhibit tumor growth and stimulate cancer cell apoptosis in various human cancers in vivo and vitro
studies (Huh et al., 2004; Chen et al., 2016; Yang et al., 2016; Huang et al., 2017; Liu et al., 2017;
Borutinskaite et al., 2018; Gan et al., 2018; Zhou et al., 2018; Wei et al., 2019; Wu et al., 2019;
Yoshimura et al., 2019; Almatroodi et al., 2020; Panji et al., 2021; Romano and Martel, 2021). Many
studies have demonstrated that EGCG may take a role in the initiation, promotion, and progression
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of cancer through the modulation of various mechanisms,
including cellular proliferation, differentiation, apoptosis,
angiogenesis, and metastasis, which leads to its
anticarcinogenic activities (Chen and Dou, 2008; Ma et al.,
2013; Luo et al., 2014; Luo et al., 2017; Moradzadeh et al.,
2018; Pal et al., 2018; Li et al., 2019; Almatroodi et al., 2020;
Yin et al., 2021). Increasing evidence has shown that EGCG
possesses anti-tumorigenic property against non-small cell lung
cancer (Sonoda et al., 2014; Shi et al., 2015; Gu et al., 2018; Hu
et al., 2019). Even though the antitumor activity of EGCG in lung
cancer has been extensively investigated, the underlying
mechanism remains unclear.

Metabolomics is an exciting tool to detect small metabolic
compounds and monitor small global molecule endogenous
metabolite changes induced by biochemical reactions in
biological systems (Dunn et al., 2011; Griffin et al., 2011;
Reaves and Rabinowitz, 2011; Gu et al., 2012; Carroll et al.,
2015; Zampieri et al., 2017; McCartney et al., 2018; Yan and Xu,
2018; Yeung, 2018; Shi et al., 2019; Eghlimi et al., 2020; He et al.,
2020; Lim et al., 2020; Wei et al., 2021). Metabolomics is a
promising approach to searching potential biomarkers and
novel therapeutic strategies for lung cancer (Luengo et al.,
2017; Seijo et al., 2019; Noreldeen et al., 2020; Schmidt et al.,
2021). To date, the precise molecular mechanisms of antitumor
activity in lung cancer induced by EGCG still keep unclear and
need more investigation, especially from a metabolism point of
view. Therefore, in this study, we applied liquid chromatography-
mass spectrometry (LC-MS) based metabolomics and employed
A549 cells as an in vitro model to further explore the effect of
EGCG on lung cancer cell metabolism.

MATERIALS AND METHODS

Reagents and Materials
EGCG was purchased from Sigma-Aldrich (St. Louis, MO,
United States). A549 cell line (ATCC NO. CCL-185) was
purchased from American Type Culture Collection (ATCC,
Manassas, VA, United States). The Cell Counting Kit-8
(CK04-05) was obtained from Dojindo Molecular
Technologies (Gaithersburg, MD, United States). 4′,6-
diamindino-2-phenylinodole (DAPI) staining kit was
purchased from FcmacsBiotechCo., Ltd. (Jiangsu, China).
BCA™ Protein Assay Kit was obtained from Thermo Scientific
(Waltham, MA, 84 United States). LC-MS-grade isopropanol
(IPA), acetonitrile (ACN), MeOH, and CH2Cl2 were purchased
from Fisher Scientific (Pittsburgh, PA). HPLC grade acetic acid,
U-13C glucose, N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA), methoxyamine
hydrochloride, ammonia acetate, anhydrous pyridine, and
dimethyl sulfoxide (DMSO) and all of the standard
compounds used for metabolic identification were acquired
from Sigma-Aldrich (St. Louis, MO, United States).

Cell Culture
The A549 cells were cultured in Dulbecco’s modified eagle
medium (DMEM) (Corning, 10-013-CV) supplemented with

10% fetal bovine serum (FBS) (Corning, 35-010-CV). Cells
were grown at 37°C and 5% CO2 in a humidified atmosphere.

Cell Viability Assay
Cells were seeded in 96-well plates (8.0 × 103 per well) and treated
with different concentrations of EGCG (20, 40, 60, 80, 100, 120,
160, 200 μM) for 24 h. After treatment, the viability of A549 cells
was measured via the Cell Counting Kit-8 assay. Briefly, 10 μl of
CCK-8 reagents were inserted into each well before incubation in
an incubator with 5% CO2 at 37°C for 3 h. Subsequently,
absorbance at 450 nm was measured using a microplate reader
(Molecular Devices, CA, United States). Viability is expressed as a
cell activity percentage between the EGCG group and the
control group.

LC-MS Metabolomics Analysis
In this study, we utilized a pathway-specific LC-MS method that can
cover more than 300 metabolites from >35 metabolic pathways
(Carroll et al., 2015; Gu et al., 2015; Sperber et al., 2015; Li et al.,
2018; Jasbi et al., 2019; Liu et al., 2019; Shi et al., 2019). Briefly, A549
cells were seeded in 6-well plates (4.5× 105 cells/well) with 10% FBS
supplemented with DMEM. Then, cells were incubated overnight in
an incubator with 5% CO2 at 37°C. The cells were then treated with
EGCG for 24 h. For sample preparation, the cells were first rinsed
with PBS. Then 1.2 ml of 80% MeOH was added into each well for
extraction of intracellular metabolites. Samples were completely lysed
using an ultrasonic homogenizer in an ice bath for 20min and
centrifuged at 14,000 rpm under 4°C for 10min. Following that,
500 μl of each supernatant was retained and dried under vacuum for
4 h. The dried samples were reconstituted using 150 μl of solvent
(PBS: ACN � 4:6) and then centrifuged at 14,000 rpm under 4°C for
10min. Sets of samples of identical volume were combined for
quality-control specimens solvent (B) to assess instrument
performance.

The supernatants were analyzed by liquid chromatography-
mass spectrometry (LC-MS) simultaneously after centrifugation.
100 μl of the supernatant was transferred to a new vial and
analyzed by an Agilent 1290 LC-6490 Triple Quadrupole mass
spectrometer system equipped with an electrospray ionization
(ESI) source. LC was performed on aWaters XBridge BEHAmide
column (150 × 2.1 mm, 2.5 µm particle size, Waters Corporation,
Milford, MA). The mobile phase for chromatographic separation
was composed of solvent (A): 10 mM ammonium hydroxide,
10 mM ammonium acetate in 95% H2O/5% ACN, and solvent
(B): 10 mM ammonium hydroxide, 10 mM ammonium acetate in
95% ACN/5% H2O. Following a 1 min isocratic elution of 90%
solvent (B), solvent (B) was gradually reduced to 40% in 10 min
(t � 11 min) and then kept at 40% for 4 min (t � 15 min).
Subsequently, solvent (B) was returned to 90% to run the next
sample. Each sample was injected twice, 4 μl for positive ion
electrospray ionization analysis and 10 μl for negative ion
analysis. Multiple reaction monitoring (MRM) mode was
employed for targeted data acquisition.

The QQQ-MS system was operated with a capillary voltage of
3.5 kV. The nebulizer gas (N2) pressure was set at 30 psi with a
drying gas (N2) flow rate of 15 L/min, and the temperature was
175°C. The flow rate of sheath gas (N2) was set to 11 L/min with a
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temperature of 225°C. A CE range of 5–50 V in increments of 5 V,
and 4 CAV values (2 V, 4 V, 6 V, 8 V) were evaluated for MRM
optimization; optimized CE and CAV values were determined
from the highest MRM response.

The software programs used to control the LC-MS system and
integrate extracted MRM peaks were Agilent MassHunter
Workstation and Agilent MassHunter Quantitative Data
Analysis, respectively. Protein concentrations in each sample
were utilized to normalize metabolite levels.

The post-preparative stability of the sample was tested by
running five prepared quality control (QC) samples kept in an
autosampler (maintained at 4°C). In addition, one QC sample was
inserted every 3–4 test samples during the whole process to
validate system suitability and stability.

Statistical Analysis
Measurement data are the mean ± standard deviation (SD) and
analyzed via the Student’s two-tailed t-test or one-way analysis of
variance (ANOVA) with Tukey’s post hoc analysis, and p < 0.05
was considered as a significant difference.

Principal component analysis (PCA), partial least squares
discriminant analysis (PLS-DA), pathway analysis overview, and
heatmap clustering of altered metabolic profiling analysis were
performed using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/
). In pathway analysis, “Homo sapiens (KEGG)” librarywas selected, as
well as Hypergeometric test for pathway enrichment analysis and
relative betweenness centrality for pathway topology analysis.

RESULTS

EGCG Suppressors Cell Viability of A549
Cells
After exposure to EGCG for 24 h, the A549 cell viability was
downregulated in a dose-dependent manner within the

concentration range of 60–100 μM (Figure 1). Cell viability
was 92.10 ± 3.23% at 40 μM (p < 0.05) and reduced to
60.01 ± 4.02% at 80 μM (p < 0.005). As shown in
Supplementary Figure S1, abnormal nucleus margin and
shortening of nucleus diameter occurred at EGCG exposure
groups, especially at the concentrations of 100 μM.
Considering the balance between cell viability and data
interpretability, a concentration of 40 μM was chosen for
further experiments. The concentration of 80 μM was also
selected in the subsequent metabolomics experiments to help
capture more responses on cell metabolism related to the effect
of EGCG.

LC-MS Metabolite Profiling of A549 Cells
After EGCG Treated
LC-MS of Metabolic Profiles
In total, we found that 173 metabolites were reliably detected with
relative abundances >1,000 inmore than 80% of all samples. After
normalization by averaged values from the QC injection data, 142
metabolites had a coefficient of variation (CV) value of <30%.We
analyzed the metabolic profiles of these 142 metabolites of 40 μM,
80 μMEGCG-treated and untreated A549 cells. Based on the LC-
MS data, the PCA score plot of metabolites showed an obvious
separation among the control group, 40 μM EGCG-treated
group, and 80 μM EGCG-treated group (Figure 2A). No
outlier detection was performed from the data overview. PLS-
DA was further undertaken to reveal the metabolic deviations
between the EGCG-treated groups and the control group. As
shown in Figure 2B, the metabolite profiles of the three groups
were distributed in significantly separated clusters. Although it is
a supervised classification method, component 1 and component
2 in the PLS-DA model (Figure 2B) accounted for 23 and 22.9%
of the total variance in the data respectively, which indicated that
significant metabolic disturbances were induced in A549 cells
treated by EGCG.

As the volcano plot shows (Figure 3, Supplementary Figure
S2), the up-regulated metabolites between the control and the
EGCG exposure groups were presented on the right-hand side of
the valley, while the left-hand side of the valley represents those
that were down-regulated. The number of significantly altered
metabolic abundances in the 80 μM group was greater than that
in the 40 μM group, which indicated that EGCG disturbed the
A549cells in a dose-dependent manner. The ANOVA test
analysis was utilized to identify potential biomarkers
contributing most to the difference between control and the
EGCG-treated groups. The results with metabolites (p < 0.05)
are shown in Table 1 and separately in Figure 4. The top 25
significantly changed metabolites were visualized using a heat
map in a red-blue scale (from higher to lower metabolite levels)
(Figure 5). In pairwise comparison, metabolites with a p-value
below 0.05 and fold change above 1.5 or below 0.75 were selected
as potential biomarkers. As shown in Supplementary Table S1,
the identified metabolites were summarized, and a total of 11
features were selected as potentially altered metabolite markers in
A549 cells exposed to 80 μM EGCG compared with the control
group. In addition, all of the disturbed metabolites with p < 0.05

FIGURE 1 | Cell viability of A549 cells after EGCG exposure. A549 cells
were exposed to 20–200 μMEGCG for 24 h, and cell viability was determined
utilizing a CCK-8 assay. The experimental data are expressed as the mean
value with SD of three independent replicates. (*p < 0.05, **p < 0.005).
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in 80 μM EGCG-treated A549 cells compared to controls were
summarized in Table 2. The corresponding results between the
40 μM EGCG-treated group and the control group are shown in
Supplementary Tables S2, S3 respectively.

Analysis of Metabolic Pathways
We used MetaboAnalyst 5.0 and metabolites with p < 0.05 to
analyze metabolic pathways. Compared to the control group, 27
metabolic pathways were affected (Supplementary Table S4) in
the 80 μM EGCG-treated group. Of these, two markedly altered
pathways were filtered according to specific criteria (raw p < 0.05
and impact value >0.2): Glycine, serine and threonine
metabolism (impact value � 0.628), Alanine, aspartate and
glutamate metabolism (impact value � 0.272). Each metabolic
pathway was represented by a colored circle within the diagram.
As shown in Figure 6 and Supplementary Table S4, EGCG
induced significant perturbations in Glycine, serine and
threonine metabolism, Alanine, aspartate and glutamate
metabolism, Aminoacyl-tRNA biosynthesis, Glyoxylate and
dicarboxylate metabolism, Arginine and proline metabolism in
the 80 μM EGCG group (Figure 6), as well as Histidine
metabolism, arginine and proline metabolism in the 40 μM
EGCG group (Supplementary Figure S3).

DISCUSSION

The anticancer ability of EGCG has been shown to be related to
its antiproliferative and proapoptotic effects (Ahmad et al., 1997;
Khan et al., 2006;Ma et al., 2013; Pal et al., 2018; Almatroodi et al.,
2020). Similar to previous reports (Jiang et al., 2016; Li et al.,
2016), our data suggest that EGCG concentrations at 40 μM or
greater showed evident cell growth inhibition on A549 cells
compared to the control group. Considering the balance
between cell viability and data interpretability and exploring
cell metabolism changes caused by different concentrations of
EGCG, 40 and 80 μMwere chosen for further experiments in this

FIGURE 2 | Score plots of PCA (A) and PLS-DA (B) models for the metabolome data obtained by LC-MS, showing the metabolic profile differences between
control and EGCG-treated groups. Red cycle: control group; green cycle: 40 μM EGCG-treated group; blue cycle: 80 μM EGCG-treated group.

FIGURE 3 | Volcano plot analysis of differential metabolites in A549 cells
after exposure to 80 μMEGCG. The x-axis represents log2 (fold change), while
the y-axis represents p-value in -log10 scale. The significantly up-regulated
metabolites were indicated in red squares and down-regulated in green
triangles. (p < 0.05 and fold change >1.5 or <0.75).
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study, corresponding to 92 and 60% survival rate respectively
(Chu et al., 2018; Daskalaki et al., 2018; Zhang et al., 2020). It has
been proved that treatment with green tea-based food
supplements has acceptable safety, but high doses of EGCG
can induce certain toxic side effects (Peter et al., 2017). Intake
up to 300 mg EGCG/person/day is a tolerable upper intake level
proposed for food supplements (Dekant et al., 2017). In a
previous study, the maximum plasma concentration of EGCG
was 695.8 ng/ml after receiving oral EGCG in 10 day’s repeated
doses of 400 mg (Ullmann et al., 2004).

Studies have demonstrated various biological and
pharmacological activities of EGCG, such as antioxidant, anti-
inflammatory, antiangiogenic, antiproliferative, proapoptotic,
and antimetastatic properties (Gu et al., 2013; Lee et al., 2013;
Zhang et al., 2013; Chen et al., 2016; Liu et al., 2016; Fujiki et al.,
2017; Almatroodi et al., 2020). In vitro, EGCG has been shown to
inhibit growth by increasing the percentage of cells at the G0/G1
phase of the cell cycle (Fujiki et al., 2017) and inhibit epithelial-
mesenchymal transition and migration via downregulation of
HIF-1α, VEGF, pAkt/ERK, COX-2 and vimentin in A549 lung
cancer cell (Shi et al., 2015). Also, research has shown that EGCG
stimulates apoptosis in the H1299 lung cancer cell line by
inhibiting the activation of PI3K/Akt serine/threonine kinase 1
signaling pathway (Gu et al., 2018). One study demonstrated that
the inhibition of A549 cell proliferation by EGCG might be
achieved via suppressing the expression of the cell death-
inhibiting gene, Bcl-xL (Sonoda et al., 2014). Another study
showed EGCG also upregulated the expression of the
apoptosis-promoting factor Bax by regulating Ku70 acetylation
that blocks the interaction between Ku70 and Bax (Li et al., 2016).
The amino acids alanine and glutamate were found to be
significantly up-regulated in apoptotic HepG2 and HEK293
cells irrespective of the apoptosis inducer (Halama et al.,
2013). Disturbed alanine, aspartate and glutamate metabolism
in A549 cells under 80 μM EGCG exposure in this study may be
related to the proapoptotic effect of EGCG. Long non-coding
RNAs (lncRNAs) have emerged as new players in the cancer
paradigm. Real-time quantitative reverse transcription-
polymerase chain reaction proved a downregulation of

HMMR-AS1, AL392089.1, PSMC3IP, and LINC02643 lncRNAs
and upregulation of RP1-74M1.3, AC087273.2, SNAI3-AS1,
LINC02532, and AC007319.1 lncRNAs in A549 cell lines
treated with EGCG (Hu et al., 2019). Various lncRNAs,
mRNAs, or proteins regulated by EGCG identified in these
studies could affect the metabolic results of A549 cells.
Synergistic inhibition of lung cancer cells by EGCG with other
drugs has also been reported, such as leptomycin B (Cromie and
Gao, 2015), NF-κB inhibitor BAY11-7082 (Zhang et al., 2019),
gefitinib (Meng et al., 2019), and cisplatin (Jiang et al., 2016).
However, the precise underlying mechanisms of the antitumor
activity of EGCG in lung cancer are still largely unclear.

In this study, we used a metabolic approach to further uncover
the likely mechanisms underlying the anticancer activity of
EGCG in A549 cells. This approach led us to identify 32
differential metabolites (15 upregulated/17 downregulated) in
the 80 μM EGCG treated group compared to the control
(Table 2). Among the identified metabolites, 11 compounds
were significantly changed (fold change >1.5 or <0.75)
(Supplementary Table S2). Glycine, serine and threonine
metabolism and alanine, aspartate and glutamate metabolism
were the two most significantly disturbed pathways under 80 μM
EGCG exposure. Histidine metabolism and arginine and proline
metabolism were the two most significantly disturbed by
exposure to 40 μM EGCG. A schematic diagram of the
modulated metabolites and potential disturbed metabolic
pathways is shown in Figure 7. A more specific analysis of
metabolites is as follows.

Energy Metabolism
In this study, the metabolomics data suggested that EGCG altered
the cellular energy metabolism of A459 cells through glycolysis
and the tricarboxylic acid (TCA) cycle. Consumption of glucose
by tumors increased markedly compared to the nonproliferating
normal tissues to meet the biosynthetic demands associated with
proliferation (Warburg et al., 1927). Usually, cancer cells
predominantly use glycolysis rather than the TCA cycle for
energy production, a phenomenon known as the Warburg
effect (Panieri and Santoro, 2016). In previous studies, EGCG

TABLE 1 | Significantly altered metabolites among the control and the EGCG-treated groups by ANOVA test analysis with Tukey’s post hoc analysis.

p. value Tukey’s HSD

4-Imidazoleacetic acid 4.970E-07 40 μM-0 μM; 80 μM-0 μM
Glutathione reduced 3.730E-06 40 μM-0 μM; 80 μM-0 μM
Agmatine 1.160E-05 40 μM-0 μM; 80 μM-0 μM
Cytosine 2.710E-05 40 μM-0 μM; 80 μM-0 μM
Aspartate 1.126E-04 40 μM-0 μM; 80 μM-0 μM
2-Deoxycytidine 1.900E-04 40 μM-0 μM; 80 μM-0 μM
2/3-Aminoisobutyric acid/Dimethylglycine 3.167E-04 40 μM-0 μM; 80 μM-0 μM
Proline 3.484E-04 40 μM-0 μM; 80 μM-0 μM
6-Methyl-DL-Tryptophan 4.916E-04 80-0 μM
Serine 0.001 80-0 μM
R5P 0.001 80-0 μM
2-Methylglutaric acid 0.001 40 μM-0 μM; 80 μM-0 μM
Asparagine 0.001 80-0 μM
Acetohydroxamic acid 0.002 80-0 μM

R5P, Ribose-5-phosphate.
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significantly reduced lactate production, anaerobic glycolysis,
glucose consumption and glycolytic rate in pancreatic
adenocarcinoma MIA PaCa-2 cells (Lu et al., 2015). A
decrease in glycolysis intermediate glyceraldehyde 3-phosphate

was observed in 80 μM EGCG induced cells compared with
control cells in this study. However, there were no significant
differences in glycolysis intermediates such as glucose-6-
phosphate/fructose-6-phosphate (G6P/F6P) and lactate

FIGURE 4 | Significantly altered metabolites among the control and the EGCG-treated groups. The bar plots on the left show the original peak intensity values
(mean ± SD). The box and whisker plots on the right summarize the normalized values.
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between the control group and EGCG induced group, neither
40 μMnor 80 μM. Interestingly, phosphoenolpyruvate (PEP) was
found to increase in the 40 μMgroup compared to the control. An

increase in Glucose-6-phosphate isomerase (GPI), ATP-
dependent 6-phosphofructokinase platelet type (PFK-P) and
fructose-bisphosphate aldolase A (ALDA) were detected by

FIGURE 5 | Hierarchical clustering heat map of the top 25 differential metabolites selected based on t-tests/ANOVA, with the degree of change marked with red
(up-regulation) and blue (down-regulation). The distance measure was set to “Euclidean” and the clustering algorithm was set to “Ward”. (A): control group, 40 μM
EGCG-treated group and 80 μM EGCG-treated group; (B): control group and 40 μM EGCG-treated group; (C): control group and 80 μM EGCG-treated group.
Abbreviations: R5P, Ribose-5-phosphate; 4-ImAA, 4-Imidazoleacetic acid; NAD, nicotinamide adenine dinucleotide; PEP, phosphoenolpyruvate; 2-MGA, 2-
Methylglutaric Acid; GA3P, glyceraldehyde 3-phosphate; GSH, glutathione; DMG, Dimethylglycine; Aib, 2/3-Aminoisobutyric acid; alpha-KG, alpha-Ketoglutaric acid;
AHA, Acetohydroxamic acid.
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Wu et al. (2017) in Dox-induced senescent cells compared with
control cells, suggesting an up-regulation of the glycolytic
pathway during senescence. So, we couldn’t refuse the
assumption that the inhibitory effect on glycolysis may be
counteracted by induced cell senescence in our research.

Ribose-5-phosphate, which can be generated by the pentose
phosphate pathway (PPP), a constituent of nucleotides, was
found to increase in the 80 μM group compared to the
control. Wu et al. (2017) also found the activation of PPP in
senescent cells. We could infer that A549 cells would produce
more nucleotide precursors to fulfill the increased need for
nucleosides for DNA damage repair by activating PPP when
challenged with EGCG treatment.

Our data revealed an elevated level of Uridine diphosphate-N-
acetylglucosamine (UDP-Glc-NAc) in the 80 μM EGCG induced
group compared to the control one. UDP-Glc-NAc is the end
product of a well-established pathway for nutrient sensing-the
hexosamine biosynthetic pathway (HBP) and also the donor
substrate for modification of nucleocytoplasmic proteins at
serine and threonine residues with N-acetylglucosamine
(O-GlcNAc) (Wells et al., 2003). Elevated HBP has been
reported in cancers and much evidence suggests the HBP
helps fuel cancer cell metabolism, growth, survival, and spread

(Ferrer et al., 2016; Akella et al., 2019). Interestingly, not only in
the cancer cells but also in senescent cells, up-regulation of HBP
has been suggested (Wu et al., 2017). The reason for the up-
regulation of the UDP-Glc-NAc induced by EGCG in A549 cells
needs to be further explored.

The tricarboxylic acid (TCA) cycle is the main pathway of
glucose degradation and the primary energy supplier for universal
organisms. The 80 μM EGCG induced group showed a down-
regulated TCA cycle activity in the A549 cell line, manifested as a
decrease in two main TCA cycle intermediates: α-ketoglutarate
and isocitrate. However, we didn’t find similar down-regulated
TCA cycle intermediates in 40 μM EGCG induced group. This
suggested that downregulated TCA cycle in A549 cells induced by
EGCGmay be dose-dependent and relates to the downregulation
of cell viability.

Amino Acid Metabolism
TCA cycle provides metabolic precursors for the biosynthesis of
non-essential amino acids, including aspartate and asparagine. In
our study, the level of aspartate and asparagine was increased in
80 μM EGCG induced group, which indicated that there were
other ways to supplement the synthesis of aspartic acid.

The significantly increased expression of 4-Imidazoleacetic
acid (histidine’s metabolite) was observed in EGCG-treated A549
cells, which implied the disturbance of histidine metabolism. The
presented evidence indicates that histamine is an important

TABLE 2 | The disturbed metabolites with p < 0.05 in 80 μM EGCG-treated A549
cells compared to controls.

Metabolite p. value Fold change

Agmatine 8.640E-06 0.48
4-Imidazoleacetic acid 2.220E-05 18.13
Glutathione reduced 6.860E-05 0.39
Cytosine 1.360E-04 0.50
2/3-Aminoisobutyric acid/Dimethylglycine 2.450E-04 0.73
Aspartate 3.240E-04 1.26
Serine 0.001 1.33
Proline 0.001 1.47
R5P 0.001 1.46
Acetohydroxamic acid 0.001 0.43
2-Deoxycytidine 0.001 0.48
6-Methyl-DL-Tryptophan 0.002 0.73
Asparagine 0.003 1.69
2-Methylglutaric acid 0.004 0.74
alpha-KG 0.014 0.81
Creatine 0.016 0.85
Cytidine 0.019 1.84
Lauric acid 0.020 1.30
Glycine 0.022 1.10
GA3P 0.023 0.69
Acetylcholine 0.023 0.57
Choline 0.026 0.71
Sorbitol 0.026 1.18
IsoCitrate 0.028 0.77
Imidazole 0.030 1.64
Sarcosine 0.030 0.90
Biotin 0.032 0.71
UDP-GlcNAc 0.035 1.22
ADP ribose 0.036 1.34
Adipic acid 0.037 1.44
Pantothenic acid 0.038 0.88
Amino valerate 0.050 1.80

R5P, Ribose-5-phosphate; alpha-KG, alpha-Ketoglutaric acid; GA3P, glyceraldehyde 3-
phosphate; UDP-GlcNAc, Uridine diphosphate-N-acetylglucosamine.

FIGURE 6 | Pathway analysis overview depicting altered metabolic
pathways in A549 cells from control and 80 μM EGCG-treated groups. The
metabolic pathways are displayed as distinctly colored circles depending on
their enrichment analysis scores (vertical axis, shade of red) and topology
(pathway impact, horizontal axis, circle diameter) via MetaboAnalyst 5.0. (A):
Glycine, serine and threonine metabolism, (B): Alanine, aspartate and
glutamate metabolism, (C): Aminoacyl-tRNA biosynthesis, (D): Glyoxylate
and dicarboxylate metabolism E: Arginine and proline metabolism.
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mediator in cancer development and progression (Rivera et al.,
2000), and the effects of histamine’s receptor antagonists on
cancer cell proliferation have been explored (Blaya et al.,
2010). 4-Imidazoleacetic acid is the most apparent upregulated
metabolite among the statistically different metabolites in our
study, by 18.13-fold and 5.36-fold in 80 and 40 μM EGCG
induced group respectively compared to the control group. 4-
Imidazoleacetic acid can be generated from oxidative
deamination of histamine and then transform to aspartate. So,
the increased level of aspartate and asparagine is not strange in
the 80 μM EGCG induced group. Asparagine has also been
reported to potentiate CD8+ T-cell activation and antitumor
responses (Wu et al., 2021). As tumors frequently outgrow
their supply, cancer cells reside in oxygen-poor environments.
Low oxygen activates a transcriptional program that induces
glucose uptake and glycolysis while suppressing the electron
transport chain (ETC) activity (Ackerman and Simon, 2014).
Studies show that aspartate synthesis plays an essential role in the
electron transport chain in cell proliferation (Birsoy et al., 2015;
Sullivan et al., 2015). Therefore, aspartate may be a limiting
metabolite for tumor growth, and aspartate availability may be
targeted for cancer therapy (Garcia-Bermudez et al., 2018).

The metabolites of arginine are involved in multiple pathways.
Creatine participates in ATP production, whereas ornithine can
be converted to putrescine and spermidine for cell proliferation
(Wei et al., 2001; Abraham et al., 2013). Ornithine can also be
converted to proline and hydroxyproline for collagen formation
and new extracellular matrix deposition (Tan et al., 1983). A
meta-analysis of metabolic enzyme expression across diverse
tumor types identified pyrroline-5-carboxylate reductase
(PYCR1), the principal enzyme in proline biosynthesis, as one

of the most commonly overexpressed genes in tumors (Nilsson
et al., 2014). Compared with the normal, increased levels of
spermidine (in 40 μM EGCG induced group) and proline
(both in 40 and 80 μM EGCG induced group) were found in
our research. However, the level of CTP itself was not changed. In
addition, we found decreased levels of creatine in the 80 μM
EGCG induced group, another metabolite of arginine which
participates in ATP production (Abraham et al., 2013).
Agmatine, which can be converted from arginine by the action
of arginine decarboxylase on the cell mitochondrial membrane,
was also found to decrease in the EGCG group. Agmatine can
induce a decrease in cell proliferation due to decreased
intracellular levels of polyamines putrescine, spermidine, and
spermine (Higashi et al., 2004). Studies have indicated that
agmatine administration to tumor cells in vitro results in a
suppression of cell proliferation (Molderings et al., 2004;
Mayeur et al., 2005). In our research, the antitumor effect of
EGCG may counteract the endogenous production of agmatine.

Serine is crucial for multiple metabolic pathways required for cell
growth and proliferation, including phospholipid, purine and
glutathione biosynthesis, as well as being a methyl source for
single carbon metabolism. Serine has been reported to be the
third most consumed metabolite by cancer cells after glucose and
glutamine (Jain et al., 2012; Dolfi et al., 2013). When a significant
amount of serine is converted into glycine, serine releases a one-
carbon unit to the one-carbon pool. Glycine could also contribute to
the one-carbon pool through the glycine cleavage system. One-
carbon pathway metabolites contribute to a number of cellular
biosynthetic and regulatory processes. Serine was found to be
elevated in our research and glycine slightly, which may indicate
the decrease consumption of them for one-carbon unit generation.

FIGURE 7 | Schematic diagram of the modulated metabolites and potential disturbed metabolic pathways. Up-regulated metabolites detected are shown in the
orange background; down-regulated metabolites detected are shown in the blue background; blank background means no statistically significant change or
undetected. Abbreviations: PEP, phosphoenolpyruvate; GA3P, glyceraldehyde 3-phosphate; G6P, glucose-6-phosphate; α-KG, alpha-Ketoglutaric acid; R5P,
Ribose-5-phosphate; CTP, cytidine triphosphate; PC, phosphatidylcholine; PE, phosphatidylethanolamine; HBP, hexosamine biosynthetic pathway; PPP,
pentose phosphate pathway; TCA, tricarboxylic acid.
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Nucleotide Metabolism
The change of carbon flow in the metabolic stream will cause the
abnormality of nucleotide metabolism. The increase of serine level can
promote serine-mediated pyruvate kinase 2 (PKM2) activity by
inducing allosteric changes of the enzyme (Mazurek, 2011;
Chaneton et al., 2012). PKM2 reduces the carbon flux into the
serine biosynthesis pathway and the nucleotide biosynthesis
pathway, ultimately affecting nucleotide metabolism (Mazurek,
2011; Chaneton et al., 2012). In our study, the decrease of cytosine
and 2-deoxycytidine in the 80 μMEGCG-treated groupmay be related
to the up-regulation of serine. This trend is not applicable to cytidine,
but it’s not strange when the trend of choline is down-regulated. It has
been reported that the reduction of choline and glutathionemetabolites
is associated with apoptosis (Rainaldi et al., 2008; Halama et al., 2013).
Cytidine is a precursor of cytidine triphosphate (CTP) needed in the
phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
biosynthetic pathways. The down-regulation of choline may lead to
a reduction in cytidine consumption.

From Supplementary Table S3, we can find that adenine was
downregulated by 0.38-fold which was the most obvious reduction
among all the statistically different metabolites in the 40 μM group
compare to the control. Clear signaling roles for extracellular adenosine
have been established in immunomodulation, vascular remodeling, and
promotion of cell growth and proliferation (Chen et al., 2018; Di Virgilio
et al., 2018;Morandi et al., 2018; Antonioli et al., 2019). In recent years, it
has also been found that adenosine can be used as a signal molecule to
affect the biological behavior of tumor cells through different signaling
pathways, such as triggering cell cycle arrest, inducing tumor cell
apoptosis and affecting cell proliferation (Yang et al., 2007).

Glutathione Metabolism
In our study, glutathione expression was downregulated in 80 μM
EGCG-treated group by 0.39-fold compared with that in the control
group. In a metabolomics study of EGCG acting on colorectal cancer
cells (HT-29), glutathione expression was also downregulated in EGCG-
treated cells (Zhang et al., 2020). Generation of reactive oxygen species
(ROS) at high levels can damage nucleotides, proteins and lipids, so
impair cell viability. In cancer cells, glutathione oxidation-reduction
coupled to NADPH reduction-oxidation is a major pathway for ROS
detoxification (Lv et al., 2019). NADPH for ROS turnover through this
pathway can be generated from glucose via the pentose phosphate
pathway or serine via one-carbon metabolism. As analyzed above, the
former one was up-regulated. Taken together, disturbance of glutathione
metabolism is a potential pathway involved in the antitumormechanism
of EGCG.

Vitamin Metabolism
Biotin (vitamin H) is an essential micronutrient vital for normal
cellular function (Livaniou et al., 2000). To thrive and multiply
rapidly, cancer cells need extra biotin compared with normal
cells. Biotin overexpression is observed in wide types of cancer
cells, including renal (RENCA, RD0995), leukemia (L1210FR),
lung (A549, M109), ovarian (OV 2008; ID8), mastocytoma
(P815), and breast (4T1, JC, MMT06056) cancer (Russell-
Jones et al., 2004; Chen et al., 2010; Shi et al., 2014). The
decreased biotin implied a slowdown in the proliferation of
80 μM EGCG-treated A549 cells compared to the control group.

Finally, there are several limitations in the present study.
Firstly, although some previous in vitro studies employed the
A549 cell line to explore the mechanism of the antitumor effects
of EGCG, the A549 cell line cannot represent the true lung cancer
cell environment in vivo. The concentrations of EGCG from 10 to
100 µM used in most of the studies in cell culture systems, as well
as in this paper, are much higher than the concentrations
monitored in human plasma (usually lower than 1 µM) after
tea ingestion. Thus, it is necessary to verify the high concentration
findings in cell lines utilizing lower concentrations in the human
body. Secondly, in metabolomics studies, the differences in
viability between the control and treated cells would affect the
accuracy of the results. The dose of IC50 has been used in the
metabolomics research of toxicology in recent years (Yu et al.,
2019; He et al., 2020; Hou et al., 2020). To capture more responses
on cell metabolism related to the anticancer effect of EGCG and
explore the changes in metabolic processes with increasing EGCG
concentration, the dosages of 40 and 80 μMwere both used in our
metabolomics experiment. Thirdly, even though we used a
pathway-specific LC-MS/MS method that can cover more than
300 metabolites from over 35 metabolic pathways, there were still
many important metabolites left out. This has an impact on the
analysis of metabolic pathways. In addition, quantitative
proteomics is needed to detect whether there was an increase
or decrease in enzymes involved better to explain the
upregulation or downregulation of the metabolic pathway.
Further experiments are needed to investigate the specific
relationship between genetic changes and metabolite changes.

CONCLUSION

In this study, the metabolite changes in A549 cells induced by
EGCG were investigated utilizing LC-MS-based metabolomics.
Our data demonstrated that altered metabolites were involved in
the metabolism of glucose, amino acid, nucleotide, glutathione,
vitamin and especially associated with serine and threonine
metabolism, alanine, aspartate and glutamate metabolism, and
histidine metabolism. These findings contribute to understanding
the intramolecular metabolic processes of A549 cells caused by
EGCG and may provide potential clues for the underlying
mechanisms of the anti-cancer property of EGCG. Further
researches are required for the therapeutic application of
EGCG in cancer management.
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Musk Tongxin Dripping Pills for
treating Ticagrelor in Patients After
Percutaneous Coronary Intervention:
Echocardiography Combined with
Untargeted Metabolomics
Lyu Nan1, Lai Peng1, Zhao Jinxia1, Guo Mengzhe2, Liang Jun1*, Wang Haibo1* and
Geng Houfa1*

1Clinical College, Xuzhou Medical University, Xuzhou Central Hospital, Xuzhou, China, 2Jiangsu Key Laboratory of New Drug
Research and Clinical Pharmacy, Xuzhou Medical University, Xuzhou, China

Objectives: As current clinical practice guidelines, ticagrelor is the suggested therapeutic
scheme to prevent adverse cardiovascular events in acute myocardial infarction (AMI)
patients undergoing percutaneous coronary intervention (PCI) treatment. However, this
therapeutic strategy still fails, and around 30% patients display inadequate antiplatelet
responses. Musk Tongxin Dripping Pill (MTDP) in Chinese hospital was usually considered
as the combination with ticagrelor to improve the treatment effect. Unfortunately, the
mechanism has not been elucidated.

Methods: The untargeted metabolomic method was introduced based on liquid
chromatography–high-resolution mass spectrometry (HPLC-HRMS) coupled with STI
for the research of the drug combination mechanism between ticagrelor and MTDP.
28 patients with a confirmed diagnosis of AMI were selectively collected, who were then
divided into two different dosage regimen groups, and the serum samples were collected
for the untargeted metabolomics assay. Then the differential metabolites were associated
with blood biochemical indicators.

Results: The GLS values in both groups increased after treatment and those in the
ticagrelor and MTDP combination group after treatment were higher than those in the
ticagrelor group (p < 0.05), suggesting that the combination medication has better
therapeutic effect on patients with myocardial infarction. From metabolomics analysis,
the species of metabolites changed in two groups before and after treatment. Moreover,
93 differential metabolites changed in the drug combination group compared with the
ticagrelor group after treatment (p < 0.05), which mainly related to changes in fatty acid
metabolism pathways. Then the differential metabolites were found to be related with
blood biochemical indicators, such as lipid, high-density lipoprotein (HDL), and low-density
lipoprotein (LDL).

Conclusion: This work will provide a possible mechanism of the drug combination
interaction between ticagrelor and MTDP from two angles of echocardiography and
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metabonomics. Several potential metabolic pathways were also found to have a
relationship with MTDP, which will provide a new perspective in clinical medication.

Keywords: Musk Tongxin Dripping Pill, ticagrelor, echocardiography, untargeted metabolomics, LC-MS

INTRODUCTION

Acute myocardial infarction (AMI) is myocardial necrosis caused
by acute and persistent ischemia and hypoxia of the coronary
artery (Liam et al., 2021). As the primary cardiovascular disease,
AMI seriously affects health and life safety of human beings,
which causes over 30% mortality of coronary heart disease
patients (Blais et al., 2020; Thomas et al., 2020). Percutaneous
coronary intervention (PCI) is the guideline-recommended
treatment for patients undergoing ST-segment elevation AMI
(Matthews and Frishman, 2017). As the development of this
technique, the PCI is now considered safe with the decrease of
periprocedural complications, including the rates of associated
stent thrombosis, Q-wave myocardial infarction, stroke, and
death (Stephen et al., 2014). However, frequent periprocedural
myonecrosis can still be found through highly sensitive cardiac
troponin assay (Reed et al., 2017). Although these periprocedural
complications were often asymptomatic, they can delay hospital
discharge and have been associated with an increased risk of
future major cardiac adverse events, containing death (Warren-
Gash et al., 2009). Therefore, the patients also need antiplatelet
therapy after surgery, which related to the prognosis of the
patients.

At present, clopidogrel and ticagrelor are the two most
commonly used antiplatelet agents in clinic (Johanne et al.,
2020; Georg et al., 2021). Dishearteningly, despite the greater
preponderance of ticagrelor, this treatment is still not ideal, with
around 30% of patients showing an inadequate antiplatelet
response (Lee et al., 2020). Therefore, in modern clinical
practice of China, several drugs were considered as the
combination with ticagrelor for the therapy. In particular,
traditional Chinese medicine (TCM) usually used to be a
significant adjuvant therapy jointly with ticagrelor. Musk
Tongxin Dropping Pill (MTDP) is one of the most commonly
used compound Chinese patent medicines in combination with
ticagrelor (Liu et al., 2021; Zhao et al., 2021). The ingredients of
MTDP mainly contain Salvia miltiorrhiza Bunge (Lamiaceae;
Salviae miltiorrhizae radix et rhizoma), Artificialmoschus, Panax
ginseng C.A.Mey (Araliaceae; Panax quinquefolius Linnaeus var.
ginseng), Venenum bufonis, artificial Bovis calculus, and
Borneolum (Dipterocarpaceae; Dryobalanops aromatica
Gaertn.f.), which have the curative effect in the elimination of
blood stasis, the promotion of blood circulation, and the dredging
of collaterals. Additionally, MTDP has also been reported to
increase coronary blood flow, and improve myocardial hypoxia
and ischemia tolerance, which can help to reduce the scope of
myocardial injury. So far, the combination of ticagrelor and
MTDP was extensively used in the department of cardiology,
Xuzhou central hospital, which achieved good therapeutic effects.
Some other literatures also reported the positive clinical effects of
this combination therapy in improving efficacy and reducing

adverse reactions. However, there are few studies on the
pharmacodynamic mechanism and drug–drug interaction
mechanism. One of the main reasons is the lack of appropriate
research methods. Therefore, new strategy must be progressed to
study the synergistic effect between ticagrelor and MTDP.

Metabolomics is an emerging method, which is considered to
be a comprehensive and synchronous analytical method for the
identification and quantification of small-molecule metabolites,
and their amount changes under different circumstances (Chen
et al., 2010; Basak et al., 2015a). In this way, the characteristics of
biological systems can be objectively measured and evaluated, and
can be used as indicators to be effective in the reciprocity between
biological systems and intervention. Therefore, it will provide
possibilities for the integral analysis of drug combination to
explore the pharmacodynamic mechanisms. In addition, the
un-targeted metabolomic strategy provides fast and high-flux
assay of abundant possible metabolites in a given sample without
the knowledge of metabolites in advance, which is appropriate for
the study of drug combination mechanisms (Hua et al., 2011;
Duranton et al., 2014). For un-targeted metabonomic
applications, a variety of detecting platforms can be used, such
as high-performance liquid chromatography–mass spectrometry
(HPLC-MS), gas chromatography–mass spectrometry (GC-MS),
and nuclear magnetic resonance (NMR). Among all these
platforms, mass spectrometry has high sensitivity, high
accuracy, high flux, minimal sample preprocessing
requirements, and high data quantitation and reproducibility.
In particular, the high-resolution mass spectrometry (HRMS)
techniques provide accurate molecular weights, which can be
used for the investigation of molecular formulas and structures
(Yang et al., 2014; Ju et al., 2015). In addition, an association of
separation strategy, containing SPE, GC, or HPLC, can reduce the
complexity of the mass spectrometer, helping the suggestion of
additional information on the metabolites’ chemical properties.

Accurately assessing the cardiac function changes can help to
evaluate the therapeutic effect of patients, as well as investigating the
mechanism of drug combination. The speckle-tracking imaging
(STI) technique, based on echocardiography, can delineate the
region of interest (ROI) on the two-dimensional image of the
cardiac wall. It will track the movement of the echo spots frame
by frame automatically as the cardiac cycle in this ROI, which can
calculate the strain of myocardial tissue by measuring the
displacement and evaluate the systolic and diastolic functions of
the myocardium. The strain of myocardial tissue, representing the
various stages of myocardial deformation, contains longitudinal
deformation, radial deformation, circumferential deformation, and
rotational deformation. In particular, longitudinal deformation
myocardium accounts for 70% of the total myocardium, which is
more susceptible to ischemic damage when coronary artery stenosis
is experienced. Therefore, longitudinal deformationwould reflect the
myocardial systolic function more sensitively.
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Herein, the mechanism of ticagrelor and MTDP combination
was studied by un-targeted metabonomics based on HPLC-
HRMS combined with STI. Serum analysis was performed
before and after treatment in two groups, including the
ticagrelor group and the ticagrelor and MTDP combination
group. The STI technique was used to evaluate the myocardial
function. The metabolite content changes were accurately
detected to elucidate the combination mechanism between
ticagrelor and MTDP. This study will make a basis for the
clinical drug combination between TCM and western medicines.

MATERIALS AND METHODS

Pharmaceutical Composition Analysis
The composition of MTDP has been analyzed by using liquid
chromatography–high-resolution mass spectrometry. First, the
paraffin shell of the pill was stripped. Then the drug components

were extracted by two solvents, methanol and dichloromethane.
Next, the extractive was dried at low temperature and redissolved
by methanol. Then the solution was analyzed by liquid
chromatography–high-resolution mass spectrometry.

LC-MS conditions: LC separation was carried out by Waters
e2695 Ultra-HPLC (Waters, United States) with a Fortis type of
C18 column (4.6 × 150 mm, 3.5 μm). The temperature of the
column was setup at 40°C. Solvent A of the mobile phase was
water/acetic acid (99.9/0.1, v/v), and solvent B was methanol. The
gradient was 0 min, 5% (B) to 20 min, and 95% (B). The flow rate
was 0.3 ml min−1, and the injection volume was 5 μl. Positive and
negative modes of mass spectrometric assay were performed on
Thermo Velos mass spectrometer (Thermo, CA, United States).
A full scan mode was used for detection.

Study Subjects
Patients with cancer, bleeding, gastrointestinal hemorrhage,
severe heart exhaustion, significantly abnormal clinical test

FIGURE 1 | Five main components of MTDP by liquid chromatography–high-resolution mass spectrometry analysis.
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indicators, and high sensitivity to ticagrelor or MTDP were
excluded. 28 patients with a confirmed AMI were enrolled,
ranging in age from 45 to 80 years. The clinical indicators of
patients included the elevation of the ST segment and serum
troponin levels. The patients with atrial fibrillation after the PCI
were also excluded.

All subjects were informed with the benefits and risks of
participating in the study by experienced physicians and
voluntarily submitted in-person signed informed consents
prior to participating in the clinical trial. The design and
implementation of the study protocol were approved and
supervised by the Ethics Review Committee of Xuzhou Central
Hospital in accordance with the Declaration of Helsinki.

Study Design
28 patients were randomly divided into two groups: 1) ticagrelor
group (n � 14), and 2) ticagrelor and MTDP combination group
(n � 14). All of them were given the PCI as the initial treatment.
The dose of ticagrelor was 90 mg bid and that of MTDP was
70 mg tid. Aspirin and atorvastatin were used as basic treatment,
and the dosages were 100 mg qd and 40 mg qd, respectively.
Serum samples were collected according to the group before and
30 days after medication. All serum samples were frozen
at -80°C.

STI Detection
In this work, global longitudinal strain (GLS) was used to evaluate
the drug therapeutic effect after 30-day treatment. The
ultrasonograph was Philips EPIQ 7c (Philips, Germany)
coupled with S5-1 ultrasonic probe. Three views were
detected, including the apical four-chamber view, apical three-
chamber view, and apical two-chamber view in four cardiac
cycles. A boundary between inner and outer membranes of
the left ventricle was drawn by the system and divided into 17
segments. GLS values were obtained by longitudinal deformation

curves corresponding to these 17 segments, which is negative at
myocardium contraction and positive at myocardium diastole.

Sample Detection
Sample pretreatment: The serum samples were prepared before
being detected by high-performance liquid chromatography–high
resolution mass spectrometry (HPLC-Thermo HFX MS). In this
preparation, 1,200 µl of precooled methanol and acetonitrile (50/50,
v/v) was added into 200 µl of the serum sample for the albumen
precipitation. Then the mixture was centrifuged after standing at
−20 C for 10 min, and the centrifugal condition was 12,000 g for
10 min. Finally, volatile drying was performed to the supernate by
rotary evaporation. Then dry powder was redissolved by 50 µl of
acetonitrile.

LC-MS conditions: LC separation was carried out on Waters
e2695 Ultra-HPLC (Waters, the United States) with a Fortis type
of C18 column (2.1 × 100 mm, 1.7 μm). The temperature of
column was setup at 40 C. Solvent A of the mobile phase was
water/acetic acid (99.9/0.1, v/v) and solvent B was methanol. The
gradient was 0 min, 95% (A); 1 min, 75% (A); 3 min, 55% (A);
6 min, 5% (A); 12 min, 5% (A). The post time was 2 min. The
flow rate was 0.3 ml min−1, and the injection volume was 5 μl.
Positive and negative modes of mass spectrometric assay were
performed on Thermo HFX mass spectrometer (Thermo, CA,
United States). A full scan mode were used for detection.
Solutions were indoctrinated into the ESI source at
0.3 ml min−1 with the following parameters: 4000 V of
capillary, 12 L min−1 of drying gas, and 350°C of drying gas
temperature. Nitrogen was used as atomizing and drying gas.
In order to obtain the highest detection sensitivity, all MS
conditions were optimized.

Quality control (QC) samples were made by mixing all
patients’ serum. The QC samples were detected for 6 times to
check system stability prior to sample analysis, and every 10
samples were injected during sample analysis.

TABLE 1 | Basic patient enrollment information.

Group Drug combination group Ticagrelor group p value

Gender (M/F) 4/10 4/10 0.0000
Age (years) 58.88 ± 2.401, n � 8 65.7 ± 2.765, n � 10 0.0891
Present smoker, n (%) 2 (14) 2 (14) 0.0000
Hypertension, n (%) 7 (58) 10 (71) 0.6828
β-Blocker, n (%) 1 (7) 0 (0) 0.0000
Calcium channel blocker, n (%) 0 (0) 5 (36) 0.0407
ACE inhibitors, n (%) 7 (50) 3 (21) 0.2365
Statins, n (%) 4 (29) 5 (36) 0.0000
ALT (U/L) 21.29 ± 2.57 18.83 ± 1.74 0.4527
AST (U/L) 19.43 ± 6.39 19.57 ± 5.39 0.9514
GLU (mmol/L) 5.44 ± 0.11 5.70 ± 0.31 0.0398
GGT (U/L) 28.71 ± 6.46 24.83 ± 5.38 0.0655
TG (mmol/L) 1.50 ± 0.19 1.99 ± 0.18 0.0736
HDL-C (mmol/L) 1.12 ± 0.03 1.15 ± 0.08 0.0005
LDL-C (mmol/L) 2.31 ± 0.14 2.84 ± 0.51 0.3071
CREA (mmol/L) 51.83 ± 2.57 52.28 ± 3.31 0.0001
CK-MB (U/L) 9.71 ± 0.38 9.67 ± 0.67 0.0001
APOA (g/L) 1.24 ± 0.03 1.16 ± 0.03 0.0639
APOB (g/L) 0.75 ± 0.04 0.85 ± 0.10 0.3634
LDH (U/L) 175.70 ± 6.33 178.00 ± 5.60 0.0792
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Safety
Adverse events were identified through relevant physical
examinations and health-related questions asked throughout
the study. Physical examination and clinical laboratory
examination (hematology, blood biochemistry, urinalysis, and
blood aggregation tests) are performed on the day before
experimental drug therapy and within 48 h of the last dose.

Data and Statistical Analysis
ThermoData Analysis software was used for the deconvolution of
the LC-MS spectrum, including baseline correction, processing
noise, and peak alignment. Then the compound detection (CD)
was used for a matrix formed by retention time, m/z, and strength
was then normalized by compound detection (CD). Then the
matrix was analyzed by partial least squares discriminant analysis
(PLS-DA), principal component analysis (PCA), and orthogonal
PLS-DA (OPLS-DA) to obtain the differential metabolites among
each group. SPSS16.0 software was used to further compare the
differential metabolites data by one-way ANOVA, and an

independent sample t test was conducted (p < 0.05). In
addition, mass spectrometry data for different metabolites
were traced to metabolite pathways through the Genomes
(KEGG) and Kyoto Encyclopedia of Genes.

RESULTS

From the high-resolution mass spectrometry analysis, five main
compounds have been identified according to tandem mass
spectrum, including cholic acid (parent ion m/z 407.28, sub-
ion m/z 389.27, 343.26), cholesterol (parent ion m/z 387.36, sub-
ion m/z 369.35, 255.21), glycocholic acid (parent ion m/z 464.30,
sub-ionm/z 446.29, 420.31, 402.30), deoxycholate (parent ionm/
z 391.28, sub-ion m/z 373.21, 345.28, 327.53), and muscone
(parent ion m/z 239.42, sub-ion m/z 183.17, 165.16, 151.15,
137.13). We considered that these five compounds can act as
the main pharmacodynamics components (as shown in
Figure 1).

FIGURE 2 | Comparison of GLS values between the ticagrelor group and the MTDP ticagrelor combination group by STI based on echocardiography.
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28 patients were collected and divided into two groups: 1.
ticagrelor group and 2. MTDP and ticagrelor combination group.
The basic information of these patients can be found in Table 1.
From the results, gender, age, and smoking status have no
statistical differences between two groups. All these patients
were treated with the same basic medication after the PCI.
Moreover, the blood biochemical indicators of cardiac
function, including CK-MB and LDH, have no statistical
differences between two groups. After the drug treatment, the
GLS values of patients were evaluated by STI. As shown in
Figure 2, the GLS value in both groups increased after
treatment, indicating that the medication can improve the

prognosis of patients. In addition, the GLS values in the
drug combination group after treatment were higher than
those in the ticagrelor group, suggesting that the
combination medication has better therapeutic effect on
patients with myocardial infarction. The metabolomic
results will elaborate the specific mechanism of the drug
combination improving the therapeutic effect.

From the perspective of un-targeted metabolomics, the
analysis of human serum samples by LC-HRMS includes
two kinds of ions’ (positive and negative) full scan modes.
As shown in Figure 3, the total ion chromatograms of the six
QC samples were completely overlapped, which indicated that

FIGURE 3 | PCA (A), OPLS-DA (B), differential metabolites (C), and differential metabolic pathway (D) analysis in the ticagrelor group between before and after
treatment.
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the method had good reproducibility. Based on PCA and
OPLS-DA model analysis, LC-MS results were performed to
determine the metabolites in the ticagrelor group before and
after treatment. From PCA (Figure 3A) and OPLS-DA
(Figure 3B) results, the metabolites in the ticagrelor group
changed after treatment crucially in contrast to those before
treatment. Aggregate fitting parameters, that is, R2X and R2Y,
were 0.271 and 0.981, respectively. And the forecasting
parameter, Q2, was 0.92. Moreover, about 208 differential
metabolites from 1,454 total detected metabolites were
screened out according to the loading diagram and VIP
value greater than 1 (Figure 3C). The t-test for these
differential metabolites showed that some of them had

significant double-tailed differences (p < 0.05). In addition,
these compounds were screened by Metline database to obtain
the endogenous differential metabolites with exact molecular
structure. Finally, these differential metabolites were used to
search for corresponding differential metabolic pathways.
Alanine and aspartate metabolism, sphingo lipid metabolism,
and vitamin B6 metabolism were found as the related metabolic
pathway.

In addition, based on principal component analysis and
OPLS-DA model analysis, differences in metabolites in MTDP
and ticagrelor combination between before and after treatment
from LC-MS have been identified. From PCA (Figure 4A) and
OPLS-DA (Figure 4B) results, the metabolites in the drug

FIGURE 4 | PCA (A), OPLS-DA (B), differential metabolites (C), and differential metabolic pathway (D) analysis in the ticagrelor MTDP combination group between
before and after treatment.
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combination group changed after treatment crucially in contrast
to those before treatment. Aggregate fitting parameters, that is,
R2X and R2Y, were 0.271 and 0.985, respectively. Predictive
parameter Q2 was 0.876. In addition, according to the load
diagram and VIP value greater than 1 (Figure 4C), about 93
differential metabolites were screened out from 1,454 detected
metabolites. The t-test for these differential metabolites showed
that some of them had significant double-tailed differences (p <
0.05). In addition, these compounds were screened by Metline
database to obtain the endogenous differential metabolites with
an exact molecular structure. Finally, these differential
metabolites were used to search for corresponding differential
metabolic pathways. Aspartate and asparagine metabolism,
tyrosine metabolism, linoleate metabolism, and vitamin A
metabolism were found as related metabolic pathway.

FIGURE 5 | PCA (A), OPLS-DA (B), differential metabolites (C), and differential metabolic pathway (D) analysis between the ticagrelor group and the ticagrelor
MTDP combination group after treatment.

TABLE 2 | Changes of blood biochemical indexes after treatment in two groups.

Group Ticagrelor group Drug combination group p value

ALT (U/L) 28.86 ± 2.27 21.29 ± 2.57 0.0370
AST (U/L) 35.79 ± 16.56 14.33 ± 5.84 0.0004
GLU (mmol/L) 5.44 ± 0.11 5.86 ± 0.24 0.1755
GGT (U/L) 28.71 ± 6.46 34.86 ± 5.50 0.4756
TCH (mmol/L) 3.94 ± 0.22 3.47 ± 0.15 0.0878
TG (mmol/L) 1.50 ± 0.19 1.15 ± 0.08 0.1168
HDL-C (mmol/L) 1.12 ± 0.03 1.27 ± 0.05 0.0222
LDL-C (mmol/L) 2.31 ± 0.14 1.78 ± 0.11 0.0074
CREA (mmol/L) 51.83 ± 2.57 53.29 ± 4.07 0.7643
CK-MB (U/L) 13.29 ± 0.92 9.71 ± 0.38 0.0014
APOA (g/L) 1.24 ± 0.03 1.436 ± 0.04 0.0005
APOB (g/L) 0.75 ± 0.04 0.69 ± 0.02 0.2580
LDH (U/L) 218.60 ± 10.97 175.70 ± 6.33 0.0023
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Moreover, we also did the OPLS-DA analysis between the drug
combination group and ticagrelor group after treatment. R2Y and
Q2 were 0.993 and 0.87, respectively. In Figure 5, the two groups
were in different quadrants, with significant differences between
the combination group and the ticagrelor group. In addition,
according to the load diagram and VIP value greater than 1
(Figure 5C), about 93 differential metabolites were screened out
from 1,454 detected metabolites. These results indicate that
MTDP can significantly enhance the effect of ticagrelor on

metabolites in vivo. Finally, the metabolic pathways of
differential metabolites were analyzed by the MetaboAnalyst
web. Fatty acid metabolism was found as the most probable
related metabolic pathway.

Finally, we compared the blood biochemical indexes in two
groups after treatment. From the results (Table 2), several
prognostic indicators, such as CK-MB and LDH, in the drug
combination group were outstanding lower than those in the
ticagrelor group. We also found serum lipid parameters, such as

FIGURE 6 | Correlation analysis between differential metabolites in the ticagrelor MTDP combination group and blood biochemical indexes after treatment.
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HDL and LDL, in the drug combination group were also much
better than those in the ticagrelor group. Then we combined the
differential metabolites with these blood biochemical indexes. As
shown in Figure 6, N-phenylacetylglutamine, levothyroxine,
platelet-activating factor, N-arachidonoyl-L-serine, 10-
hydroxydecanoic acid, and sn-glycero-3-phosphocholine had
significant correlations with these blood biochemical indexes.

DISCUSSION

In this study, the mechanism of drug combination therapy was
analyzed by using STI combined with the un-targeted
metabolism. The pharmacodynamics was evaluated by STI. In
addition, the mass spectrometric data were divided satisfactorily
between the two groups by PCA and OPLS-DA analysis. In data
analysis, we found that 1,454 metabolites differed after treatment
between the combination group and the ticagrelor group. These
metabolites had dramatical changes, especially in the drug
combination group. Finally, we analyzed the metabolic
pathways involved according to different metabolites. Fatty
acid metabolism had been found as the potential pathway
which reflects the drug combination.

Aliphatic acids are the primary components of low-density
lipoprotein (Gao et al., 2017). They have relationships with
indirectly accumulate monocytes, leading to macrophage
proliferation, overexpression of endothelial adhesion factors,
and endothelial dysfunction, thereby promoting atherosclerosis
(Cui et al., 2017; Paavola et al., 2017). Therefore, lipid metabolism
is an independent factor for the evaluation of the prognosis and
identification of the mechanism. In our experiment, about six
kinds of aliphatic acid, containing FA(20:4), FA(22:5), FA-
hydroxy(18:0), palmitic acid, stearic acid, and arachidonic
acid, were detected to be lower in the drug combination
group, indicating that the MTDP may have the function of
lowering blood lipids.

The ingredients of MTDP mainly contain Salvia miltiorrhiza
Bunge, artificial moschus, Panax ginseng C.A.Mey, Venenum
bufonis, artificial Bovis calculus, and Borneolum, which can
reduce the triglyceride and cholesterol in the blood, and
inhibit the synthesis of low-density lipoprotein, but also act on
a variety of thrombin to inhibit coagulation. Therefore, MTDP
can cooperate with ticagrelor in regulating multiple metabolic
pathways for the improvement of drug efficacy.

CONCLUSION

In this study, we have used the non-targeted metabolomic
method based on HPLC-HRMS coupled with STI for the
investigation the drug combination mechanism of ticagrelor
and MTDP. From the STI analysis, the GLS values increased

in the drug combination group, indicating that drug combination
can provide better prognosis. The LC-MS results found 93
differential metabolites from 1,454 total detected metabolites
in the drug combination group when compared with the
ticagrelor group. And the MTDP can affect the lipid
metabolism, which have relationship with the blood
biochemical indexes after drug treatment. This work has
explained the mechanism of the enhancement to ticagrelor by
MTDP from the point of view of metabolic product change, and
revealed the potential metabolic pathways it affects, which
provided the new ideas for clinical medication.
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Geniposide Ameliorates Liver Fibrosis
Through Reducing Oxidative Stress
and Inflammatory Respose, Inhibiting
Apoptosis and Modulating Overall
Metabolism
Lu Yang1,2†, Liping Bi2†, Lulu Jin1, Yuming Wang1, Yuting Li1,3, Zixuan Li4, Wenju He5,
Huantian Cui6*, Jing Miao2* and Li Wang2*

1Tianjin University of Traditional Chinese Medicine, Tianjin, China, 2Tianjin Second People’s Hospital, Tianjin, China, 3First
Teaching Hospital of Tianjin University of Traditional Chinese Medicine, Tianjin, China, 4Yunnan Provincial Hospital of Traditional
Chinese Medicine, Kunming, China, 5Tianjin First Central Hospital, Tianjin, China, 6Shandong Provincial Key Laboratory of Animal
Cell and Developmental Biology, School of Life Sciences, Shandong University, Qingdao, China

Liver fibrosis is a progressive liver damage condition caused by various factors and may
progress toward liver cirrhosis, and even hepatocellular carcinoma. Many studies have
found that the disfunction in metabolism could contribute to the development of liver
fibrosis. Geniposide, derived from Gardenia jasminoides J. Ellis, has been demonstrated
with therapeutic effects on liver fibrosis. However, the exact molecular mechanisms of
such liver-protection remain largely unknown. The aim of this study was to explored the
effect of geniposide on metabolic regulations in liver fibrosis. We used carbon tetrachloride
(CCl4) to construct a mouse model of liver fibrosis and subsequently administered
geniposide treatment. Therapeutic effects of geniposide on liver fibrosis were accessed
through measuring the levels of hepatic enzymes in serum and the pathological changes in
liver. We also investigated the effects of geniposide on inflammatory response, oxidative
stress and apoptosis in liver. Furthermore, serum untargeted metabolomics were used to
explore the metabolic regulatory mechanisms behind geniposide on liver fibrosis. Our
results demonstrated that geniposide could reduce the levels of hepatic enzymes in serum
and ameliorate the pathological changes in liver fibrosis mice. Geniposide enhanced the
activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) and
decreased methane dicarboxylic aldehyde (MDA) levels in liver. Geniposide treatment
also decreased the levels of interleukin (IL)-6, IL-1β, and tumor necrosis factor-alpha (TNF-
a) in liver tissue homogenate. Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling assay (TUNEL) staining demonstrated that geniposide could reduce the
apoptosis of hepatocytes. Geniposide increased the protein expression of B-cell
lymphoma-2 (Bcl-2) and downregulated the protein expression of Bcl-2 Associated X
(Bax), cleaved-Caspase 3, and cleaved-Caspase 9. Serum untargeted metabolomics
analysis demonstrated that geniposide treatment improved the metabolic disorders
including glycerophospholipid metabolism, arginine and proline metabolism, and
arachidonic acid (AA) metabolism. In conclusion, our study demonstrated the
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protective effects of geniposide on liver fibrosis. We found that geniposide could treat liver
fibrosis by inhibiting oxidative stress, reducing inflammatory response and apoptosis in the
liver, and modulating glycerophospholipid, and arginine, proline, and AA metabolism
processes.

Keywords: liver fibrosis, geniposide, untargeted metabolomic analysis, oxidative stress, inflammation, apoptosis

INTRODUCTION

Liver fibrosis can be caused by infection (hepatitis virus,
parasites), hepatotoxic factors (drugs, industrial factors,
alcohol), and environmental factors. It is a progressive disease
characterized by the activation and regeneration of inflammatory
cells and fibroblasts and the accumulation of extracellular
matrices in the liver (Liang et al., 2021). In recent years,
changes in dietary habits have increased the incidence of liver
fibrosis. The World Health Organization (WHO) estimates that
there are approximately 100 million patients with liver fibrosis
and liver cirrhosis worldwide, resulting in more than one million
deaths annually (Qiao et al., 2020). Over the long term, liver
fibrosis can develop into liver cirrhosis and liver cancer, both of
which can seriously threaten human health. Therefore,
preventing the progression of liver fibrosis is important to
reduce the incidence of both liver fibrosis and liver cancer.

Previous researches have demonstrated that etiologic
treatment, such as long-term anti-virus therapy (entecavir and
tenofovir), can inhibit and even reverse liver fibrosis (Liaw, 2013;
Choi et al., 2021; Yang et al., 2021). However, etiologic treatment
is still limited in its ability to treat liver fibrosis, since once the
mechanism behind liver fibrosis has been activated, the disease
continues to progress (Liaw, 2013). Therefore, it is important to
develop novel anti-fibrotic drug candidates.

Metabolomics is an important tool for studying changes in
endogenous metabolites and can elucidate the pathogenesis of
diseases on a metabolic level (Cui et al., 2021). Many studies have
identified changes in host metabolism during the progression of
liver fibrosis (Zhang et al., 2018). Compared to healthy controls,
serum carbohydrate, lipid metabolism, and amino acid
metabolism all dramatically changed in liver fibrosis and liver
cirrhosis patients due to decreased levels of leucine, isoleucine,
valine, and myristic acid and increased concentrations of
phenylalanine, tyrosine, tryptophan, and palmitic acid (Yoo
et al., 2019) The serum of carbon tetrachloride (CCl4)-induced
liver fibrosis mice exhibited higher levels of amino acids such as
phenylalanine, tyrosine, glutamate, and lower levels of
niacinamide and 3-hydroxyphenylacetate compared to mice
without CCl4 treatment (Liang et al., 2016). Modulating host
metabolism is one potential method of alleviating liver fibrosis.
Amino acid metabolism, including lysine and tryptophan
degradation, was altered in liver fibrosis patients who had
their spleen removed (Yang et al., 2018). Geniposide could
prevent CCl4-induced liver fibrosis by modulating glycolysis,
fructose and mannose, glutathione, and sulfur metabolism
(Song et al., 2017). Amarogentin has been found to have
hepatoprotective effects by regulating the metabolism of amino
acids and fatty acids (Zhang et al., 2018). Aqueous extracted from

Corydalis saxicola Bunting could ameliorate the effects of liver
fibrosis in rats by regulating amino acid metabolism, lipid
metabolism, and pyruvate metabolism pathways (Liu et al., 2018).

Geniposide is an active ingredient extracted from Gardenia
jasminoides J. Ellis and has multiple pharmacological effects,
including anti-oxidative stress, anti-inflammatory properties,
and anti-apoptotic effects (Yuan et al., 2020). It has been
demonstrated that geniposide could downregulate the protein
levels of alpha-smooth muscle actin (α-SMA), type I collagen
alpha-1, Sonic hedgehog and Gli family zincfinger 1 in CCl4-
induced liver fibrosis model mice (Lin et al., 2019). In addition,
geniposide could reduce inflammatory response and increase bile
acids secretion in a 3,5-diethoxycarbonyl-1,4-dihydrocollidine-
induced sclerosing cholangitis model mice (Wen et al., 2021). In
vitro study showed that geniposide could suppress TGF-β1-
induced epithelial-mesenchymal transition in hepatocytes
through inhibiting the activation of mitogen-activated protein
kinase signaling pathway (Park et al., 2015). However, there are
few studies assessing the metabolic changes in liver fibrosis model
treated with geniposide. In this study, we constructed a liver
fibrosis mouse model using CCl4, orally administered geniposide
to these mice, and studied the effects of geniposide on oxidative
stress, inflammation and apoptosis. We studied changes in serum
metabolites following geniposide treatment using untargeted
metabolomics (Figure 1).

MATERIALS AND METHODS

Reagents
Geniposide (C17H24O10; molecular weight, 388.37 Da; virtue
≥98%) was obtained from Sichuan Weikeqi Biological
Technology Co., Ltd. We obtained aspartate aminotransferase
(AST), alanine aminotransferase (ALT), a bicinchoninic acid
(BCA) protein quantitative kit, and superoxide dismutase
(SOD), methane dicarboxylic aldehyde (MDA), and
glutathione peroxidase (GSH-Px) assay kits from Nanjing
Jiancheng Biological Engineering Institute. Mouse interleukin
(IL)-6, IL-1β, and tumor necrosis factor-alpha (TNF-α)
enzyme-linked immunosorbent assay (ELISA) kits were
purchased from Shanghai BlueGene Biotech Co., Ltd. High-sig
Enhanced chemiluminescence assay (ECL) western blotting
substrates were obtained from Tanon Science and Technology
Co., Ltd. Primary antibodies against mouse β-actin (20536-1-AP)
were obtained from Proteintech Group, Inc. Terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling assay (TUNEL) apoptosis detection kit, B-cell
lymphoma-2 (Bcl-2, ab59348), Bcl-2 Associated X (Bax,
ab32503), Caspase 3 (ab13847), and Caspase 9 (ab2786) were
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obtained from Abcam, Inc. The corresponding secondary
antibodies were obtained from Abcam, Inc.

Animals
C57BL/6 male mice were obtained from Beijing Huafukang
Biotechnology Co. Ltd. The experimental animals were fed for
1 week prior to the experiment. All mice were kept in an
environment at a constant temperature (20–25°C with 60 ±
5% humidity) with a light cycle of 12 h light/12 h dark and
provided with food and water. This study was performed
according to the guidelines set by the National Institutes of
Health and Institutional Guidelines and was approved by the
Ethics Committee of Nankai University (Approval No. 2021-
SYDWLL-000038).

Induction of Liver Fibrosis Mouse Model
We established a liver fibrosis mouse model via intraperitoneal
injection of CCl4, which was consistent with previous study
(Wang et al., 2020). Briefly, CCl4 was diluted with olive oil at
a concentration of 2 ml/kg body weight and administered via
intraperitoneal infusion twice per week over a six-week period.

Animal Grouping and Dosing Regimen
Thirty mice were used to induce liver fibrosis model. Seven mice
died in the first 2 weeks after CCl4 injection. After 6 weeks of
CCl4 injection, three mice were selected randomly and
sacrificed. HE staining of liver was used to validate that the
liver fibrosis model has been successfully induced. 20 mice were
randomly divided into model group and geniposide group. The
mice in the control group were intraperitoneally injected with
olive oil (2 ml/kg body weight) twice per week for 6 weeks. Mice
in the geniposide group were administered geniposide
(50 mg/kg daily) via gavage for 4 weeks (Ma et al., 2018; Lin

et al., 2019). The mice in the control and model groups were
administered an equal amount of saline instead of geniposide.
The mice were euthanized after 4 weeks of geniposide
treatment, after which their livers were removed and
weighed to obtain the liver index. The liver index (%) was
calculated according to the following formula: liver weight (g)/
body weight (g) × 100%.

Biochemistry Determination
Once the mice were euthanized, their blood was collected and
centrifuged at 3,000 rpm for 15 min to obtain the serum. Liver
function was evaluated by assessing the activities of hepatic
enzymes in the serum, including ALT and AST. The AST and

FIGURE 1 | Overview of the experimental design for all groups.

TABLE 1 | Liver pathology score.

Feature score Score Description

Ballooning degeneration 0 None
1 Minimal
2 Mild
3 Moderate
4 Severe

Inflammation 0 None
1 1 inflammatory per field of view
2 2–4 inflammatory per field of view
3 >4 inflammatory per field of view

Apoptotic cells 0 None
1 Few

Fibrosis 0 None
1 Portal/sinusoidal minimal fibrosis
2 Portal/sinusoidal mild fibrosis
3 Bridging fibrosis
4 Cirrhosis

Scores ranged from 0 to 12 (total score), which represents the sum of scores from 0 to 4
for severity of swelling, inflammation, apoptotic cells and fibrosis.
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ALT activities were measured by commercial assay kits according
to the manufacturer’s instructions.

Histopathology
After they were euthanized, the livers of three groups were
isolated and immersed in 10% formalin. Liver tissues were
dehydrated and paraffin-embedded. The tissues were cut into
5 μm thick strips, stained with hematoxylin and eosin (H&E),
and subjected to Masson and Sirius Red staining. The severity
of pathological changes in H&E staining were determined
through a histological liver fibrosis score based on a
previous studies (Klopfleisch, 2013; Aldahmash and El
Nagar, 2016). Scores ranged from 0 to 12 (total score),
which represents the sum of scores from 0 to 4 for severity
of swelling, inflammation, apoptotic cells and fibrosis
(Table 1). The relative collagenous fiber areas in Masson
and Sirius Red staining were quantified using integrated
optical density (IOD) with the Image-Pro Plus 6.0 software.
The positive area (%) was calculated according to the following
formula: IOD/sum area × 100%.

Immunostaining
Immunohistochemistry detection of α-SMA in livers was
performed on the paraffin for each group. The positive
expressed area (%) of α-SMA in liver was analyzed using
Image-Pro Plus 6.0 software.

Assessment of the Oxidative Stress
Parameters
Homogenates with 900 µL normal saline for every 0.1 g liver
tissue were homogenized via ultrasonic trituration on ice. The
protein concentration in liver homogenates was quantified by
BCA. The homogenates were centrifuged (3,000 rpm, 15 min)
and the supernatant was collected to detect SOD, GSH-Px
activities and MDA level using relative commercial kits.

Determination of Inflammatory Factors in
Liver Tissue by Enzyme-Linked
Immunosorbent Assay
After 4 weeks of geniposide treatment, the levels of IL-6, IL-1β,
and TNF-α in liver tissue homogenates were analyzed using
ELISA kits according to the manufacturer’s instructions. The
total protein concentration in the liver tissue homogenate was
quantified by a BCA protein quantitative kit assay, according to
the manufacturer’s instructions. Cytokine concentrations in liver
homogenates were assessed according to the following formula:
concentration of cytokines in the homogenate/total protein
(pg/mg).

TUNEL Staining
The paraffin sections of the liver tissue were stained using the
TUNEL assay kit according to the manufacturer’s instructions.
The apoptosis was observed under fluorescence microscope after
rinsed with PBS. The ratio of apoptotic cells to the total cells was
quantified by Image-pro Plus 6.0 software based on IOD.

Western Blot
The liver tissues were homogenized and lysed using RIPA lysis
buffer to extract the proteins. A BCA Protein Assay Kit was used
to measure the total protein concentration. The proteins were
separated on an 8–12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to a polyvinylidene difluoride
(PVDF) membrane (Bio-Rad) via electroblotting. The
membranes were blocked for 2 h with 5% non-fat milk
powder in 1 × TBST at room temperature, after which they
were incubated with the primary antibodies (rabbit anti-Bcl-2, 1:
800; rabbit anti-Bax, 1:10,000; rabbit anti-Caspase 3, 1:500; rabbit
anti- Caspase 9, 1:1,000; and rabbit anti-β-Actin, 1:4,000)
overnight at 4°C. After three TBST washes, the membranes
were incubated with Goat anti-rabbit IgG (1:10,000) secondary
antibodies at room temperature for 2 h. Blotting was observed
using ECL. The gray value was quantitatively analyzed using
ImageJ software.

Serum Untargeted Metabolomics Study
We obtained serum samples from the control, model, and
geniposide groups to analyze the metabolomics at the end of
4 weeks of geniposide treatment. Differential metabolite
screening in the three groups was performed using liquid
chromatography-mass spectrometry (LC-MS). Details of the
sample preparation and data analysis are described below (Cui
et al., 2020).

Sample Preparation
We added 10 μL of 2-chloro-l-phenylalanine and 10 μL of Lyso
PC 17:0 (concentrations were 0.3 and 0.01 mg/ml, dissolved with
methanol) to 100 μL of the serum samples.

The serum samples were mixed with 300 μL of methanol:
chloroform (2:1, v/v) and centrifuged for 1 min. The mixture was
then treated in an ice-water bath for subsequent ultrasonic
extraction, after which they were incubated at −20 °C for 1 h
to precipitate the proteins. They were centrifuged at 12,000 rpm
for 10 min at 4°C, after which 300 μL of the upper solution dried
and redissolved with 100 μL [acetonitrile water (1:1)]. The
samples were then placed in a 200 μL lined tube for LC-MS
analysis. In order to evaluate the stability and repeatability of the
system during the sample collection process, all samples were
mixed with the same volume to ensure quality control (QC).

Liquid Chromatography-Mass
Spectrometry
Chromatographic separation was performed on a U3000 Ultra
Performance Liquid Mass Spectrometer from Thermo Scientific,
after which the metabolic profile of each serum sample was
analyzed. ACQUITY UPLC HSS T3 columns (2.1*100 mm,
1.8 μm) were used for analysis, in positive and negative modes.
The mobile phase was comprised of mobile phase A (0.1% formic
acid) and mobile phase B (acetonitrile). The flow rate was
constant at 0.3 ml/min, the injection volume was 1.0 µL, and
the column temperature was 45°C. Separation was conducted as
follows: 0 min, 80% A, 20%B; 2 min, 70% A, 30%B; 5 min, 55% A,
45%B; 6.5 min, 40% A, 60%B; 12 min, 20% A, 80%B; 14 min, 0%

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7726354

Yang et al. Geniposide Ameliorate Liver Fibrosis

176

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


A, 100%B; 16 min, 0% A, 100%B; 16.1 min, 80%A, 20%B; 18 min,
80% A, 20%B.

Mass spectrometry (MS) was performed using positive and
negative ion mode electrospray ionization (ESI) techniques for
MS scanning, with a scanning range from 50 m/z to 1,500 m/z
and a resolution of 70,000. The positive and negative ion source
voltages were 3.7 and 3.5 kV. The capillary heating temperature of
both ions was set to 320°C. The sheath gas pressure and auxiliary
gas pressure were 30 and 10 psi, respectively (temperature: 300°C;
automatic gain control target: 1 × 106; maximum isolation time:
50 ms). During the analysis, every six samples was tested for
quality control to ensure the accuracy of the data.

Data Processing and Analysis
Progenesis QI software (2.1, Nonlinear Dynamics, Newcastle,
United Kingdom) was used for data analysis. Metabolites were
identified using the Human Metabolome Database (HMDB,
www.hmdb.ca) and local databases. Metabolites with
coefficients of variation (CV) less than 30% in the QC samples
were kept for the following analysis. Due to large differences in
the concentrations of different metabolites, datasets were
normalized to avoid masking the signals of metabolites with
concentrations that were too high or too low. The principal
component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) were performed
using SIMCA software (14.1, Umetrics) to visualize the results
of the metabolite data results. The quality of the models was
evaluated according to their respective R2 andQ2 values. PCAwas
used to represent between-group differences and within-group
variation. Variable Importance in the Projection (VIP) with a
threshold >1 from the OPLS-DA model and p-values (p < 0.05)
from the t-test were used to search differentially expressed
metabolites. The normalized peak areas of all metabolites were
expressed as mean ± standard (mean ± SD) deviation and
analyzed using a two-tailed Student’s t-test.

Metabolites with fold changes higher than 1.25 or less than
0.80 were selected for metabolic pathway analysis. The
MetaboAnalyst 5.0 software (www.metaboanalyst.ca) was used
to analyze the metabolic pathways of the differential metabolites
between two groups of samples (control and model; model and
geniposide). The KEGG (www.kegg.jp) database was used for
pathway analysis.

Statistical Analysis
All experimental data were expressed as the mean ± SD, and
statistical differences between the experimental groups were
evaluated using one-way ANOVA via SPSS software (version
20.0, United States). p-values were generated by the log-rank test,
and p < 0.05 was considered statistically significant.

RESULTS

Effects of Geniposide onCCl4-Induced Liver
Fibrosis Model Mice
After 4 weeks of geniposide administration, the efficacy of the
treatment was evaluated by measuring the body weight, liver

index, hepatic enzyme activities of ALT and AST, and
pathological changes in liver. As shown in Figure 2A, the
body weight in the model group was significantly lower than
that in the control group (p < 0.01). After 4 weeks of geniposide
treatment, body weight increased in liver fibrosis model mice (p <
0.01). CCl4 treatment resulted in significant (p < 0.01) increases in
the liver index compared to the control group. Geniposide
treatment decreased the liver index in the model group (p <
0.05, Figure 2B). Compared to the control group, AST and ALT
activities in the model group significantly increased. Geniposide
treatment reduced them (p < 0.01, Table 2) of liver fibrosis
model mice.

Pathological changes in the liver following geniposide
treatment were measured by H&E, Masson and Sirius Red
staining, and immunostaining. H&E staining and liver
pathology score showed that the hepatocytes in the control
group were arranged radially along the central vein, while the
liver structure was clearly visible. The model group’s livers
exhibited hepatic cord disorder, hepatocellular swelled and
necrosis, nuclear shrinkage and disappearance, inflammatory
cell infiltration and fibrosis appeared, while geniposide
treatment improves morphological damage in hepatic tissues
(Figures 3A,E).

Masson staining showed an increased overall collagen
deposition and fibrotic lesions in liver fibrosis model mice.
Sirius Red staining showed that type Ⅰ collagen significantly
increased in liver fibrosis model mice. Following geniposide
treatment, we observed significant reductions in collagen
deposition and fibrotic lesions; the only area with visible
collagen deposition was the portal area (p < 0.01, Figures
2B,C,F,G).

Immunostaining demonstrated that the expression of α-SMA
in the model group was higher than that in the control group
(p < 0.01, Figures 2D,H). Geniposide treatment could reduce
α-SMA levels compared to the model group (p < 0.01, Figures
2H, 3D).

Effects of Geniposide on Inflammation and
Oxidative Stress in Liver Fibrosis Model
Mice
We analyzed the impacts of geniposide on oxidative stress by
detecting MDA levels and the activities of SOD and GSH-Px in
liver tissue homogenate. Our results demonstrated that SOD
(p < 0.01) and GSH-Px activities (p < 0.01) decreased and that
MDA levels (p < 0.05) increased in the model group compared
to the control group, while SOD (p < 0.05) and GSH-Px
activities (p < 0.05) increased and MDA levels (p < 0.05)
decreased in the geniposide group compared to the model
group (Table 3). The anti-inflammatory effect was evaluated
by detecting IL-6, IL-1β, and TNF-α levels in liver tissue
homogenate using ELISA. Our results demonstrated that IL-
6, IL-1β, and TNF-α levels increased in the model group
compared to the control group (p < 0.01), and that
geniposide treatment decreased IL-6, IL-1β (p < 0.01), and
TNF-α (p < 0.05) levels in the liver tissue homogenate
compared to the model group (Figure 4).
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Effects of Geniposide on the Apoptosis of
Cells in Liver Fibrosis Model Mice
TUNEL staining showed that there were almost no apoptotic
cells in the liver tissue of the control group, while the
numbers of apoptotic cells in the model group increased.
The apoptotic cells decreased more after geniposide
treatment compared to the model group. Image analysis of
the apoptosis index of liver tissue with fibrosis in different
groups is displayed in Figure 5.

Effects of Geniposid on Apoptosis-Related
Factors in Liver Fibrosis Model Mice
We measured the expressions of Bax, Bcl-2, Caspase 3, and
Caspase 9, which are all involved in apoptosis, to determine
the anti-apoptotic activities of geniposide in CCl4-induced liver
fibrosis. We found that the expressions of Bax, Caspase 3, and
Caspase 9 were all elevated and that the expression of Bcl-2
decreased in the model group compared with the control group
(for Caspase 3, p < 0.05; for Bax, Bcl-2 and Caspase 9, p < 0.01;
Figure 4). Geniposide treatment decreased the expressions of
Bax, Caspase 3, and Caspase 9 and increased the expression of
Bcl-2 compared with the model group (for Caspase 3 and Caspase
9, p < 0.05; for Bax and Bcl-2, p < 0.01; Figure 6).

Multivariate Analysis of Serum
Metabolomics
Using untargeted metabolomics, we compared the changes of
metabolites in the serum of all three groups. The metabolite
profiles were analyzed via PCA and OPLS-DA. Our results

demonstrated that there were significant differences between
the control, model, and geniposide groups. The PCA model
had an R2 value of 0.641 and a Q2 value of 0.366 (Figures
7A,B) and the OPLS-DA model had an R2 value of 0.999 and
a Q2 value of 0.970 (Figures 7C–F).

Identification and Pathway Analysis of
Differential Metabolites
A total of 24 differential metabolites were considered to be
differential metabolites with a VIP >1 and p < 0.05 (fold change
(FC) greater than 1.2 or less than 0.8) in the model group vs.
control group or geniposide group vs. model group. These
differential metabolites are listed in Table 4. Compared with
the control group, levels of Decanoylcarnitine, Hexacosanoic
acid, L-Palmitoylc, LysoPC(18:0), PE [18:0/18:1 (9Z)], PE (P-16:
0e/0:0), Myristic acid, Arachidonic acid (AA), Oleic acid,
Eicosadienoic acid, and Adrenic acid all increased in the
model group, while levels of Hexanoylcarnitine,
L-Octanoylcarnitine, Pentacosanoic acid, Creatine,
L-Carnitine, Taurine, PC [18:0/18:2 (9Z,12Z)],
Docosahexaenoic acid, L-Proline, Alpha-Linolenic acid,
Linoleic acid, Nervonic acid, and PC (16:1 (9Z)/14:0) all
decreased in the model group. When the geniposide group
was compared with the model group, the levels of
Decanoylcarnitine, L-Palmitoylcarnitine, LysoPC(18:0), PE
[18:0/18:1 (9Z)], PE (P-16:0e/0:0), AA, Oleic acid, and
Eicosadienoic acid all decreased, while levels of
Hexanoylcarnitine, Creatine, Taurine, PC [18:0/18:2
(9Z,12Z)], Docosahexaenoic acid, L-Proline, Alpha-Linolenic
acid, Linoleic acid, Nervonic acid and PC (16:1 (9Z)/14:0)
increased (Table 4). Differential metabolites were used for
pathway analysis. These products were then used to select
pathways with impact values greater than 0.05 and p-values
less than 0.05. Four pathways were screened out that varied
between the control and model groups: Taurine and
hypotaurine metabolism, Glycerophospholipid metabolism,
Arginine and proline metabolism, and AA metabolism
(Figure 7G). Five pathways were screened out that varied
between the model and geniposide groups:
Glycerophospholipid metabolism, Arginine and proline
metabolism, AA metabolism, alpha-Linolenic acid

FIGURE 2 |Geniposide treatment increases body weight and liver index. (A) Body weight of 3 groups. (B) Liver index of 3 groups. Control, model, and geniposide
groups (n � 10 per group). ##p < 0.01, Model group vs. Control group; pp < 0.05 and ppp < 0.01, Geniposide group vs. Model group.

TABLE 2 | Effects of geniposide ALT and AST levels in serum.

Group AST (U/L) ALT (U/L)

Control 102.79 ± 16.34 33.41 ± 8.57
Model 203.13 ± 36.75## 82.26 ± 12.48##

Geniposide 149.15 ± 22.96** 51.95 ± 10.81**

Control, model, and geniposide treated groups (n � 10 per group). Data are presented as
mean ± SD. ##p < 0.01,Model group vs.Control group; ppp < 0.01, Geniposide group vs.
Model group.
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FIGURE 3 | Evaluation of liver histopathology. (A,E) H&E staining and liver pathology score showed that geniposide treatment improved pathological changes in
the liver. Black arrows indicate infiltration of inflammatory cells. Yellow arrows indicate structural disorder of the hepatic cord. Red arrows indicate swelling of the liver
cells. Blue arrows indicate necrosis of the liver cells. Green arrows indicate fibrosis. (B,F) Masson staining showed that geniposide treatment could reduce collagen
deposition in the liver. (C,G) Sirius Red staining showed that geniposide treatment reduced liver type Ⅰ collagen deposition. (D H) Immunostaining showed that
geniposide treatment could decrease α-SMA levels in the liver (100×). Control, model, and geniposide groups (n � 10 per group). Data are presented asmean ± SD. ##p <
0.01, Model group vs. Control group; ppp < 0.01, Geniposide group vs. Model group.
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metabolism, and Linoleic acid metabolism. Therefore, the
common pathways between the control and model groups
and the model and geniposide groups were considered
significant pathways: Glycerophospholipid metabolism,
Arginine and proline metabolism, and AA metabolism

(Figure 7H). The relationships between these pathways are
displayed in Figure 7I.

DISCUSSION

CCl4 is a commonly used to induce liver injury and liver fibrosis
models (Zhu et al., 2019; Chen et al., 2021). Previous study
showed that Swiss albino mice developed chronic liver injury
after receiving oral treatment of CCl4 (1.5 ml/kg) once daily for
8 weeks (Zhang et al., 2020). Intraperitoneal injection of CCl4
(1 ml/kg) three times per week for 8 weeks could induce severe
oxidative stress in Wistar rats (Goodla et al., 2019). Based on our
previous study, we treated mice with intraperitoneal injection of
CCl4 (2 ml/kg) twice per week over a six-week period (Wang
et al., 2020). Compared with the control group, the liver index,
serum ALT, and AST levels of the model mice all increased.
Additionally, pathological analysis of the liver tissue found
hepatocyte degeneration, inflammatory infiltration, fibrous

connective tissue hyperplasia, damaged liver lobule structure,
and the generation of a fibrous septum. This indicates that the
model was successful. After being treated with geniposide, the
ALT and AST values in the serum and the liver index decreased,
resulting in improved pathological changes in the liver. This

TABLE 3 | SOD, GSH-Px activities, and MDA levels in liver homogenates after geniposide treatment.

Group SOD (U/mg prot) GSH-Px (U/mg prot) MDA (nmol/mg prot)

Control 30.44 ± 3.29 265.76 ± 36.78 2.44 ± 0.64
Model 23.90 ± 1.24## 139.41 ± 45.49## 4.55 ± 1.26##

Geniposide 29.15 ± 4.75** 225.29 ± 43.09** 2.76 ± 0.47**

Control, model, and geniposide groups (n � 10 per group). Data are presented as mean ± SD. #p < 0.05 and ##p < 0.01, Model group vs. Control group; pp < 0.05, Geniposide group vs.
Model group.

FIGURE 4 | Geniposide treatment improved inflammatory response in
liver fibrosis model mice. ELISA test showed that geniposide treatment
decreased the levels of IL-6, IL-1β, and TNF-α in liver tissue homogenate.
Control, model, and geniposide groups (n � 10 per group). ##p < 0.01,
Model group vs. Control group; pp < 0.05 and ppp < 0.01, Geniposide group
vs. Model group.

FIGURE 5 | Geniposide treatment improved apoptosis in liver fibrosis model mice. (A) Changes of TUNEL staining. (B) Changes of quantitative analysis of
apoptotic cells. (A,B) TUNEL staining indicated that geniposide treatment reduced the number of apoptotic cells in a liver section. Control, model, and geniposide groups
(n � 10 per group). Data are presented as mean ± SD. ##p < 0.01, Model group vs. Control group; ppp < 0.01, Geniposide group vs. Model group.
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suggests that geniposide can ameliorate liver fibrosis induced
by CCl4.

Oxidative stress, inflammatory response and apoptosis are the
major pathological characteristics during the progression of liver
fibrosis (Zhu et al., 2020). We further evaluated the effects of
geniposide on oxidative stress, inflammatory response and
apoptosis in liver fibrosis mice. Our results found that
geniposide could increase SOD and GSH-Px activities and
decrease MDA content in the liver, indicating that geniposide
could alleviate the oxidative stress reaction in model mice with
liver fibrosis. Increased oxidative stress levels are a sign of the
presence and development of liver fibrosis. In hepatocytes, CCl4
could be transformed into active trichloromethylradical (CCl3)
under the catalyzation of cytochrome oxidase P450. Subsequently,
CCl3 could react with O2 and generate more free radicals, resulting
in lipid peroxidation and further damage to hepatocytes
(Hermenean et al., 2012). MDA is an intermediate product of
lipid peroxidation degradation and can seriously impair the
composition, structure, and function of cells. MDA content can
reflect the rate of lipid peroxidation in the body, and is an indicator
of free radical content, indirectly indicating levels of cell damage
(Shi et al., 2020). SOD andGSH-Px are anti-oxidative enzymes that
demonstrate anti-oxidative strength and can protect liver cells from
oxygen free radicals (El-Din et al., 2014). SOD is a vital scavenger of
oxygen free radicals in the enzyme defense system, and can
specifically scavenge superoxide anions and protect cells from
damage (Forbes-Hernández et al., 2017). GSH-Px is a
significant peroxide decomposing enzyme found throughout the
body that eliminates free radicals such as hydrogen peroxide and
prevents the formation of lipid peroxide. GSH-Px can catalyze the
reaction between lipid peroxide and reduced glutathione to form
oxidized glutathione, and plays a role in preserving the integrity of
the structure and function of cell membranes (Lin et al., 2015).

ELISA experiments demonstrated that geniposide could
reduce the contents of IL-6, IL-1β, and TNF-α in model mice
and alleviate inflammatory reactions. CCl4 could cause
hepatocellular damage and subsequently activate Kupffer cells

(Han et al., 2016). Activated Kupffer cells could produce
inflammatory cytokines such as IL-6, IL1β and TNF-α. (Wang
et al., 2019). These inflammatory factors contribute to the
progression of liver fibrosis, while TNF-α can stimulate
collagen synthesis and IL-6 and IL-1β can activate hepatic
stellate cells and directly stimulate collagen secretion (Lee
et al., 2014; Sun et al., 2018).

TUNEL staining andWestern blot analysis were used to assess
the apoptosis of liver tissues. TUNEL results demonstrated that
geniposide could improve hepatocyte apoptosis in model mice.
Western blot analysis demonstrated that the expressions of Bax,
Caspase 3 and Caspase 9 all decreased and that the expression of
Bcl-2 increased following geniposide treatment. During the
development of liver fibrosis, the liver tissue is subjected to
apoptosis (Jaeschke, 2006).

Excessive free radicals induced by CCl4 could lead to the
released of Cytc and then trigger the apoptosis of hepatocytes in
liver (Ki et al., 2013; Mekky et al., 2016). Apoptosis is a process
regulated by multiple factors, including Bax, Bcl-2, and the
Caspase family (Tian et al., 2015). Bax and Bcl-2 are a pair of
homologous regulatory factors with antagonistic effects. After
forming a dimer, they induce apoptosis by changing the
permeability of the outer membrane of the mitochondria
(Moldoveanu et al., 2014; Hwang-Bo et al., 2019). Bax is a
significant pro-apoptotic factor and participates in the
mitochondrial apoptosis pathway. Bax forms holes in the outer
membrane of the mitochondrial after activation, resulting in the
loss of membrane integrity (Tait and Green, 2010). The anti-
apoptotic factor Bcl-2 can inhibit Bax function, while the ratio
between Bax and Bcl-2 determines the strength of their apoptosis-
inducing effect. The Caspase family is another key regulator of the
apoptosis pathway, and can also promote apoptosis (Zhao et al.,
2018). In this family, Caspase-9 is upstream of the cascade
reaction and belongs to the subclass of apoptosis initiation.
Caspase-9 participates in the downstream initiation of
Caspase-3 protease, which can directly induce apoptosis
(Häcker and Paschen, 2007; Huang et al., 2021). As Bax

FIGURE 6 | Geniposide treatment regulated BAX, Bcl-2, Caspase 3, and Caspase 9 in liver fibrosis model mice. (A,B) Changes of the protein expression of BAX,
Bcl-2, Caspase 3, Caspase 9, and β-actin in liver tissue. Geniposide treatment reversed the relative expression of the BAX, Bcl-2, Caspase 3, and Caspase 9 in model
mice liver tissue. Control, model, and geniposide groups (n � 3 per group). #p < 0.05, Model group vs. Control group; ##p < 0.01, Model group vs. Control group; pp <
0.05 and ppp < 0.01, Geniposide group vs. Model group.
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FIGURE 7 | Serum metabolism analysis of geniposide in liver fibrosis. (A) PCA score plot among control, model, and geniposide groups in positive mode. (B) PCA
score plot among control, model, and geniposide groups in negative mode. (C,D) OPLS-DA score plot among control and model groups and the corresponding
coefficient of loading plots. (E,F) OPLS-DA score plot among model and geniposide groups and the corresponding coefficient of loading plots. (G) Pathway analysis
between control and model groups. (H) Pathway analysis between model and geniposide groups. (a) Glycerophospholipid metabolism, (b) Arginine and proline
metabolism, (c) AA metabolism, (d) Taurine and hypotaurine metabolism, (e) alpha-Linolenic acid metabolism, and (f) Linoleic acid metabolism. Control, model, and
geniposide treated groups (n � 6 per group). #: p < 0.05 and ##p < 0.01, Model group vs. Control group; pp < 0.05 and ppp < 0.01, Geniposide group vs. Model group.
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expression in the Bax/Bcl-2 dimer increases, it will activate
Caspase-9, and Caspase-9 will activate Caspase-3 via enzyme
digestion. This will promote the cleavage of Caspase-3, beginning
the apoptosis cascade reaction and resulting in apoptosis (Zhu
et al., 2012; Perumal et al., 2018).

According to untargeted metabolomics, the metabolic
profiles of the control group, the model group, and the
geniposide group all differed, suggesting that geniposide
affects the metabolic profiles of model mice with liver fibrosis
induced by CCl4. Recently, the metabolic regulatory effect of
geniposide on liver disease models is becoming a hot spot. In
vivo study showed that geniposide could regulate the
interconversion of pentose and glucuronate and the
biosynthesis of primary bile acid in jaundice model mice
(Fang et al., 2020). Moreover, integrated miRNAomics,
proteomics and metabolomics analysis found that geniposide
could upregulate the protein levels of isocitrate dehydrogenase
(IDH) 1 and 2 through downregulating the expression of miR-
144-5p and then modulate energy metabolism in ethanol-
induced apoptosis hepatocyte model in vitro (Qiu et al.,
2017). Lipid peroxidation induced by CCl4 treatment can
alter the permeability of the cell membrane, resulting in
damage to the intracellular organelle membrane structures,
such as mitochondria, endoplasmic reticulum, and Golgi
apparatus, etc., which further triggers the metabolic disorders
in hepatocytes (Abdou et al., 2019). Untargeted metabolomics
were used to analyze the metabolic regulatory effects of geniposide
on CCl4-induced liver fibrosis model. Our study found that

glycerophospholipid metabolism, arginine and proline
metabolism, and AA metabolism all changed between the control
and model groups and between the model and geniposide groups.
These results suggest that geniposide could improve liver fibrosis by
regulating glycerophospholipid metabolism, arginine and proline
metabolism, and AA metabolism.

Glycerophospholipid Metabolism
Glycerophospholipid is an important component of biofilm. Its
metabolism is involved in many biological processes, such as
membrane fusion, endocytosis, and membrane transport.
Metabolism disorders related to glycerophospholipid can
adversely affect the metabolism of the liver (Xue et al.,
2020). The results of our metabolomic analysis indicated that
PC decreased and Lyso PC and PE both increased in model mice
with liver fibrosis, and that PC levels increased and Lyso PC and
PE decreased following geniposide treatment. PC accounts for
40–50% of total glycerophospholipids, is the most abundant
glycerophospholipids found in mammalian cells (Zhang et al.,
2016). PC can promote collagenase activity, hydrolyze
collagenated fibers, and alleviate liver fibrosis (Chen et al.,
2016). PC has also demonstrated an anti-oxidative effect. PC
can stop active free radicals from attacking the liver cell
membrane and decrease stellate cell activity in the liver
(Shmarakov et al., 2019). PE accounts for 40% of total
glycerophospholipids, and primarily exists in the
mitochondrial membrane (Rashid et al., 2020). PE is closely
associated with cell proliferation and differentiation, and could

TABLE 4 | Summary of the differential metabolites identified in the serum of three Groups.

No. Rt (min) m/z Formula Metabolites VIP FC Trend Pathway

M vs. C G vs. M M vs. C G vs. M

1 5.42 260.19 C13H25NO4 Hexanoylcarnitine 1.68 0.21 3.28 ↓## ↑** —

2 6.29 288.22 C15H29NO4 L-Octanoylcarnitine 1.63 0.22 1.27 ↓## ↑ —

3 6.83 316.25 C17H33NO4 Decanoylcarnitine 1.60 2.16 0.70 ↑## ↓** —

4 13.95 395.39 C26H52O2 Hexacosanoic acid 1.08 5.53 0.79 ↑## ↓ —

5 13.17 381.37 C25H50O2 Pentacosanoic acid 1.07 0.53 0.79 ↓## ↓ —

6 7.70 400.34 C23H45NO4 L-Palmitoylcarnitine 1.07 2.09 0.76 ↑## ↓* —

7 0.90 132.08 C4H9N3O2 Creatine 1.07 0.68 1.32 ↓## ↑** b
8 0.86 162.11 C7H15NO3 L-Carnitine 1.06 0.70 1.27 ↓## ↑ —

9 0.86 126.02 C2H7NO3S Taurine 1.06 0.66 1.29 ↓## ↑ d
10 9.10 524.37 C26H54NO7P LysoPC(18:0) 1.03 1.26 0.79 ↑## ↓** a
11 13.08 786.60 C44H84NO8P PC (18:0/18:2 (9Z,12Z)) 1.04 0.72 1.33 ↓# ↑* a, c, e, f
12 9.03 327.23 C22H32O2 Docosahexaenoic acid 1.06 0.66 1.34 ↓## ↑** —

13 12.24 746.57 C41H80NO8P PE (18:0/18:1 (9Z)) 1.05 1.68 0.69 ↑## ↓** a
14 0.90 116.07 C5H9NO2 L-Proline 1.06 0.57 1.40 ↓## ↑** b
15 8.88 277.22 C18H30O2 Alpha-Linolenic acid 1.07 0.60 1.57 ↓# ↑** —

16 9.13 279.23 C18H32O2 Linoleic acid 1.08 0.76 1.29 ↓# ↑* f
17 8.80 438.30 C21H44NO6P PE (P-16:0e/0:0) 1.09 1.73 0.73 ↑## ↓** —

18 11.58 365.34 C24H46O2 Nervonic acid 1.08 0.78 1.55 ↓## ↑** —

19 8.85 227.20 C14H28O2 Myristic acid 1.09 1.91 0.79 ↑## ↓ —

20 9.09 303.23 C20H32O2 Arachidonic acid 1.11 2.09 0.77 ↑## ↓** c
21 9.45 281.25 C18H34O2 Oleic acid 1.44 1.44 0.73 ↑## ↓** e
22 11.03 704.52 C38H74NO8P PC (16:1 (9Z)/14:0) 1.43 0.58 1.29 ↓# ↑* —

23 9.62 307.26 C20H36O2 Eicosadienoic acid 1.65 4.27 0.54 ↑## ↓** —

24 9.47 331.26 C22H36O2 Adrenic acid 1.65 4.58 0.74 ↑## ↓ —

Control, model, and geniposide groups (n � 6 per group). #p < 0.05 and ##p < 0.01, Model group vs. Control group; pp < 0.05 and ppp < 0.01, Geniposide group vs. Model group.
(a) Glycerophospholipid metabolism, (b) Arginine and proline metabolism, (c) AA metabolism, (d) Taurine and hypotaurine metabolism, (e) alpha-Linolenic acid metabolism, and (f) Linoleic
acid metabolism.
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trigger apoptosis (Xue et al., 2014). A decrease in the PC/PE
ratio can destroy the integrity of the hepatocyte and
mitochondrial membrane and affect cell growth and induce
apoptosis (Li, et al., 2006). Lyso PC could bind to the G protein-
coupled receptor and the Toll-like receptor, promoting
macrophage migration, stimulating the production of
inflammatory factors, and inducing oxidative stress and
apoptosis (Kabarowski et al., 2001; Chang et al., 2008; Kim
et al., 2009; Bach et al., 2010; Song et al., 2010; Carneiro et al.,
2013). Lyso PC exacerbated inflammation and promoted the
development of liver fibrosis (Liu et al., 2020).

AA Metabolism
AAmetabolism is a significant factor in inflammation (Gai et al.,
2018; Sonnweber et al., 2018; Melgar-Lesmes et al., 2019). The
results of our experiment demonstrated that AA content in the
model group increased compared with the control group, a
trend that decreased following geniposide treatment. AA
metabolites include a series of prostaglandins and
leukotrienes, which are highly active inflammatory mediators
and can promote the infiltration and activation of inflammatory
cells in the liver tissue, leading to the degeneration and necrosis
of hepatocytes (Cardoso et al., 2003). AA not only plays a key
role in inflammation, but also mediates the production of
oxygen free radicals and membrane lipid peroxidation as a
lipid medium. AA significantly increases the production of
reactive oxygen species, which results in the oxidation of a
large number of fatty acids and the formation of lipid peroxides
in mitochondria, peroxisomes, endoplasmic reticulum, and
other parts of hepatocytes. This can lead to oxidative stress
and hepatocyte injury, hepatic stellate cells activation, and
collagen deposition in liver (Moreno, 2003; Koek et al., 2011;
Fujii and Kawada, 2012). Therefore, the effects of geniposide on
inflammation and oxidative stress may be associated with
modulating AA metabolism.

Arginine and Proline Metabolism
The arginine and proline metabolism pathway was closely linked
to the progression of liver fibrosis. In model mice with liver
fibrosis, we found that L-Proline and creatine in the arginine and
proline metabolism pathway significantly increased, but
decreased following geniposide treatment. Arginine is the
largest nitrogen-supplying amino acid in the human body and
is the precursor of proline and creatine (Ge et al., 2020). Proline
plays a central role in metabolism, which is closely associated with
oxidative stress and apoptosis (Pandhare et al., 2006). Proline can
metabolize and produce electrons, and generate reactive oxygen
species, leading to a variety of downstream effects, including
blocking cell cycles, autophagy, and apoptosis (Selen et al., 2015).
Creatine can alleviate liver injuries by inhibiting liver
inflammation, oxidative stress, and cell senescence (Deminice
et al., 2016; Aljobaily et al., 2020). Creatine can also reduce the
consumption of adenosylmethionine and the production of
homocysteine in the liver, lowering the damage to
homocysteine metabolism in the liver and the accumulation of
lipids (Barcelos et al., 2016).

CONCLUSION AND FUTURE
PROSPECTIVE

In conclusion, our study demonstrated that geniposide could
exhibit protective effects on liver fibrosis. This study is the first to
screen the differential metabolites of geniposide on CCl4-induced
liver fibrosis model. Our results further refine the metabolic
regulatory effects of geniposide on liver diseases. The
mechanism behind these protective effects could be related to
inhibiting oxidative stress, inflammatory response, and apoptosis
in the liver and modulating glycophorophospholipid, arginine
and proline, and AA metabolism possesses.
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Rheum tanguticum Alleviates
Cognitive Impairment in APP/PS1
Mice by Regulating Drug-Responsive
Bacteria and Their Corresponding
Microbial Metabolites
Demin Gao†, Huizhen Zhao†, Zhihui Yin, Chen Han, Ying Wang, Gan Luo and Xiaoyan Gao*

School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing, China

Drugs targeting intestinal bacteria have shown great efficacy for alleviating symptoms of
Alzheimer’s disease (AD), and microbial metabolites are important messengers. Our
previous work indicated that Rheum tanguticum effectively improved cognitive function
and reshaped the gut microbial homeostasis in AD rats. However, its therapeutic
mechanisms remain unclear. Herein, this study aimed to elaborate the mechanisms of
rhubarb for the treatment of AD by identifying effective metabolites associated with
rhubarb-responsive bacteria. The results found that rhubarb reduced hippocampal
inflammation and neuronal damage in APP/PS1 transgenic (Tg) mice. 16S rRNA
sequencing and metabolomic analysis revealed that gut microbiota and their
metabolism in Tg mice were disturbed in an age-dependent manner. Rhubarb-
responsive bacteria were further identified by real-time polymerase chain reaction (RT-
PCR) sequencing. Four different metabolites reversed by rhubarb were found in the
position of the important nodes on rhubarb-responsive bacteria and their corresponding
metabolites combined with pathological indicators co-network. Furthermore, in vitro
experiments demonstrated o-tyrosine not only inhibited the viabilities of primary
neurons as well as BV-2 cells, but also increased the levels of intracellular reactive
oxygen species and nitric oxide. In the end, the results suggest that rhubarb
ameliorates cognitive impairment in Tg mice through decreasing the abundance of
o-tyrosine in the gut owing to the regulation of rhubarb-responsive bacteria. Our study
provides a promising strategy for elaborating therapeutic mechanisms of bacteria-targeted
drugs for AD.

Keywords: Alzheimer’s disease, rhubarb, gut microbiota, drug-responsive bacteria, o-tyrosine

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease with high incidence, disability
and death rates (Sierksma et al., 2020). Clinically, AD patients are characterized by age-dependent
memory loss, cognitive dysfunction and behavior abnormality (Jack et al., 2018). It is widely believed
that the pathological changes in the brains of AD patients belong to the accumulated amyloid-β (Aβ)
induced oxidative stress and inflammatory responses in brain, causing oxidative damage and release
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of pro-inflammatory mediators, finally neuronal apoptosis
(Stepanichev et al., 2004; Pistollato et al., 2016; Wu Y. et al.,
2019). Emerging evidence has shown that gut microbial dysbiosis
may mediate the pathogenesis of AD (Minter et al., 2016; Liu P.
et al., 2019; Wang et al., 2019). Therefore, remodeling gut
microbial homeostasis may represent a more effective
therapeutic strategy for the treatment of AD.

Traditional Chinese medicine (TCM) has aroused increasing
attention on account of its therapeutic effects in the prevention
and treatment of AD (Xu et al., 2017). Among them, rhubarb
exhibits excellent therapeutic effect for AD by “tonify the body by
removing stasis” and “relaxing bowels and puzzle” according to
“brain collateral damage due to toxin” raised by theoretical
system of TCM (Li et al., 2019). Our previous studies have
suggested that Rheum tanguticum effectively improves
cognitive function and reshapes the gut microbial homeostasis
in AD animal models (Zhao et al., 2019). However, its therapeutic
mechanisms remain unclear. Herein, considering the fact that a
relatively low content of chemical ingredients in rhubarb
permeated into the brain (Sun et al., 2012; Dong et al., 2016),
we hypothesized that therapeutic effects of rhubarb may attribute
to remodeling gut microbiota. Thus, it is of great significance to
the elaborating therapeutic mechanism of rhubarb for AD from
the view of gut microbiota (Mancuso and Santangelo, 2018).

Among the researches involved in interaction between gut and
brain, a growing body of evidence suggests that microbial
metabolites are important messengers of intestinal bacteria
responsible for regulation of physiological state in brain,
although the mechanisms of gut-brain transmission have so
far remained elusive (Nicholson et al., 2012; Rothhammer
et al., 2018). It has been found that harmful microbial
metabolites, such as lipopolysaccharides (LPS) and
Trimethylamine-N-oxide (Vogt et al., 2018), are easy to enter
the brain and destroy its homeostasis, because intestinal leakage
and permeability of BBB are significantly increased in AD
patients (Kim et al., 2020). Accordingly, the regulation of gut
microbiota-derived microbial metabolites is beneficial to
alleviating symptoms of AD. Therefore, accurate identification
of microbial metabolites associated with drug-responsive bacteria
is crucial to elucidate the mechanisms of bacteria-targeted drugs
for the treatment of AD.

In terms of the progression in a disease as well as drug
intervention, metabolomics is a powerful tool for
comprehensive discovery of the disturbed metabolites in a
biological system (Matysik et al., 2016; Shaffer et al., 2017;
Luan et al., 2019). However, it fails to distinguish the
metabolites derived from drug-responsive bacteria. Because of
the lack of direct identification methods, the alternative methods
are diverse bacteria-based correlation analysis and co-network
analysis combined with pathophysiological indicators (Feng et al.,
2019; Zheng et al., 2020). Over the last decade, microbiome
research based on amplicon sequencing, such as 16S rRNA,
offers the global relative abundance of bacteria in different
taxonomies (Gohl et al., 2016). However, comprehensive yet
redundant data hinder accurate quantification of the drug-
responsive bacteria. Given that relative abundance of bacteria
could not reflect actual content of gut microbiota by 16S rRNA

sequencing (Eisenstein, 2018; Tkacz et al., 2018), meanwhile,
uncertainty exists in peak area of the fragment ions and their real
content in biological samples by metabolomics analysis (Luan
et al., 2019), there would be many false positives in identified
microbial metabolites by 16S rRNA sequencing-based co-
network analysis (Peisl et al., 2018). Thus, it always gives
obscure explanation of the therapeutic mechanisms of
bacteria-targeted drugs. Therefore, it is urgent to improve the
accuracy of identification for microbial metabolites associated
with drug-responsive bacteria.

In recent years, real-time polymerase chain reaction (RT-
PCR) has been adopted for quantifying microbiota
significantly disturbed between the health individuals and
patients (Tettamanti Boshier et al., 2020). Based on the filtered
specific intestinal bacteria in disease by 16S rRNA, RT-PCR as a
complementary technology can obtain more precise drug-
responsive bacteria by semi-quantitative comparative analysis
between the treatment group and the disease group (Neyrinck
et al., 2017; Xu et al., 2021). To some extent, the above-mentioned
method can eliminate false positive bacteria and contribute to
unravel therapeutic mechanisms of bacteria-targeted drugs in a
more accurate way. Hence, a co-network analysis proposed here,
which consists of RT-PCR and different metabolites combined
with measurable pathological indicators, can immensely improve
the accuracy of identification for microbial metabolites associated
with drug-responsive bacteria.

Based on the proposed strategy, the present study aimed to
elaborate the mechanism of rhubarb for AD by identifying
effective metabolites associated with rhubarb-responsive
bacteria. First of all, the influence of long-term rhubarb
treatment on the pathological indicator-related microbiota and
corresponding metabolites was evaluated. And then, gut
microbiota and metabolomic profiling based on a time series
analysis were performed to filter the disturbed microbiota and
metabolites with the progression of AD. Moreover, the rhubarb-
responsive bacteria and their corresponding metabolites were
discovered by the co-network analysis based on RT-PCR and
different metabolites combined with pathological indicators.
Finally, the effects of key metabolite on primary neurons and
BV-2 cells were evaluated in vitro to validate the bidirectional
cross-talk between the gut and brain. Together, a more accurate
co-network analysis employed in our study demonstrates that
rhubarb ameliorates cognitive impairment by influencing
effective metabolites in the gut through the regulation of
rhubarb-responsive bacteria.

MATERIALS AND METHODS

Animals
Eight-month-old male APP/PS1 Tg mice and littermate wild type
(WT) mice were obtained from the Nanjing Biochemical
Research Institute of Nanjing University and housed in
environmentally controlled conditions (room temperature at
22 ± 1°S, 12-h light/dark cycle) with access to standard food
and water ad libitum. All experiments were approved and
conducted in accordance with the guidelines of the Care and
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Use of Laboratory Animals approved by the Ethics Committee for
Animal Care and Treatment at Beijing University of Chinese
Medicine (BUCM-4-2018080101-3007).

Preparation of Drug Solutions
Preparation of Rhubarb Decoction
Small pieces of rhubarb (Rheum tanguticum; 171202 ZISUN
MEDICINE HEALTH CO.LTD. GuangZhou, China) herbal
medicine (∼30 g) were weighed and soaked in 300ml distilled
water for 1 h and decocted twice in boiling water for 30min on
each occasion. The combined products from this water decoction
were filtered and dried in a 60°C water bath, then topped up to 50ml
with ultrapure water to yield a 0.6 g mL−1 solution (Zhao et al., 2019).

Preparation of Donepezil Hydrochloride Solution
Donepezil hydrochloride solution was prepared by crushing one
tablet containing 5 mg donepezil hydrochloride and dissolving it
in 100 ml of normal saline by ultrasonication for 30 min to obtain
a 0.05 mg ml−1 solution.

Experimental Design
All the 8-month-old Tg mice were randomly divided into three
groups (n � 9 per group): Tg model group, rhubarb
administration group (TgR), and positive drug group (TgP).
Littermate wild type mice (n � 9) were used as the wild type
control group (WT). Mice in the TgR group were given a rhubarb
decoction by gavage at 0.91 g kg−1 every day for 60 consecutive
days. Mice in the TgP group were given donepezil solution at
1.5 mg kg−1 daily for 60 days. The Tg model group and the WT
control group were given 1 ml normal saline every day. The fecal
samples of all mice were collected from 8-month-old mice after
3 days of acclimation. After 30-day-treatment, fecal samples of all
mice were collected as 9-month-old samples. And after feeding
for 60 days, fecal were collected as 10-month-old samples.

Behavioral Test
Morris Water Maze Test
The Morris water maze test was performed as described by
Vorhees and Williams (Vorhees and Williams, 2006). The
escape latency during the spatial learning phase and the
number of platform crossings and the time spent in the target
quadrant were recorded. The detailed experiments were provided
in the Supplementary Material.

Step-down test
The step-down test was performed as described by Ruan et al.
(2016). The error times during training, step-down delay and
error times during experiments were recorded. The detailed
experiments were provided in the Supplementary Material.

Tissue Collection
Brain Tissue Collection
After the behavioral tests, mice were deeply anesthetized with
10% chloral hydrate and euthanized by cervical dislocation. After
craniotomy on ice, the whole brain was removed and the
hippocampus was quickly separated, weighed, and frozen at
−80°C for subsequent enzyme-linked immunosorbent assay

(ELISA) and neurotransmitter analyses. Brain tissue samples
from mice in each group were also collected, fixed, paraffin-
embedded, and sectioned at 5 µm for pathological staining.

Fecal Sample Collection
Fecal samples were collected from 8-month-old mice after 3 days
of acclimation. After feeding for 30 days, fecal samples were
collected from the mice at 9 months of age. Finally, samples
were collected at the age of 10 months after feeding for 60 days.
Fecal samples of the same mice in the corresponding groups were
collected at each time point and six samples from theWT, Tg and
TgR groups were used for 16S rRNA gene sequencing and
metabolomics analysis.

Congo Red Staining
The brain tissues of mice in various treatment groups were
subjected to Congo Red staining to visualize amyloid plaques.
Paraffin-embedded tissue sections were routinely dewaxed into
water. The slices were immersed in alkaline solution for 20 min
and washed with water. Alkaline Congo Red solution was soaked
for 20 min and washed with water. The sections were immersed
in alkaline solution for differentiation, observed under a
microscope until the tissue staining contrast was clear, then
washed with water to stop staining. Harris hematoxylin was
applied for 5 min and washed off. Afterward, 1% hydrochloric
acid ethanol solution was added for differentiation for a few
seconds and the sections were washed with water for 15 min. The
sections were dehydrated with gradient ethanol, hyalinized with
xylene, and sealed with neutral gum.

Hematoxylin and Eosin Staining
The brain tissues of mice were fixed with neutral formalin,
dehydrated with ethanol, and removed with xylene. The brain
tissues were embedded in paraffin and sectioned at 5 μm. The
paraffin sections were immersed in 100% xylene twice for 10 min
each time and soaked in 95, 80, and 70% alcohol for 3 min in turn.
Finally, phosphate-buffered saline (PBS) and distilled water were
used to rinse the sections three times, for 2 min each time. The
sections were soaked in hematoxylin solution, stained for 10 min,
and washed with running water until the water was clear with no
purple color. The cells were differentiated with 75% hydrochloric
acid ethanol for 3 s (three times) and washed with running water.
The nuclei were confirmed to have turned blue under the
microscope. Eosin staining was performed for 5 min. The
stained sections were dehydrated with pure alcohol and
washed with xylene until the cut was transparent and sealed
with neutral gum.

Iba-1 Immunohistochemical Staining
Tissue sections of the whole brain were embedded with paraffin
and prepared for immunohistochemical staining. After
deparaffinization and rehydration in graded alcohols, antigen
retrieval was performed with citrate buffer for 10 min at 90°S.
Next, the sections were gradually cooled at room temperature to
block endogenous peroxidase activity. The sections were then
washed thrice with PBS and blocked with goat serum for 10 min
at room temperature. After the goat serum was removed, the
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sections were incubated with mouse-anti Iba-1 at 4°S overnight,
followed by intubation with biotin-labelled goat anti-mouse
secondary antibody for 10 min and streptomycin anti-biotin
peroxidase for 10 min at room temperature. Then, the sections
were labelled with 3,3′-diaminobenzidine, followed by
hematoxylin counterstaining. Lastly, after washing, the sections
were dehydrated through gradients of ethanol and xylene. PBS
displacement of the primary antibody was used as the negative
criterion.

Analysis of Aβ, Aβ42, Interleukin-1β, IL-18,
and Tumor Necrosis Factor-α Levels with
Enzyme-Linked Immunosorbent Assay
Hippocampus samples from the brain were homogenized and the
concentrations of Aβ, Aβ42, IL-1β, IL-18, and TNF-α were
measured using an ELISA kit (BlueGene Biotech, Shanghai,
China) according to the instructions. The standard curve was
established and used to calculate the levels of Aβ, Aβ42, IL-1β, IL-
18, or TNF-α in the tissues. The obtained values were corrected
for the wet weight of the brain sample and expressed as µg/mg.

Quantification of Neurotransmitters in Brain
Tissue
Brain Tissue Sample Processing
The brain tissue was cut into pieces and mixed evenly. Afterward,
0.5 ml of water-methanol (8:2, v/v) was added to every 0.25 g
brain tissue to remove protein and tissue homogenate was
prepared in a homogenizer. The prepared homogenate was
centrifuged twice at 4°C 13709 × g for 10 min. After
centrifugation, 200 μl of homogenate supernatant solution was
removed and added to 0.8 ml 0.1% formic acid acetonitrile
(40–60%) followed by vortexing for 2 min. The prepared
solution was centrifuged at 4°C, 13709 × g for 10 min and
placed in an injection vial.

Liquid Chromatography–Mass Spectrometry Method
Ultra-Performance Liquid Chromatography (UPLC) analysis was
performed on a Waters Acquity UPLC system (Waters
Corporation, Milford, MA, United States) consisting of a
binary solvent system, an autosampler, and a column
temperature controller. Chromatographic separation was
carried out on an ACQUITY BEH C18 column (2.1 mm ×
100 mm, 1.7 μm, Waters, United Kingdom). The mobile phase
was composed of eluent A (0.3% formic acid in water) and eluent
B (acetonitrile). The line gradient program was optimized as
follows: 0–2 min, maintained at 2% B; 2–3 min, increased from
2% B to 30% B; 3–3.5 min, increased from 30% B to 90% B;
3.5–5 min, maintained at 90% B; 5–5.1 min decreased from 90% B
to 2% B; 5.1–7 min maintained at 2% B for column equilibrium.
The column temperature was set at 30°C and the sample chamber
temperature was set at 4°C. The mobile phase flow rate was set at
0.3 ml/min, and the injection volume was 2 μl for each run.

MS data were recorded using the Waters XEVO TQ-S system
(Waters Corporation, Manchester, United Kingdom) equipped
with an electrospray ionization source in positive ion mode with

multiple reaction monitoring (MRM) of the transition of m/z
176.9360 → 160.1180 for serotonin (5-HT); m/z 146.0780 →
87.0840 for acetylcholine (Ach); m/z 154.3020 → 137.1390 for
dopamine (DA); m/z 103.9040 → 86.9900 for γ-aminobutyric
acid (GABA); m/z 148.2130 → 84.1240 for glutamate (Glu), and
m/z 169.9140 → 152.1190 for norepinephrine (NE). The MS
parameters were optimized as follows: the ion spray voltage was
4000 V; capillary voltage was 3.0 kV; cone voltage was 30 V;
nitrogen was used as the desolvation gas and the cone gas
with flow rates of 800 and 150 L/h, respectively; the source
and desolvation temperatures were set at 150 and 400°C,
respectively; the sheath and auxiliary gas pressures were 20 psi
and 10 psi, respectively. Thereafter, the MS/MS conditions were
optimized for the internal standard by infusing the individual
solution into the electro-spray source. The optimized cone
voltage and collision energy were 2 V and 10 eV for 5-HT,
32 V and 12 eV for Ach, 2 V and 8 eV for DA, 22 V and 8 eV
for GABA, 2 V and 14 eV for Glu, and 72 V and 6 eV for NE,
respectively.

16S rRNA Microbial Community Analysis
Illumina MiSeq Sequencing
The 16S rRNA sequencing was performed by Majorbio Bio-
Pharm Technology Co. Ltd. (Shanghai, China). Purified
amplicons were pooled in equimolar and paired-end sequences
(2 × 300) on an Illumina MiSeq platform (Illumina, San Diego,
United States) according to the standard protocols provided by
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
The detailed method of RNA extraction, PCR amplification and
data processing is provided in the Supplementary Material.

Data Analysis
Association network analysis was performed using the Co-Net
v1.1.1. beta tool (Faust and Raes, 2016) on Cytoscape v3.7.2.
(Shannon et al., 2003). Taxa below a sum of 120 and 12
occurrences per condition were discarded and the relative
abundances were calculated. Networks were inferred based on
the 1000 top and bottom edges for each of the Pearson, Spearman,
Bray, and Kullback-Leibler correlation methods with 1000
iterations. The final p-values were computed during
bootstrapping and adjusted with Benjamini-Hochberg
correction for multiple testing.

Metabolomics Analysis
Hundred-milligram fecal samples from eachmouse were weighed
and placed in a 2 ml centrifuge tube. Three times the volume of
50% methanol aqueous solution was added for 5 min, and
centrifuged at 13709 × g for 10 min. The supernatant was
dried with nitrogen and 100 μl of 50% methanol aqueous
solution was added for re-dissolution. After shaking for 30 s
and standing for 10 min, the supernatant was centrifuged at
13709 × g at 4°C for 10 min and the supernatant was placed
in an injection vial.

UPLC analysis was carried out on a Waters Acquity™ UPLC
system (Waters Corporation, Milford, MA, United States)
consisting of a binary solvent system, an autosampler, and a
column temperature controller. Chromatographic separation was
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carried out on an ACQUITY UPLC® HSS T3 column (2.1 mm ×
100 mm, 1.8 μm, Waters, United Kingdom). The mobile phase
was composed of eluent A (0.1% formic acid in water) and eluent
B (acetonitrile). The line gradient program was optimized as
follows: 0–0.5 min, 1% B; 0.5–4 min, 1–20% B; 4–8 min, 20–100%
B; 8–9 min, 100% B; 9–9.5 min, 100–1% B; 9.5–11 min 1% B. The
column temperature was set at 45°C and the sample chamber
temperature was set at 4°C. The mobile phase flow rate was set at
0.3 ml/min and the injection volume was 3 μl for each run.

MS analysis was carried out with aWaters SYNAPT G2-SI MS
system (Waters, United States) equipped with an electrospray
ionization source. The analysis was performed in the positive and
negative ion electrospray modes. The source parameters were set
as follows: capillary voltage, 3.0 kV; cone voltage, 28 V; source
temperature, 100°C; desolvation temperature, 400°C; the cone gas
flow, 35 L/h; desolvation gas flow, 800 L/h. The low collision
energy was 6 eV and the high collision energy was 10–65 eV.
Mass spectra were recorded across the m/z range of 50–1200 and
3D data were collected in the continuum mode. The mass
spectrometry data were acquired and processed with Waters
MassLynx V4.1 software.

Data Processing and Multivariate Data
Analysis
The UPLC-quadrupole time-of-flight mass spectrometry (UPLC-
Q-TOF/MS) data for the fecal samples were imported into
Progenesis QI v1.0 (Nolinear Dynamics, Newcastle,
United Kingdom) for peak selection and alignment. After
normalizing the data using the total ion intensity, a data
matrix of interesting features containing the retention time, m/
z value, and normalized peak intensity was imported into
Metaboanalysis 4.0 for principal component analysis (PCA)
and partial least-squares discriminant analysis (PLS-DA) and
further confirmed using analysis of variance (ANOVA). The
differences in the trends were processed with an unsupervised
PCA method. Supervised PLS-DA was used to search for
interesting biomarkers. Then, the peak height intensities of the
differential metabolites were compared with t-tests using
statistical software to confirm the biomarker alterations
between the WT and Tg groups at the age of 8, 9, and
10 months. A p value < 0.05 was set as the threshold. As a
small sample set, a pooled quality control (QC) sample
containing equal aliquots of all the samples was run at the
beginning of the sample queue for column conditions and
injected at regular intervals and the end of the run (Want
et al., 2010). Mass data acquisition was performed for the
evaluation of the sensitivity and stability of instrument
performance with regard to mass accuracy, retention time
stability, and the coefficient of variation (CV). All samples
were kept at 4°C during the analysis.

Analysis of Fecal Metabolites and Their
Metabolic Pathways
Metabolite peaks were assigned based on MS/MS analysis using
the MassFragment™ application manager (Waters Corp.,

Milford, United States). After applying chemically intelligent
peak-matching algorithms, the molecular composition of each
metabolite and its fragments were structure-matched using
available biochemical databases such as HMDB (http://www.
hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes
(KEGG; http://www.genome.jp/kegg/), LIPIDMAPS (http://
www.lipidmaps.org/), and Chemspider (http://www.
chemspider.com). The identified metabolites were subjected to
KEGG pathway mapping for metabolic pathway analysis. The
KEGG database contains a collection of manually curated
pathway maps from genomics, transcriptomics, proteomics,
and metabolomics and provides molecular interactions and
reaction networks.

HPLC Fingerprinting of Rhubarb Extraction
Chromatographic Conditions
Chromatographic analysis was performed on a Thermo UltiMate
3000 HPLC system (Thermo Scientific, United States). The
separations were achieved on an Agilent SB-C18 column
(250 mm × 4.6 mm, 5 μm) with the column temperature at
40°C. The mobile phases consisted of acetonitrile (A) and an
aqueous solution containing 0.05% phosphoric acid (B) using a
gradient elution as follows: 0–10 min 96–89% B, 10–25 min
89–87% B, 25–50 min 87–85% B, 50–70 min 85–80% B,
70–100 min 80–67% B, 100–115 min 67–40% B, and
115–140 min 40% B with a flow rate of 1.0 ml/min. The
injection volume was 10 μl and the detection wavelength was
at 268 nm.

Preparation of Reference Compound Solution
Stock solutions were prepared by dissolving seven substances
(emodin (BP0532), 1.95 mg; rhein (BP1208), 1.95 mg;
chrysophanol (BP0348), 1.51 mg; physcion (BP1092), 1.61 mg;
aloe-emodin (BP0146), 1.75 mg; sennoside A (BP1292), 1.50 mg;
sennoside B (BP1293), 2.36 mg) in 200 µl dimethyl sulfoxide
(DMSO) as described in our previous paper (Gao et al., 2009)
and distilled water was added to a constant volume of 5 ml. All the
compounds were obtained from Chengdu Biopurify
Phytochemicals Ltd. and the purity of these compound is over
98.0%. Subsequently, each reference compound solution was
diluted to 100 times with distilled water and the diluent was
filtered through a 0.22 μmmicroporous membrane and placed in
an injection vial.

Method Validation
The precision was determined by successively analyzing the same
sample solution six times. The repeatability was assessed by
analyzing six independently prepared sample solutions. The
stability was evaluated with the same sample solution at
different periods in 1 day (0, 2, 4, 8, 16, 24 h). Each sample
solution was tested twice in parallel.

Data Analysis
The data analysis was performed on a “TCM chromatographic
fingerprint similarity evaluation system (version 2012, Chinese
Pharmacopoeia Commission)”.
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RT-PCR
The total bacterial DNA was extracted from the fecal samples of
mice in each group with the E.Z.N.A ™. Stool DNA kit (D4015,
Omega Biotek, United States), and the procedures were carried
out according to the manufacturer’s instructions. First, fecal
samples were removed from a −80°C refrigerator, 200 mg of
feces from each sample was measured into a 1.5 ml sterile
centrifuge tube, and genomic DNA was detected with 2%
agarose gel electrophoresis. For detection of the bacteria
Marvinbryantia (Desai et al., 2016) and Erysipelatoclostridium
(Zakham et al., 2019), extracted bacterial DNA was subjected to
RT-PCR using the CFX Connect real-time PCR system (Bio-rad
Laboratories, Hercules California, United States). PCR was
performed with a 10 μl sample containing 5 μl SG Green
qPCR Mix (with ROX Q1002, SinoGene), 0.2 μl 20 μm
upstream and downstream primers, 1 μl bacterial genomic
DNA template, and 3.6 μl deionized water. In the blank
control, the template DNA was replaced with deionized water.
After the PCR reaction, the melting curve temperature was set at
60–95°C and increased by 0.5°C/s. For detection of the bacteria
Bacteroides (Haugland et al., 2010) and
norank_f_Ruminococcaceae (Jiang et al., 2017), extracted
bacterial DNA was subjected to RT-PCR using the LineGene
9600 Plus real-time PCR system (Bioer Technology, Hangzhou,
China). PCR was performed with a 20 μl sample containing 10 μl
ChamQ SYBR Color qPCR Master MiX (Vazyme Biotech Co.,
Ltd, Nanjing China), 0.4 μl 5 μm upstream and downstream
primers, 2 μl bacterial genomic DNA template, and 7.2 μl
deionized water. In the blank control, the template DNA was
replaced with deionized water. After PCR reaction, the melting
curve temperature was set at 60–95°C and increased by 0.5°C/s.
Table 1 shows the sequences for each primer set, which targeted
the 16S rRNA genes for each bacteria group. Each standard curve
was prepared based on the cell numbers measured using a
bacterial counting chamber with each strain indicated. DNA
from each standard strain was extracted as described above
and used for RT-PCR. All RT-PCR experiments were
performed with duplicates for each sample. The detailed PCR
reaction information is listed in the Supplementary Material.

Cell Culture
Primary Culture of Rat Neurons
Twenty specific-pathogen-free Sprague-Dawley (SD) neonatal rats
were purchased from SPF Biotechnology Co., Ltd (Beijing). The
healthy SD neonatal rats were sterilized with 75% alcohol within
24 h after birth and decapitated under sterile conditions. The scalp
and skull were cut. Brain tissue was taken out and placed in a dish
containing cold D-Hank’s solution with pH 7.2 free of calcium and

magnesium. The brain tissue was peeled under sterile conditions
and the cerebellum, hippocampus, and medulla were removed.
The cortex was isolated and the meninges and blood vessels were
carefully peeled off. The tissue was cut into blocks of about 1 mm3

using iris scissors, digested in 0.125% trypsin for 20 min at 37°C
and shaken two to three times. The supernatant was discarded and
complete media was added to terminate digestion. The tissues were
rinsed twice and gently pipetted 20 times using a Pasteur pipette.
The cell suspension was allowed to stand for 2 min. The cell
suspension was collected in a new centrifuge tube and
centrifuged at 95 × g at 4°C for 10 min. The supernatant was
discarded. The cells were resuspended in complete media and
filtered with a 200mesh stainless steel filter. The filtrate was stained
using trypan blue and the cells were counted using a
hemocytometer under a microscope. The cells were inoculated
at an intensity of 8.0 × 104 to 1.0 × 105 ml with 100 μl/well into a
96-well plate pre-coated with poly-L-lysine. The cells were cultured
for 4–6 h in an incubator at 37°C with 5% CO2 and the medium
was replaced with serum-free media. After culturing for 3 days,
Ara-C working solution was added to inhibit over-proliferation of
non-neuronal cells and aspirated after 24 h. Thereafter, half of the
medium was replaced every 3 days. Cells collected from days 7–21
of culture were used for the experiment.

Cell Culture of Rat Microglial Cells
Themurine microglial cell line BV-2 was cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (P/S) in a humidified incubator with 5% CO2 at
37°C. BV-2 cells were plated into 96-well plates (1.0 × 105 cells/
well) and incubated overnight for subsequent experiments.

MTT Analysis
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay is based on the protocol described by Mosmann
(1983). The assay was optimized for the cells used in the
experiments. Briefly, after the cells were incubated with different
concentrations of o-tyrosine (o-tyr) (0.5, 1, and 2 mM) for 48 h at
37°S (Pennathur et al., 1999), the culture medium was
removed, then the cells were incubated for 4 h with 0.5 mgml−1

of MTT and dissolved in serum free medium. Washing with PBS
was followed by the addition of 100 µl DMSO and gentle shaking
for 10 min to facilitate complete dissolution. After the formazan
crystals had dissolved, the absorbance was determined
spectrophotometrically at 490 nm on an ELX800 UV universal
microplate reader. The results were analyzed with the Soft max pro
software (version 2.2.2) and are presented as a percentage of the
control values.

TABLE 1 | Primer sets used in this study.

Target Bacteria Sense primer Anti-sense primer

Bacteroides 5′-CATGTGGTTTAATTCGATGAT-3′ 5′-AGCTGACGACAACCATGCAG-3′
Erysipelatoclostridium 5′-GACACTGCATGGTGACC-3′ 5′-GGTTTCTATGGCTTACTG-3′
Marvinbryantia 5′-CAGGGATTTTACGTGCTTTATTTTAGTTAT-3′ 5′-AGTTCGGATTCGCTCGTATTTTCT-3′
norank_f_Ruminococcaceae 5′-TGTTAACAGAGGGAAGCAAAGCA-3′ 5′-TGCAGCCTACAATCCGAACTAA-3′
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Active Oxygen Detection
Reactive oxygen species (ROS) production in neuronal and BV-2
cells was assessed with a 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) probe. Different concentrations of o-tyr
(0.5, 1, and 2 mM) were incubated with the cells for 48 h at 37°S.
After the culture medium was removed, the cells were treated
with 5 µM DCFH-DA at 37°S for 30 min. Washing with PBS
three times was followed by the addition of 100 µl PBS and the
intracellular ROS levels in the cells were viewed with a
fluorescence microscope (Nikon Eclipse).

Measurement of Nitric Oxide
Nitric oxide (NO) production in neuronal and BV-2 cells was
performed using 2′,7′-dichlorodihydrofluorescein diacetate
(DAF-FM DA). Different concentrations of o-tyr (0.5, 1, and
2 mM) were incubated with the cells for 48 h at 37°S. After the
culture medium was removed, DAF-FMDA (5 µM) was added to
the wells. After incubating at 37°S for 20 min, the chemical was
removed and the cells were washed three times with PBS followed
by measurement with a fluorescence microscope.

Statistical Analysis
Statistical analyses were performed using R 2.15.0 and
GraphPad Prism software v 8.0. All the data were presented
as the mean ± SEM. The significance of the differences between
two groups was analyzed using the Student’s unpaired t-test
and multiple comparisons were analyzed using one-way
ANOVA followed by Dunnett’s post hoc test. The
differential abundances of genera and metabolites were
determined using non-parametric tests including the
Wilcoxon rank sum test and Mann–Whitney U test. The
correlations among fecal metabolites, 16S levels, and
physiological and biochemical indexes were tested with both
the Pearson Correlation Coefficient and Spearman rank
correlation. p values were corrected for multiple

comparisons using the Benjamini–Hochberg false discovery
rate (FDR) and p < 0.05 was statistically significant.

RESULTS

Rhubarb Alleviates Cognitive Impairment in
APP/PS1 Transgenic Mice
Our previous study revealed that Rheum tanguticum ameliorated
cognitive impairment in AD rat model, possibly due to the
regulation of the gut microbiota (Zhao et al., 2019). In this
study, to further verify the therapeutic effects for the
treatment of AD, rhubarb extraction with a uniform and
stable quality (Supplementary Figure S1A) and donepezil as
positive drug were administrated to APP/PS1 transgenic mice for
2 months, named the TgR and TgP group, respectively. The main
content of this study was shown in Figure 1. The effect of rhubarb
on the learning and memory abilities of the Tg mice was tested by
the Morris water maze. During the training period, the escape
latencies of the mice in each group were similar on the first day,
and gradually decreased in the next 5 days (Figure 2A). On the
sixth day, the escape latency of Tg mice was significantly longer
than that of wild-type (WT) mice. After the treatment of rhubarb
or donepezil, the escape latency of Tg mice was significantly
shortened and there was no significant difference between them.
In the probe trial, Tg mice exhibited a lower platform passing
times (Figure 2B) and shorter swimming time in target zone
(Figure 2C). However, rhubarb or donepezil treatment
significantly reversed these defects in Tg mice. These results
indicated that rhubarb could attenuate spatial learning and
memory deficits in APP/PS1 mice (Figure 2D).

The step-down test was performed to investigate the passive
avoidance ability of Tg mice. Compared with the WT mice, Tg
mice showed more errors times during the training period
(Figure 2E) and shorter step-down delay (Figure 2F)

FIGURE 1 | The main content of this study.
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accompanied by a greater number of errors (Figure 2G) during
the experimental period. Fortunately, rhubarb or donepezil
treatment reduced the errors times during the training period,
increased the step-down delay, and reduced the number of errors
during the experimental period in Tg mice with no significant
difference. These results suggested that rhubarb extract could
alleviate the stimulation avoidance response and cognitive
impairment in APP/PS1 mice.

Rhubarb Reverses the Pathological
Changes in Tg Mice
After the behavioral tests, the mice were sacrificed to further
investigate the effect of rhubarb on the pathological changes in
the brain of Tg mice, including Aβ deposition, activated
microglia, neuronal damage and neurotransmitter disorders.
The main pathological feature of AD is senile plaques

composed of extracellular Aβ, which mainly deposited in the
brain parenchyma and cerebral vessels (Pistollato et al., 2016;
Friedland and Chapman, 2017). Here, Aβ deposition in the brain
of Tg mice was stained by Congo Red, and the amount of total Aβ
and Aβ42 were quantified by ELISA. As expected, cerebral Aβ
deposition (Figure 3A), and the levels of hippocampal Aβ and
Aβ42 (Figures 3B,C) in Tg mice was significantly higher than that
of WT mice. After the treatment of rhubarb or donepezil, Aβ
deposition in the brain of Tg mice was significantly reduced
(Figure 3A). Moreover, although there was no significant
difference in the level of total Aβ between the TgR and Tg
group, the level of Aβ42 was markedly reduced in the TgR
group (Figures 3B,C). Donepezil treatment significantly
reduced both the levels of total Aβ and Aβ42.

Recent studies have shown that Aβ deposition in the brain can
activate microglia and release inflammatory factors (Wu Y. et al.,
2019). Therefore, the activation of microglia in the brain and the

FIGURE 2 | Effects of rhubarb on memory and cognitive function of APP/PS1 mice. (A–D) Morris water maze test, including assessments of escape latency (A),
platform crossing times (B), swimming time in the target quadrant (C), representative swimming path (D). (E–G) Step-down test, including assessments of error times
during training (E), step-down delay (F), error times during experiments (G). Values are expressed as themean ± S.E.M.; n � 9, *p < 0.05 versus Tg, #p <0.05 versus TgP,
by Student’s unpaired t-test.
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content of inflammatory factors in the hippocampus were
evaluated by Iba-1 immunohistochemistry and ELISA,
respectively. Compared with the WT mice, both the density

and the number of activated microglia in the hippocampus of
Tg mice were larger (Figure 3A). In addition, the levels of IL-1β
and IL-18 in Tg mice were significantly higher than that of WT

FIGURE 3 | Rhubarb alleviates the pathological changes in APP/PS1 mice. (A) Histopathology examination of the hippocampus in the brain. (Scale bar: 100 μm).
(B–L) Levels of β-amyloids, pro-inflammatory cytokines, and neurotransmitters in the brain. Aβ42 (B), Aβ (C), IL-1β (D), IL-18 (E), TNF-α (F), norepinephrine (NE) (G),
glutamate (Glu) (H), γ-aminobutyric acid (GABA) (I), Acetylcholine (Ach) (J), serotonin (5-HT) (K), dopamine (DA) (L). Values are expressed as the mean ± S.E.M.; n � 9;
*p < 0.05 versus Tg; **p < 0.01 versus Tg; **p < 0.001 versus Tg, by Student’s unpaired t-test.
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mice, and the level of and TNF-α was slightly higher (Figures
3D–F). As shown in Figure 3, rhubarb treatment exhibited a
significant decrease in the number of activated microglia, and the
levels of IL-18 and IL-1β (Figure 3) alone with a slight decrease of
TNF-α similar to the donepezil treatment.

Activated microglia release inflammatory factors and induce
neuroinflammation reaction, and eventually lead to neuronal
apoptosis, resulting in the decline of learning and memory
abilities (Rothhammer et al., 2018; Wu Y. et al., 2019).
Therefore, the morphology of neurons in the brain tissue of
mice was observed by HE staining. The results showed the
disordered arrangement of neurons, condensed cytoplasm and
karyopyknosis, and decreased number of neurons were observed
in Tg mice (Figure 3A). Rhubarb or donepezil treatment reversed
the above histopathological changes.

Neuronal injury can lead to the neurotransmitter disorders in
the brain. Different kinds of neurotransmitters participate in
neural activities in multiple brain regions. Therefore, the levels
of 5-HT, DA, NE, Ach, Glu, and GABA in the brain of mice were
detected by UPLC-TQ/MS. Compared with the WT mice, the
levels of NE, Ach, 5-HT, and DA in the brain of Tg mice were
significantly decreased, and the levels of Glu and GABA were
slightly reduced (Figures 3G–L). As illustrated in Figure 3A,
rhubarb and donepezil showed a favourable regulation in
neurotransmitters in brain of Tg mice. Altogether, these
results provided evidence that rhubarb could alleviate the
pathological changes in Tg mice. Moreover, after 60 days
treatment with rhubarb, there were no obvious abnormalities
in body weight (Supplementary Figure S2A) and also no tissue
damage or any other adverse effect in brain tissues
(Supplementary Figure S2B).

Screening Drug-Responsive Bacteria in
Rhubarb Treated Tg Mice in an
Age-dependent Alteration by RT-PCR
Analysis
In order to explore the changes in intestinal microbiota
during the progression of AD, gut microbial dysbiosis in
Tg mice in an age-dependent alteration (six samples per time
point, n � 36) was evaluated, and distributed intestinal
microbiota was identified by 16S rRNA gene sequencing.
As a result, a total of 1237622 valid sequences were
obtained from 36 samples (average 34378 ± 9394 reads per
sample). These sequences were classified into 521 OTUs with
a 97% similarity level. The α-diversity index includes the
Chao1, Shannon, and Simpson indexes, which were used to
determine the ecological diversity of the microbial
community. The results showed that the α-diversity of gut
microbiota in Tg mice decreased to a certain extent compared
with the value of WT mice (Figures 4A–D). The dominant
microbiota at the phylum level in the WT mice changed
regularly with age (Figure 4E).

The β diversity of all bacteria in the six groups was calculated
by the unweighted UniFrac metric and visualized by principal
coordinate analysis, respectively. We found that the gut

microbiota composition between WT and Tg mice changed
similarly with time, but the variation in Tg mice was more
significant (Figure 4F).

To further explore the microbiota that was related to the
aggravation of the disease, the gut microbiota in WT and Tg
mice was compared based on a PLS-DA model. According to
the VIP > 0.7, 72 differential bacterial genera were screened at
8 months of age (Figure 5A), 76 at 9 months of age
(Figure 5B), and 69 at 10 months of age (Figure 5C),
respectively. However, only nine genera exhibited the same
trends at the three time points. In the Tg group, the relative
abundances of Tyzzerella, Ruminococcaceae_UCG_009,
Bacteroides, Escherichia-Shigella, and Marvinbryantia,
norank_f_Ruminococcaceae and Erysipelatoclostridium
increased gradually, while Odoribacter and Akkermansia
decreased gradually (Figure 5D).

After that, drug-responsive bacteria between the Tg and
TgR group were identified by RT-PCR analysis. As shown in
Figures 5E–H, rhubarb treatment increased the number of
norank_f_Ruminococcaceae, Erysipelatoclostridium and
Bacteroides and reduced the number of Marvinbryantia
compared with the Tg group. To confirm the changes in
the gut microbiota in Tg mice with age, co-network
analysis was conducted on all OTUs detected in fecal
samples from Tg mice at three time points (Figure 5I,
Supplementary Figure S3). The results showed that there
were close interactions between the intestinal microbiota,
which increased or decreased together.

ScreeningMicrobial Metabolites in Rhubarb
Treated Tg Mice in an Age-dependent
Alteration by Metabolomics Analysis
To clarify the effects of gut microbiota changes on AD-related
pathological changes in mice, the metabolic profiles of fecal
metabolites from the Tg and WT groups at 8, 9, and
10 months of age were analysed by UPLC-Q-TOF/MS in
positive and negative ion modes. BPIs of the metabolomic
profiles of Tg sample in the negative ion modes is shown in
Figure 6A. A total of 9941 features in the positive ion mode and
5139 features in the negative ion mode were detected in all
samples from the WT and Tg groups.

The fecal metabolic profiles of the WT and Tg mice were
analysed with PCA. Different metabolites were observed
among the groups at 8, 9, and 10 months of age. The PCA
scores for the WT and Tg at three time points are shown in
Figure 6B (positive ion mode) and Figure 6C (negative ion
mode). It can be observed that the profile for the fecal
metabolites showed age-dependent changes. The obvious
difference between the WT and Tg groups indicated that
the fecal metabolites of Tg mice had changed significantly. To
explore potential biomarkers related to the pathogenesis of
AD, the fecal metabolomics data for WT and Tg mice was
compared by a PLS-DA model (Supplementary Figure S4).
According to PLS-DA model with a VIP value greater than 1
and a p value less than 0.05 for the ANOVA t-test, differential
metabolites were identified based on the fragment
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information and accurate mass number. Through a search
and comparison of the HMDB, Metlin, and Chemspider
databases, 50 differential metabolites with similar trends
were found in the feces of Tg mice at three time points
(Figure 6D). We speculate that some of these 50 differential
metabolites were directly related to the pathological process
in AD.

Drug-specific responsive microbial metabolites in the TgR
group were screened by metabolomics analysis. After the
administration of rhubarb extract for 30 and 60 days, the fecal
metabolic profile for Tg mice showed a gradual recovery to a
profile similar to that of WTmice (Figures 6E,F, Supplementary
Figures S1B,C). Further, 27 of the 50 metabolites (Figure 6D)
present at both time points in the TgR group showed a rhubarb
intervention-dependent trend.

To gain insight into the mechanism underlying the
rhubarb-induced improvement of cognitive impairment in
AD mice, the metabolic pathways for 50 age-dependent
metabolites with differences between the WT and Tg
groups and 27 biomarkers for the long-term effects of
rhubarb on AD cognitive impairment were evaluated. The
results showed that the main metabolic pathways for rhubarb
were histidine metabolism, D-glutamine, and D-glutamic acid

metabolism, aminoacyl tRNA biosynthesis, alanine, aspartic
acid, and glutamic acid metabolism (Figure 6G).

Screening Microbial Metabolites
Associated With Rhubarb-Responsive
Bacteria by Co-network Analysis
To further screen the microbial metabolites associated with
bacteria in response to rhubarb, an improved co-network
analysis was conducted based on the gut microbiota data at
the OTU level and 50 differential metabolites detected in
mouse fecal samples, with five pathological indicators and six
neurotransmitters. As shown in Figure 7, Bacteroides,
Marvinbryantia, norank_f_Ruminococcaceae, and
Erysipelatoclostridium were significantly correlated with several
biomarkers and pathological indicators. Phosphatidylcholine
(PC; 15:0/18:2(9Z,12Z)), o-tyr, 3-hydroxyundecanoyl carnitine,
L-glutamic acid, LysoPE (14:0/0:0), 3-hydroxytetradecanedioic
acid, and pyroglutamic acid showed strong correlations with both
the microbiota and indicator nodes. Interestingly, o-tyr showed a
significant correlation with both the microbiota and indicator
nodes (Supplementary Table S6), suggesting that o-tyr may lay
on an important node in this network. We speculated that these

FIGURE 4 | Alteration of gut microbiota profile in AD model (A–D) α diversity of WT (n � 6) and Tg mice (n � 6) evaluated by Shannon (A), Simpson (B), Chao1 (C),
and Shannon even indices (D). Error bars represent mean ± S.E.M. *p < 0.05 versus Tg; **p < 0.01 versus Tg; **p < 0.001 versus Tg, ***p < 0.0001 versus Tg, by
Wilcoxon rank-sum test. (E) Bacterial taxonomic profiling at phylum level. Number in the group name represents months of age. (F) Principal component analysis (PCoA)
based on unweighted UniFrac distances.
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FIGURE 5 | The gut microbiota of Tg mice exhibited a common trend with age. (A–C) PLS-DA score plots of WT and Tg groups. Number in the group name
represents months of age. (D) Heatmap formed by the abundance of genera. (E–H) Abundance of the key bacteria in the network, quantified by species-specific
quantitative PCR. *p < 0.05 versus Tg; **p < 0.01 versus Tg; **p < 0.001 versus Tg, ***p < 0.0001 versus Tg, byWilcoxon rank-sum test. (I)Co-network constructed by all
OTUs in the fecal samples of Tgmice at three time points. The size of the node indicates the relative OTU abundance; the color of the node indicates different phyla;
the lines between the nodes indicate co-abundance (red) or co-exclusion (blue) between the nodes.
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FIGURE 6 | Fecal metabolomics profile of Tg mice (A–D). (A) Representative base peak ion chromatogram (BPI) of fecal metabolites from Tg sample. PCA score
plots in positive (B) and negative (C) ionmode. (D)Heatmap showing the trend of metabolomic profiling in all the Tg groups. Effects of rhubarb on the fecal metabolomics
of ADmodel (E,F). PCA score plots based on fecal metabolic profiles under the negative ion mode. TgR mice received rhubarb intervention 30 days (E) and 60 days (F).
(G) Pathway enrichment of different metabolites in WT and Tgmice and the metabolites recovered after rhubarb administration. The size of the node represents the
path impact value and the colour represents the −log10 (p) value of the pathway.
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FIGURE 7 | Rhubarb regulates the microbial-metabolite-indicator network of AD model. (A) Correlation network for microbiota, metabolites, and pathological
indicators for Tg mice. The blue triangle represents bacteria, the yellow circle represents metabolites, and the green diamond represents physiological and biochemical
indicators. Lines between nodes indicate positive (red) or negative (blue) correlations. The width of the line indicates the correlation value. (B–H) Rhubarb regulates
abundance of keymetabolites in the network quantified by peak areas. Values are expressed as themean ± S.E.M.; n � 9; *p < 0.05 versus Tg; **p < 0.01 versus Tg;
**p < 0.001 versus Tg, by Student’s unpaired t-test.
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FIGURE 8 | Effects of o-tyr on oxidative stress and cell viability of BV-2 and neurons. (A,B) Fluorescent images of ROS (A) and NO (B) in BV-2 cells, with in situ
signals quantified in (C) and (D). (E) Effect of o-tyr on the viability of BV-2 cells. (F,G) Fluorescent images of ROS (F) and NO (G) in BV-2 cells, with in situ signals quantified
in (H) and (I). (J) Effect of o-tyr on the viability of neuronal cells. Values are expressed as the mean ± S.E.M.; n � 6; *p < 0.05 versus Con, by Student’s unpaired t-test.
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four genera and their related metabolites and pathways may
influence AD-related pathological indicators and play an
important role in the progression of AD. A variety of
pathological indicators for AD are related to intestinal
microbiota disorders and metabolic disorders (Supplementary
Figure S5). It suggested that the decline of cognitive function in
AD was related to the microbiota composition and metabolites
and further aggravates cognitive impairment.

As shown in Figure 7, some bacteria and metabolites play
pivotal roles in the microbiota-metabolite-indicator network and
may react specifically to rhubarb. To understand the potential
effect of rhubarb on the microbiota-metabolite-indicator
network, metabolite nodes with higher node degrees were
analysed. Interestingly, the abundance of o-tyr, 3-
hydroxyundecanoyl carnitine, L-glutamic acid, LysoPE (14:0/0:
0), 3-Hydroxytetradecanedioic acid, and pyroglutamic acid,
which connected the microbiota and indicator nodes in the
network, were recovered after rhubarb treatment
(Figures 7B–H).

Validation of o-tyr as Key Microbial
Metabolites Mediating the Pathological
Changes in Alzheimer’s disease
As mentioned above, the relative peak area of o-tyr in the feces
of the Tg group continued to increase with age. The level of o-tyr
was significantly reduced by rhubarb intervention (Figure 7B).
In the microbiota-metabolites-indicators network, o-tyr was
significantly correlated with two types of bacteria, four
pathological indicators, and seven metabolites, suggesting it
may play a pivotal role in connecting the microbiota to
the pathological indicators in the microbiota-metabolites-
indicators network.

It has been reported that o-tyrosine could not only produce
intracellular hydroxyl radicals, but other reactive oxygen
species (ROS), such as hydrogen peroxide and superoxide
radical anion (Ipson and Fisher, 2016). We speculated that
in the process of aging, o-tyr from bacteria could enter the brain
due to the increased permeability of the blood-brain barrier,
induced neuronal oxidative stress and apoptosis. In this study,
in vitro experiments on primary neurons and BV-2 cells were
performed to validate whether o-tyr could promote the
pathology of AD. ROS is considered to participate in the
pathogenesis of AD, which can cause oxidative stress and
trigger damages to cells in the brain. The intracellular ROS
levels in neuronal and BV-2 cells were determined with DCFH-
DA and the fluorescence intensity was further monitored by
fluorescence microscope. As shown in Figures 8A,C,F,H, as
the increase of o-tyr concentration, the fluorescence intensity of
both cells significantly enhanced.

NO, as an inflammatory factor, plays an important role in
neuronal death. To investigate the effect of o-tyr on the
inflammatory response in neuronal and BV-2 cells, DAF-FM
DA was used as a probe for NO. As shown in Figure 8, the
fluorescence intensity in both neuronal and BV-2 cells
significantly enhanced with the increase of the o-tyr
concentration.

Studies have shown the potential of o-tyr to induce apoptosis.
Therefore, the impact of o-tyr on the viability of neuronal and
BV-2 cells was evaluated by theMTT assay. As shown in Figure 8,
both of the two cells treated with 2 mM o-tyr reduced the cell
viability to approximately 50%. These results demonstrated that
o-tyr adversely affected the function and viability of the neuronal
and BV-2 cells.

DISCUSSION

In this study, we found that there were age-dependent alterations
in both gut microbiota and fecal metabolites in Tg mice,
indicating a dynamic change in microbial community and
related metabolites during the development of AD. Through a
more accurate co-network analysis based on indicator and multi-
omics correlation analyses, we found a significant correlation
between the metabolites and microbiota with the development of
AD disease. In vitro experiments were conducted to confirm the
toxicity of the microbial metabolite o-tyr, which was closely
related to the microbiota and pathological indicators in
response to rhubarb intervention. The therapeutic mechanisms
by which rhubarb acts on key gut microbiota, affects the related
metabolites, and improves pathological indicators and finally
cognitive impairment in Tg mice were further examined.

It has been reported that APP/PS1 mice show amyloid
deposition at 2 months of age, amyloid plaques at 5 months of
age, synaptic loss after 7–9 months, and severe cognitive
impairment (Want et al., 2010). In addition, age-dependent
alterations in the microbiome of APP/PS1 Tg mice have been
reported (Shen et al., 2017; Bauerl et al., 2018). These reports
indicate that pathological changes in AD are a dynamic process;
hence, disturbed intestinal bacteria based on a single time point
are not enough to reflect the pathological process of AD.
Accordingly, our study confirmed that the gut microbiota
community structure changed with the age of the Tg mice by
16S rRNA analysis. The abundance of Akkermansia in the Tg
group decreased significantly with the increase of age and was
negatively correlated with the Aβ42 content in the hippocampus.
As a next generation probiotic (Zhang T. et al., 2019),
Akkermansia muciniphila is considered the most abundant
mucolytic bacteria in a healthy gut (Belzer and de Vos, 2012).
The continuous decrease of Akkermansia in the gut during aging
may lead to the thinning of intestinal mucosa and the weakening
of the intestinal barrier function, and subsequently the
translocation of endotoxins and other proinflammatory
bacterial products (Bodogai et al., 2018). The abundance of
Escherichia-Shigella in the Tg group also increased with age. A
clinical study showed that the abundance of Escherichia-Shigella
involved in inflammatory response increased in the feces of
AD patients and there was a significant positive correlation
between the expression of IL-6, cxcl2, and NLRP3 (Cattaneo
et al., 2017). Interestingly, both Ruminococcaceae_UCG_09 and
norank_f_Ruminococcaceae belong to the Ruminococcaceae
family, although the two species are similar at the taxonomic
level, they may perform distinct functions in vivo to influence
disease progression (Liu H. et al., 2019). One study reported that
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high salt diet induced an increase in the abundance of
Ruminococcaceae_UCG_09 in hypertensive mice, accompanied
by increased intestinal permeability and inflammation in the
small intestine and periphery (Zhang Z. et al., 2019). The
increased intestinal permeability led to intestinal bacterial
translocation, and the Aβ peptides and LPS secreted by
harmful bacteria further induced peripheral and neuronal
inflammation, exacerbating cognitive impairment in AD
(Friedland and Chapman, 2017). Taken together, our results
suggested that there were highly dynamic changes and
extensive interactions between the gut microbiota of Tg mice
that exacerbated the disease phenotype over time.

Changes in the composition and function of the gut
microbiota can affect the overall effectiveness of the drug (Wu
TR. et al., 2019; Zeng et al., 2020). Meng Yu et al. (Yu et al., 2017)
reported a reduced abundance of Marvinbryantia in the gut
microbiota and fecal metabolites of rats in a depression model
and a significant association existed in bile acid and tryptophan
metabolism as well as 5-HT, DA, and NE in the brain. An
observational study of AD patients indicated that bile acids
may be a biomarker for the early diagnosis of AD
(MahmoudianDehkordi et al., 2019). Gut microbiota and the
host co-regulate tryptophan metabolic pathways associated with
several neurodegenerative diseases (Platten et al., 2019; Dong
et al., 2020). Gut microbiota has a regulatory effect on 5-HT
production by intestinal enterochromaffin cells and affect the
overall tryptophan metabolism and 5-HT levels in the colon and
blood, which in turn affects the central concentration of the
precursor substance of 5-HT, 5-HTP, and regulates
neurotransmitter levels in the brain (Kwon et al., 2019).
Herein, rhubarb-responsive bacteria were screened by RT-PCR
analysis. We found that the abundance of Marvinbryantia
gradually decreased with increasing age in Tg mice and was

correlated with various metabolites in feces as well as the 5-HT,
DA, Glu, and GABA neurotransmitters in the brain. We also
found that long-term intervention with rhubarb elevated the
abundance of Marvinbryantia. Therefore, we hypothesized that
Marvinbryantia might be an important microbiome target for
rhubarb to alleviate AD cognitive impairment.

Studies have indicated that microbial metabolites derived from
intestinal bacteria may be important messengers for bidirectional
cross-talk between the gut and brain. In food and the human
body, choline mainly exists in the form of phosphatidylcholine
(PC) (Wang et al., 2011). Many intestinal bacteria that can utilize
choline to convert PC into free choline, which is metabolized to
trimethylamine (TMA) (Chittim et al., 2019). Some studies have
identified the involvement of phospholipase D in PC metabolism
from gut microbiota, indicating that intestinal microorganisms
are potential targets for phospholipid metabolism and TMA
inhibition (Chittim et al., 2019; Orman et al., 2019). Herein,
drug-responsive microbial metabolites in Tg mice after rhubarb
intervention for 30 and 60 days with consistent trends were
further screened by metabolomic analysis. Our study showed
that PC (15:0/18:2(9Z,12Z)) was broadly correlated with gut
microbiota. Rhubarb reversed the abnormal increase of PC
(15:0/18:2(9Z,12Z)) in Tg mice, which suggested that choline
metabolism disorders in gut microbiota were alleviated. Patients
with inflammatory bowel disease (IBD) harbour a variety of
clinically pathogenic bacteria that damaged the integrity of the
intestinal barrier by reducing the level of intestinal
lysophosphatide, leading to the destruction of the intestinal
epithelial barrier and immune activation (Zou et al., 2020).
Our results showed that the lysophospholipid LysoPE (14:0/0:
0) was associated with Escherichia-Shigella, Marvinbryantia, and
IL-1β. Rhubarb significantly increased the LysoPE (14:0/0:0) level
and decreasedMarvinbryantia abundance in Tg mice. This suggested

FIGURE 9 | Rhubarb alleviates cognitive impairment in APP/PS1 mice by regulating drug-responsive bacteria and their corresponding microbial metabolites.
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that rhubarb could affect the metabolism of lysophosphatidylcholine
by regulating gut microbiota, thereby playing an important role in
reducing inflammation, improving the intestinal barrier. 3-
hydroxyundecanoyl carnitine belongs to the acyl carnitine family
and structurally contains O-acyl carnitine. Our study showed that
rhubarb reduced 3-hydroxyundecanoyl carnitine, which was
positively correlated with IL-1β, IL-18, Aβ, and
Erysipelatoclostridium, but negatively correlated with Bacteroides. A
multi-omic study in the human microbiome program found that the
imbalance of acyl carnitine compounds in the feces of patients with
IBD with microbiome transcriptome and serum antibodies was
accompanied by the reduction of obligatory anaerobes and the
overgrowth of facultative anaerobes (Integrative, 2019). These
results suggest that 3-hydroxyundecanoyl carnitine may be a key
metabolic marker for rhubarb to improve the flora and indicators of
AD. Pyroglutamic acid is a cyclized derivative of lactam formed from
free amino cyclization of L-glutamic acid (Ponnusamy et al., 2011).
Our results showed that rhubarb could significantly increase the levels
of glutamate and pyroglutamate in the feces of Tg mice, regulate the
metabolism of neurotransmitters related to intestinal microbiota
positively, and thus increase the content of neurotransmitters in
the brain.

As a biomarker for oxidative stress (Ipson and Fisher, 2016), o-tyr
is affected by a variety of microorganisms and can bind abnormally
to phenylalanine tRNA in cells, producing oxidative proteins that
lead to intracellular protein degradation (Bertin et al., 2007; Klipcan
et al., 2009), further reducing cellular activity and inhibiting cellular
proliferation (Aronson and Wermus, 1965). In this study, we found
that o-tyr, which continued to increase in the progression of AD, was
significantly negatively correlated with a number of
neurotransmitters and positively correlated with IL-18. In further
in vitro experiments, o-tyr was proved to increase ROS and NO in
neuronal and BV-2 cells as well as to inhibit cellular activity. These
results suggested that gut microbiota-derived o-tyr might contribute
to oxidative stress and neuroinflammation, exacerbating
pathological damage in AD.

As the largest endocrine organ in the body, the gut microbial
system can produce a wide range of small biologically active
metabolites that enter the circulation and affect the brain (Vogt
et al., 2017). As AD is a progressive neurodegenerative disease, the
gut microbiota and their metabolites accumulate over time as the
disease progresses and may exacerbate the process. However, the
identified gut microbiota by 16S rRNA sequencing can be highly
variable across studies, even yielding completely opposite results
regarding a single genus in different studies with the same disease
model [6]. Thus, there would be many false positives in screened
microbial metabolites by 16S rRNA sequencing-based co-network
analysis and presents difficulties for the development of bacteria-
targeted drugs for AD. In this study, an improved co-network
analysis consisting of RT-PCR and different metabolites
combined with pathological indicators provided a more accurate
view to uncover the therapeutic mechanisms of rhubarb for AD
from the point of gut microbiota. At the very beginning, we explored
themicrobiota andmetabolites that changed with age and correlated
with disease indicators. Four bacterial genera were discovered as the
drug-responsive bacteria in the process of rhubarb treatment for AD,
which were validated using RT-PCR. Then, based on the above

identification results, the accuracy of identification for microbial
metabolites associated with drug-responsive bacteria was immensely
improved by co-network analysis. After that, o-tyr was identified and
validated its role in promotion of AD pathology by gut-brain
transmission. Finally, it demonstrated that rhubarb ameliorated
cognitive impairment in Tg mice through decreasing the
abundance of o-tyr in the gut owing to the regulation of
rhubarb-responsive bacteria.

In conclusion (Figure 9), our results demonstrated that with
the progression of AD, dynamic changes occur in gut microbiota
and their corresponding metabolites. Most importantly, a more
accurate co-network analysis employed here demonstrated that
the therapeutic effects of rhubarb for AD relies on certain bacteria
andmetabolites correlated with pathological indicators. Reducing
the accumulation of metabolites produced by microbiota in vivo
would help to intervene the progression of AD. The current
findings provide a novel perspective on the accurate identification
of drug-responsive gut microbes and metabolites to elaborate
therapeutic mechanisms of bacteria-targeted drugs for AD.
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GLOSSARY

5-HT serotonin

Aβ amyloid-β

Ach acetylcholine

AD Alzheimer’s disease

ANOVA the analysis of variance

BBB blood brain barrier

BPIs Representative base peak ion chromatograms

CV coefficient of variation

DA dopamine

DAF-FM DA 3-amino,4-aminomethyl-2′,7′-difluorofluorescein diacetate

DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethyl sulfoxide

dNTP deoxynucleoside triphosphate

ELISA enzyme-linked immunosorbent assay

FBS fetal bovine serum

FDR false discovery rate

GABA γ-aminobutyric acid

Glu glutamate

HE hematoxylin and eosin

IBD inflammatory bowel disease

IL interleukin

LC-MS Liquid chromatography–mass spectrometry

LPS lipopolysaccharides

MRM multiple reaction monitoring

MS mass spectrometry

NE norepinephrine

NO Nitric oxide

o-tyr o-tyrosine

OTUs operational taxonomic units

PBS phosphate-buffered saline

PC phosphatidylcholine

PCA principal component analysis

PLS-DA partial least-squares discriminant analysis

QC quality control

RT-PCR real-time polymerase chain reaction

ROS reactive oxygen species

SD Sprague-Dawley

TCM Traditional Chinese medicine

Tg transgenic

TgP positive drug group

TgR rhubarb administration group

TMA trimethylamine

TNF tumour necrosis factor

UPLC ultra-performance liquid chromatography

UPLC-Q-TOF/MS Ultra-Performance Liquid Chromatography-
quadrupole time-of-flight mass spectrometry

UPLC-TQ/MS Ultra-Performance Liquid Chromatography-Triple
Quadruple Mass Spectrometry

VIP variable importance of projection

WT wild type control group
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San-Huang-Yi-Shen Capsule
Ameliorates Diabetic Nephropathy in
Rats Through Modulating the Gut
Microbiota and Overall Metabolism
Xiuhai Su, Wenxia Yu, Airu Liu, Congxiang Wang, Xiuzhen Li, Juanjuan Gao, Xiaofei Liu,
Wenhui Jiang, Yue Yang and Shuquan Lv*

Cangzhou Hospital of Integrated TCM and Western Medicine of Hebei Province, Cangzhou, China

San-Huang-Yi-Shen capsule (SHYS) has been used in the treatment of diabetic
nephropathy (DN) in clinic. However, the mechanisms of SHYS on DN remain unknown. In
this study,weusedahigh-fat diet (HFD) combinedwith streptozotocin (STZ) injection to establish
a DN rat model. Next, we used 16S rRNA sequencing and untargeted metabolomics to study
the potential mechanisms of SHYS on DN. Our results showed that SHYS treatment alleviated
the body weight loss, hyperglycemia, proteinuria, pathological changes in kidney in DN rats.
SHYS could also inhibite the oxidative stress and inflammatory response in kidney. 16S rRNA
sequencing analysis showed that SHYS affected the beta diversity of gut microbiota community
in DN model rats. SHYX could also decrease the Firmicutes to Bacteroidetes (F to B) ratio in
phylum level. In genus level, SHYX treatment affected the relative abundances of Lactobacillus,
Ruminococcaceae UCG-005, Allobaculum, Anaerovibrio, Bacteroides and
Candidatus_Saccharimonas. Untargeted metabolomics analysis showed that SHYX
treatment altered the serum metabolic profile in DN model rats through affecting the levels
of guanidineacetic acid, L-kynurenine, prostaglandin F1α, threonine, creatine, acetylcholine and
other 21 kind of metabolites. These metabolites are mainly involved in glycerophospholipid
metabolism, tryptophan metabolism, alanine, aspartate and glutamate metabolism, arginine
biosynthesis, tricarboxylic acid (TCA) cycle, tyrosine metabolism, arginine and proline
metabolism, arginine and proline metabolism, phenylalanine, tyrosine and tryptophan
biosynthesis, phenylalanine metabolism, and D-glutamine and D-glutamate metabolism
pathways. Spearman correlation analysis showed that Lactobacillus,
Candidatus_Saccharimonas, Ruminococcaceae UCG-005, Anaerovibrio, Bacteroides, and
Christensenellaceae_R-7_group were closely correlated with most of physiological data and
the differential metabolites following SHYS treatment. In conclusion, our study revealed multiple
ameliorative effects of SHYS on DN including the alleviation of hyperglycemia and the
improvement of renal function, pathological changes in kidney, oxidative stress, and the
inflammatory response. The mechanism of SHYS on DN may be related to the
improvement of gut microbiota which regulates arginine biosynthesis, TCA cycle, tyrosine
metabolism, and arginine and proline metabolism.

Keywords: San-Huang-Yi-Shen capsule, diabetic nephropathy, gut microbiota, arginine biosynthesis, tricarboxylic
acid cycle, tyrosine metabolism, arginine and proline metabolism
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1 INTRODUCTION

Diabetic nephropathy (DN), major complications of diabetes, is a
contributing factor in late-stage renal failure (Wang et al., 2016).
The current treatment for DN includes blood glucose control and
regulation of lipid metabolism using anti-hypertension medicines
(Mann et al., 2010; Pazdro and Burgess, 2010; Tone et al., 2005;
Jin et al., 2014). However, these conventional treatments do not
completely prevent the progression of DN (Tuttle et al., 2018).
The development of new therapeutic agents to improve renal
function and halt the progression of DN has become an active
area of investigation.

Traditional Chinese medicine (TCM) has contributed
significantly to the treatment of DN. Numerous studies
have shown that TCM has significant advantages for
improving renal function, controlling blood glucose levels,
and inhibiting the inflammatory response on DN (Zhong
et al., 2015). A multicenter randomized controlled study
showed that Liu-Wei-Di-Huang pill significantly reduces
erythrocyte aldose reductase activity, β2-microglobulin
expression, and urinary protein levels in diabetic patients
(Song et al., 2004). Qi-Zhi-Jiang-Tang decoction also delays
the progression of DN (Guo et al., 2014). Wu-Ling powder
ameliorates the inflammatory response in a rat model of DN
by inhibiting the NF-κB signaling pathway (Liu et al., 2009).
Tong-Shen-Luo (TSL) significantly reduces the extracellular
matrix in renal tissues in a rat model of DN (Wu et al., 2007).
Finally, Xian-Zhen decoction decreases the accumulation of
glycosylated products in renal tissues of rats with DN (Tang
et al., 2005).

The human intestine contains a plethora of microorganisms
that interact with each other and together maintain the
metabolic-immune nervous system homeostasis of the body
(Li et al., 2020). Disorders in gut microbiota contribute to the
development of various diseases (Guarner, 2006). Patients with
DN have an increased ratio of Firmicutes to Bacteroides in the
gut compared with healthy individuals (Gong et al., 2021).
These alterations in the microbiota are associated with various
pathological changes associated with DN, abnormal
hemodynamic inflammatory responses, and metabolic
abnormalities (Grigor’eva, 2020; Magne et al., 2020; Macho-
González et al., 2021; Zhang et al., 2021). Transplantation of
germ-free mice with microbiota frommice with DN resulted in
elevated levels of 24-h urine proteins (Cai et al., 2020).
Furthermore, gut microbiota may be involved in the
progression of DN by modulating metabolism (Li et al.,
2020). The pathogenesis of DN may be elucidated by
analyzing microbiota metabolism using 16S rRNA
sequencing technology combined with untargeted
metabolomics, This may lead to the development of new
treatments for DN that regulate gut microbiota and host
metabolism.

San-Huang-Yi-Shen capsule (SHYS) consists of Astragalus
mongholicus Bunge, Panax quinquefolius L., Dioscorea
oppositifolia L., Cornus officinalis Siebold and Zucc., Cuscuta
chinensis Lam., Polygonatum sibiricum Redouté, Rehmannia
glutinosa (Gaertn.) DC., Euryale ferox Salisb., Rosa laevigata

Michx., Leonurus japonicus Houtt., Salvia miltiorrhiza Bunge,
Conioselinum anthriscoides ‘Chuanxiong’, Atractylodes lancea
(Thunb.) DC., Paeonia lactiflora Pall., and Gypsophila vaccaria
(L.) Sm. And has been used in the treatment of many chronic
renal diseases including DN, IgA nephropathy and chronic renal
failure (Bian et al., 2011; Su et al., 2015b; Zhong et al., 2016).
Clinical studies showed that SHYS could alleviate the proteinuria
in DN patients (Su et al., 2015a). Animal study has also
demonstrated the protective effects of SHYS on DN model
rats (Chi et al., 2013). However, the mechanisms of SHYS on
DN remain unknown. In this study, we used a high-fat diet
(HFD) combined with streptozotocin (STZ) injection to establish
a DN rat model. Next, we used 16S rRNA sequencing and
untargeted metabolomics to study the potential mechanisms of
SHYS on DN.

2 MATERIALS AND METHODS

2.1 Reagents
HFD (65.75% basal chow, 20% sucrose, 10% lard, 3% egg yolk
powder, 1% cholesterol, 0.25% pig bile salt) was purchased from
Beijing Sibeifu Bioscience Co., Ltd. (Beijing, China).
Irbesartan was obtained from Sanofi Winthrop Industrie
(France). STZ was purchased from Solarbio Biotechnology
Co., Ltd. (Beijing, China). Creatinine (Cr), blood urea
nitrogen (BUN), urine protein, superoxide dismutase
(SOD), methane dicarboxylic aldehyde (MDA), and
glutathione peroxidase (GSH-Px) assay kits test kits were
obtained from Nanjing Jiancheng Biological Engineering
Institute (Nanjing, China). Rat interleukin (IL)-1β, IL-6,
tumor necrosis factor alpha (TNF-α) enzyme-linked
immunosorbent assay (ELISA) kit was obtained from
Multi Science Biotechnology Co., Ltd. (Hangzhou, China).
Reference standards of ferulic acid, atractylodin,
tanshinone, astragaloside, hyperoside, loganin, gallic acid,
morroniside, allantoin, oleanic acid, ginsenoside Rb1,
ginsenoside Re, ginsenoside Rg1, paeoniflorin, vaccarin,
pyrrolidinium, leonurine, and catalpol were obtained
from Sichuan Weikeqi Biological Technology Co., Ltd.
(Sichuan, China).

2.2 Quality Control and Analysis of Main
Compounds in SHYS
SHYS was prepared from the pharmacy department of Cangzhou
Hospital of Integrated Traditional Chinese and Western
Medicine. Briefly, 15 g of Astragalus mongholicus Bunge (Batch
number: 201126), 12 g of Panax quinquefolius L., 12 g of
Dioscorea oppositifolia L. (Batch number: 201008), 12 g of
Cornus officinalis Siebold and Zucc. (Batch number: 201126),
12 g of Cuscuta chinensis Lam. (Batch number: 200815), 12 g of
Polygonatum sibiricum Redouté (Batch number: 200912), 15 g of
Rehmannia glutinosa (Gaertn.) DC. (Batch number: 201126), 12 g
of Euryale ferox Salisb. (Batch number: 201012), 12 g of Rosa
laevigata Michx. (Batch number: 201126), 10 g of Leonurus
japonicus Houtt. (Batch number: 200817), 12 g of Salvia
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miltiorrhiza Bunge (Batch number: 201102), 12 g of Conioselinum
anthriscoides ‘Chuanxiong’ (Batch number: 200817), 10 g of
Atractylodes lancea (Thunb.) DC. (Batch number: 201014),
10 g of Paeonia lactiflora Pall. (Batch number: 201012), and 6 g
of Gypsophila vaccaria (L.) Sm. (Batch number: 201106) were
weighed. All herbs were authenticated by pharmacist in the
pharmacy department of Cangzhou Hospital of Integrated
Traditional Chinese and Western Medicine. Then, these crude
herbs were decocted, evaporated and made into capsuled
prepapation according to the medical institution preparation
standard in Hebei (approval number: Z20050795). The
specification of SHYS was 0.45 g per capsule. The production
licence of SHYS was shown in Supplementary Figure S1.

Quality control of SHYS was performed using Ultra
performance liquid chromatography (UPLC; ACQUITY
UPLC®, United States) coupled with Xevo G2 quadrupole-time
of-flight (Q-TOF) mass spectrometer (MS; Waters Corp.,
Milford, MA, United States) systems. Briefly, the test
solution was injected onto an ACQUITY UPLC BEH C18
Column (2.1 mm × 100 mm, 1.7 μm) held at 50°C. The flow
rate was 0.3 ml/min and the injection volumn was 2 μl.
Mobile phase A was 0.1% formic acid aqueous solution
and mobile phase B was acetonitrile contained 0.1% formic
acid. The mobile phase conditions were: 0 min, 5% B; 1 min,
10% B; 6 min 60% B; 6.5 min 100% B; 10 min 100% B;
10.1 min 5% B; 13 min 5% B.

A Q-TOF MS equipped with an electrospray ionization (ESI)
source was used for both positive and negative ionization scan modes
(m/z ranges from 50 to 1,200 Da). The scan time was 0.2 s. The
capillary voltages were 3,000 V (positive mode) and 2,200 V (negative
mode), respectively. The desolvation temperature was 350°C and the
source temperaturewas 100°C. The sample cone voltage was 40 V and
the extraction cone voltage was 4 V. The cone gas flowwas 40 L/h and
the desolvation gas flow was 800 L/h (both positive and negative
modes).

2.3 Animals
Sixty male Sprague-Dawley (SD) rats (speciic pathogen free
grade, 6–8 weeks old) weighing 200 ± 20 g, were obtained
from the Beijing Huafukang Biotechnology Co., Ltd.
[Production License No.: SCXK (Beijing) 2020-0016]. The
animal were housed at 25 ± 2°C, a 12 h light-dark cycle, with
free access to food and water. The study was approved by the
Ethics Committee of Cangzhou Hospital of Integrated
Traditional Chinese and Western Medicine.

2.4 Induction of DN Rat Model
DN model was induced using HFD and STZ injection as
described previously (Shen et al., 2020). Briefly, rats were fed
with HFD for 8 weeks. Subsequently, rats were injected
intraperitoneally with 30 mg/kg of STZ (dissolved in 0.1 mol/
L citric acid buffer, pH � 4.5). After STZ injection, rats were
continued to be fed with HFD and blood glucose and 24-h urine
protein levels after fasted for 12 h were investigated weekly. FBG
levels of ≥12 mmol/L and urine protein levels of ≥20 mg/24 h
were used as criteria for establishing the animal model of DN
(Zhang et al., 2014), this occurred 2 weeks after STZ injection.

2.5 Animal Grouping
After 1 week of acclimatization, 10 rats were randomly selected as
the Control group and provided a standard diet, whereas the
remaining 50 rats received HFD and STZ injection to induce
DN. After the animal model had been established, DN rats were
randomly divided into theModel, Irbesartan, SHYS low-dose, SHYS
middle-dose, and SHYS high-dose groups, with 10 rats in each
group. Rats in Control andModel groups were gavaged with 2 ml of
distilled water; Rats in Irbesartan were gavaged with 11.51 mg/kg
irbesartan (Wang et al., 2018); while rats in SHYS low-dose, SHYS
middle-dose and SHYS high-dose groups were gavaged with SHYS
capsule doses of 0.41, 0.81, and 1.62 g/kg, respectively, once daily for
4 consecutive weeks. The dosage in SHYS middle-dose group in our
study was based on a conversion of human to rat body surface area,
while the low dose was half the middle dose and high dose was
double the middle dose. Body weight and FBG were measured every
2 weeks after SHYS treatment (Figure 1).

2.6 Measurement of Biochemical Indicators
After 4 weeks of SHYS intervention, 24 h urine samples were
collected from all rats using metabolic cages. Then, rats were
anesthetized with an intraperitoneal injection of 50 mg/kg
pentobarbital sodium. Blood was collected from the inner
canthus, and centrifuged at 3,000 rpm for 15min to collect the
serum. The levels of 24-h urine protein and serum creatine (Cr) and
blood urea nitrogen (BUN) in each group of rats were determined
using the test kits according to the manufacturer’s instructions
(Nanjing Jiancheng Biological Engineering Institute).

The rats were sacrificed by cervical dislocation after blood
sampling. The kidneys were quickly removed. 0.1 g of kidney
tissues were weighed and immersed in 900 μl of normal saline and
homogenized at 4°C. The supernatants were collected after
centrifugation at 3,000 rpm for 15 min to obtain the renal
tissue homogenate. Level of the total protein content in renal
tissue homogenate was detected by BCA assay according to the
manufacturer’s instructions (Nanjing Jiancheng Biological
Engineering Institute). Besides, SOD and GSH-Px activities
and MDA levels representing oxidative stress were measured
according to the instructions described in the kit (Nanjing
Jiancheng Biological Engineering Institute).

2.7 ELISA
After 4 weeks of SHYS intervention, IL-6, IL-1β, and TNF-α levels
in renal tissue homogenates from each group were measured by
ELISA, which was performed based on the manufacturer’s
instructions (Multi Science Biotechnology Co., Ltd.).

2.8 Histopathology Staining of Renal
Tissues
After 4 weeks of SHYS intervention, the renal tissues from each
group were fixed in 10% formalin, washed with water for 20 min,
dehydrated in gradient alcohol, cleared with xylene, embedded in
paraffin. The tissues were cut into 5 μm thick strips, stained with
hematoxylin and eosin (H and E), and subjected to Masson and
Sirius Red staining. The relative collagenous fiber area was quantified
using integrated optical density (IOD) with the Image-Pro Plus 6.0
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software. The positive area (%) was calculated according to the
following formula: IOD/sum area × 100%.

2.9 16S rRNA Sequencing
2.9.1 Extraction of Fecal Genomic DNA
After 4 weeks of SHYS intervention, cecum contents were
collected and weighed. Total genomic DNA was extracted
using the CTAB/SDS method. The purity and concentration of
DNA samples were assessed on a 1% agarose gel. The DNA was
diluted to 1 ng/μl with sterile water.

2.9.2 Polymerase Chain Reaction Amplification and
Sequencing of 16S rRNA Gene
The V3-V4 region of the 16S rRNA gene was amplified using
338 F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’) primers. PCR
amplification included 10 ng of template DNA, 0.2 µm of
forward and reverse primers, and 15 µl of Phusion® High-
Fidelity PCR Master Mix (New England Biolabs). The reaction
conditions were as follows: pre-denaturation at 98°C for 1 min, 15
cycles of denaturation at 95°C for 10 s, annealing at 50°C for 30 s

and extension at 72°C for 30 s, and then holding at 72°C for 5 min
and storage at 4°C. The PCR products were purified using the
Qiagen Gel Extraction Kit (Qiagen, Germany). A 2% agarose gel
was used for detection. Sequencing libraries were generated using
the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina,
United States) and library quality was assessed on a Qubit@ 2.0
Fluorometer (Thermo Scientific) and an Agilent Bioanalyzer
5400 system (Agilent, United States). The analysis of peak-
heights in agarose gel electropherogram was shown in
Supplementary Figure S2. Finally, the libraries were
sequenced on the Illumina NovaSeq platform to obtain 250 bp
of paired-end sequences.

2.9.3 Sequencing Data Analysis
The raw sequencing data were spliced using FLASH (Version 1.2.7,
http://ccb.jhu.edu/software/FLASH/). After quality control, the
effective tags were obtained. The tags were clustered using
Uparse software (Version 7.0.1001, http://drive5.com/uparse/) at
97% similarity to obtain operational taxonomic units (OTUs)
(Edgar, 2013). The SILVA reference database (Version 138,
http://www.arb-silva.de/) based on the Mothur the algorithm,

FIGURE 1 | Overview of the experimental design for all groups.
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was used to annotate the OTUs with taxonomic information
(Quast et al., 2012). Multiple sequence comparisons were
conducted using MUSCLE software (Version 3.8.31, http://www.
drive5.com/muscle/) (Edgar, 2004). The abundance of OTUs was
normalized using the sequence number corresponding to the
sample with the smallest sequence. Alpha-diversity indicator
and beta-diversity analysis were subsequently performed. The
Wilcoxon Rank-Sum test was used for statistical difference
analysis between groups of diversity indicators. The
Kruskal–Wallis rank-sum test was used (Games–Howell test
was chosen as the post-hoc test) in conjunction with the
multiple testing method of false discovery rate to screen for
different bacteria. p < 0.05 after false discovery rate (FDR)
correction was considered to be statistically significant. Finally,
data analysis using Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States database (PICRUSt) was
performed to predict the relevant biological pathways that may
be affected by each group exhibiting different microbiota.

2.10 Metabolomics Analysis
2.10.1 Serum Sample Processing
A 100 μl of serum sample was added to 400 μl of 80% methanol.
The mixture was vortexed, shaken, and centrifuged at 15,000 g for
20 min at 4°C in an ice bath. After centrifugation, the supernatant
was diluted with ultrapure water to 53% methanol and centrifuged
again at 15,000 g for 20 min at 4°C. The supernatant was collected
and used as the test sample. All samples were mixed in equal
amounts as a quality control (QC) sample and analyzed
periodically throughout the analysis process to ensure the
stability and accuracy of the measurement throughout the analysis.

2.10.2 Conditions of Chromatography and Mass
Spectrometry
Chromatography was performed on a Hypesil Gold column (C18)
column (2.1 mm × 100 mm, 1.9 μm)with amobile phase consisting
of (A) 0.1% formic acid and (B) methanol, using a gradient elution
of 0 min, 98% A, 2% B; 1.5 min, 98% A, 2% B; 12 min, 0% A, 100%
B; 14min, 0% A, 100% B; 14.1 min, 98% A, 2% B; 17min, and 98%
A, 2% B. The column temperature was set to 40°Cwith a flow rate of
0.2 ml/min and an injection volume of 2 μl. MS conditions were
simultaneous detected in positive- and negative-ion modes using
electrospray ionization (ESI). The settings of the ESI were as follows:
Spray Voltage: 3.2 kV; Sheath gas flow rate: 40 arb; Aux Gas flow
rate: 10 arb; Capillary Temp: 320°C. QC samples were injected every
six samples throughout the analytical run, and the data obtained
were used to evaluate stability.

2.10.3 Data Processing and Analysis
Molecular signature peaks in the samples were detected based on
the results of high-resolution mass spectrometry. The molecular
peaks were matched and identified by combining the high-quality
mzCloud (https://www.mzcloud.org/), mzVault, and MassList
databases constructed from the standards. The raw files (.raw)
obtained by MS were imported into Compound Discoverer 3.1
(CD3.1, Thermo Fisher) software for data preprocessing. First,
the data were briefly screened by the parameters of retention time
and mass-to-charge ratio, and then the peaks from different

samples were aligned according to the retention time deviation
of 0.2 min and the mass deviation (Part per million, ppm) of
5 ppm to make identification accurate. Subsequently, the data
were aligned according to the settings of 5 ppm, signal intensity
deviation of 30%, signal-to-noise ratio (S/N) of 3, minimum
signal intensity of 1,00,000. Adduct ions for peak extraction and
peak area were also quantified. The metabolites were identified by
the molecular formula prediction using molecular ion peaks and
fragment ions, and were compared with the mzCloud and
mzVault and MassList databases. Metabolites with a coefficient
of variation of less than 30% in the QC samples were then
retained as the final identification results for subsequent
analysis. The peaks detected in the samples were integrated
using CD3.1 software, where the peak area of each
characteristic peak represented the relative quantitative values
of a metabolite, and the quantitative results were normalized
using the total peak area to obtain the final quantitative results for
the metabolites. The data were then subjected to QC to ensure the
accuracy and reliability of the results.

Next, the metabolites were subjected to a multivariate statistical
analysis, including principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis (OPLS-
DA), to identify differences in the metabolic patterns among
groups. PCA and OPLS-DA were performed using SIMCA
software (version 14.1, Umetrics, Sweden). Furthermore, two-
tailed Student’s t-test was used to analyze the normalized peak
areas for eachmetabolite. Differential metabolites between Control
andModel groups and betweenModel and SHYS high-dose groups
were screened based on p < 0.05 and variable importance of
projection (VIP) > 1. Finally, the biological significance of
metabolite correlations was explained by functional analysis
including metabolic pathways. Metabolic pathway enrichment
analysis was performed for differential metabolites with a fold-
change (FC) > 1.20 or FC < 0.80 based onMetaboAnalyst software
(https://www.metaboanalyst.ca/) andKyoto Encyclopedia of Genes
and Genomes (KEGG) database (https://www.kegg.jp/).

2.10.4 Statistical Methods
The experimental data were analyzed using SPSS 20.0 statistical
software. Data were expressed as the mean ± standard deviation
(SD). t-test was used for comparison between two groups. One-
way analysis of variance and post-hoc analysis was used for
comparison among multiple groups. Differences were
considered statistically significant at p < 0.05.

3 RESULTS

3.1 Identification of Main Compounds in
SHYS by UPLC-MS Analysis
Ferulic acid, atractylodin, tanshinone, astragaloside, hyperoside,
loganin, gallic acid, morroniside, allantoin, oleanic acid,
ginsenoside Rb1, ginsenoside Re, ginsenoside Rg1, paeoniflorin,
vaccarin, pyrrolidinium, leonurine, and catalpol were used as the
reference standards to validate the main compounds in SHYS. The
detailed information of these compounds were shown in
Supplementary Figure S3. The typical based peak intensity (BPI)

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 8088675

Su et al. SHYS Ameliorates Diabetic Nephropathy

213

http://www.drive5.com/muscle/
http://www.drive5.com/muscle/
https://www.mzcloud.org/
https://www.metaboanalyst.ca/
https://www.kegg.jp/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


chromatograms of SHYS and these reference standards were shown
in Supplementary Figure S4. The characteristic fragment ions of
these compounds were shown in Supplementary Table S1.
Astragaloside in Astragalus mongholicus Bunge, ginsenoside Rb1,
ginsenoside Re, and ginsenoside Rg1 in Panax quinquefolius L.,
allantoin in Dioscorea oppositifolia L., loganin and morroniside in
Cornus officinalis Siebold and Zucc., hyperoside in Cuscuta chinensis
Lam., Pyrrolidinium in Polygonatum sibiricum Redouté, Catalpol in
Rehmannia glutinosa (Gaertn.) DC., gallic acid in Euryale ferox
Salisb., oleanic acid in Rosa laevigata Michx., leonurine in
Leonurus japonicus Houtt., tanshinone in Salvia miltiorrhiza
Bunge, ferulic acid in Conioselinum anthriscoides ‘Chuanxiong’,
atractylodin in Atractylodes lancea (Thunb.) DC., paeoniflorin in
Paeonia lactiflora Pall., and vaccarin in Gypsophila vaccaria (L.) Sm.
were identified as the preeminent compounds in SHYS.

3.2 Effect of SHYS on Body Weight, FBG,
Renal Function, and Pathological Changes
in DN Rats
At the end of drug administration, the body weight in the Model
group decreased significantly compared with that of the Control

group (p < 0.01). The body weight of the rats in the Irbesartan,
SHYS low-, middle-, and high-dose groups increased significantly
compared with that of the Model group (p < 0.01, p < 0.05, p <
0.01, p < 0.01, respectively, Figure 2A). FBG levels were
≥12 mmol/L in all rats 2 weeks after STZ injection. After
8 weeks of SHYS intervention, FBG levels were significantly
higher in Model group compared with the Control group (p <
0.01) and were lower in the SHYS low-, middle-, and high-dose
groups compared with that of theModel group (p < 0.05, p < 0.01,
p < 0.01, Figure 2B). The results of renal function tests showed
that the serum levels of Cr and BUN as well as 24-h urine protein
levels were significantly higher in the Model group compared
with that of the Control group (p < 0.01, respectively). The
intervention with irbesartan and high-dose SHYS significantly
reduced the serum levels of Cr (p < 0.05, p < 0.01, respectively),
BUN (p < 0.05, p < 0.01, respectively), and 24-h urine protein in
the DN rats (p < 0.01, respectively). The middle-dose SHYS
resulted in significantly reduced 24-h urine protein (p < 0.05) and
serum BUN levels in DN rats (p < 0.01, Table 1 and Figure 2C).

H and E staining results of the kidneys showed that the
glomeruli and tubules of the animals in the Control group had
normal structure. No mesentery or mesangial stromal

FIGURE 2 | SHYS treatment alleviated the body weight loss, hyperglycemia, proteinuria, pathological changes in kidney and inflammatory response in DN rats. (A)
SHYS treatment alleviated the body weight loss in DN model rats. (B) SHYS treatment decreased the FBG in DN rats. (C) SHYS treatment decreased the level of 24-h
urine protein. (D) H and E staining indicated that SHYS treatment significantly improved the pathological changes of kidney in DN rats (200 ×) (E–H)Masson (E,G) and
Sirius red (F,H) staining indicated that SHYS treatment significantly decreased collagen depositions in kidney (200 ×). (I) SHYS treatment decreased the levels of
pro-inflammatory cytokines in renal tissue homogenates. Control, Model, Irbesartan, SHYS low-dose, SHYS middle-dose and SHYS high-dose (n � 10 per group)
groups. Data are presented as the mean ± SD. ##: p < 0.01 as compared to the Control group; *: p < 0.05 as compared to the Model group; **: p < 0.01 as compared to
the Model group; △: p < 0.05 as compared to the Irbesartan group; △△: p < 0.01 as compared to the Irbesartan group; :̂ p < 0.05 as compared to the SHYS low-dose
group; ^̂: p < 0.01 as compared to the SHYS low-dose group
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hyperplasia was observed and no inflammatory cell infiltration
was evident. The Model group showed focal tubular
degeneration and atrophy, slight thickening of the glomerular
basement membrane and mesangial hyperplasia. Compared
with the Model group, the lesions were reduced in each
drug-treated group and the improvement was more
significant in the irbesartan group as well as the SHYS
middle- and high-dose groups (Figure 2D). Masson staining
revealed that the collagen appeared as a blue color by light
microscopy. As shown in Figures 2E,G, the glomeruli and
tubules of animals in the Control group had normal
structures and collagen expression was unchanged. In the
Model group, however, the collagen areas in the glomerular
mesangial region and basement membrane were showed
significantly increased compared with the Control group (p <
0.01). The glomerular and tubulointerstitial collagen deposition
was lower in Irbesartan, SHYS low-dose, SHYS middle-dose,
and SHYS high-dose groups compared with those in the Model
group (p < 0.01, p < 0.05, p < 0.01, p < 0.01, respectively). The
results of Sirius red staining was shown in Figures 2F,H and
indicated that the Model group had significant increase of renal
interstitial and vascular wall collagen depositions and thickened
glomerular arterioles compared with the Control group,
whereas the collagen deposition was lower in Irbesartan,
SHYS low-dose, SHYS middle-dose, and SHYS high-dose
groups compared with those in the Model group (p < 0.01,
p < 0.05, p < 0.01, p < 0.01, respectively).

3.3 Effect of SHYS on Oxidative Stress and
Inflammatory Factor Levels in DN Rats
We further evaluated the effects of SHYS on oxidative stress in
DN rats by measuring SOD, MDA, and GSH-Px in renal tissue
homogenates from each group. Compared with the Control
group, the activities of SOD and GSH-Px (p < 0.01,
respectively) in the renal tissue homogenates of animals in
Model group were significantly decreased, whereas the level of
MDA (p < 0.01) was significantly increased. Irbesartan, SHYS
middle-dose, and SHYS high-dose treated animals exhibited a
significant increase in SOD (p < 0.01, p < 0.05, p < 0.01,

respectively) and GSH- Px (p < 0.01, p < 0.05, p < 0.01,
respectively) activities and decreased MDA (p < 0.01, p < 0.05,
p < 0.01, respectively) levels in renal tissue homogenates
(Table 2). The effects of SHYS on the inflammatory response
of DN rats was also determined by measuring the levels of pro-
inflammatory factors, IL-6, IL-1β, and TNF-α, in renal tissue
homogenates from each group by ELISA. The levels of
proinflammatory factors, IL-6, IL-1β, and TNF-α (p < 0.01,
respectively) in renal tissue homogenates were significantly
increased in rats of the Model group compared with that of
the Control group. The levels of IL-6 in the renal tissue
homogenates of DN rats were significantly decreased following
treatment with irbesartan and high-dose of SHYS (p < 0.01 and
p < 0.05, respectively). The levels of IL-1β were significantly
decreased in Irbesartan, SHYS middle-dose and SHYS high-dose
groups compared with the Model group (p < 0.05, p < 0.05 and
p < 0.01, respectively). The levels of TNF-α were lower in
Irbesartan, SHYS low-dose, SHYS middle-dose and SHYS
high-dose groups compared with that in the Model group (p <
0.01, p < 0.05, p < 0.05, p < 0.01, respectively, Figure 2I). These
results indicated that SHYS exhibits therapeutic effects on DN
rats and the efficacy is most significant at high doses. Therefore,
high-dose SHYS was selected for subsequent gut microbiota and
metabolomics studies.

3.4 Effects of SHYS on Gut Microbiota in DN
Rats
We used 16S rRNA high-throughput sequencing to determine the
changes in gut microbiota of DN rats after SHYS treatment. The
abundance and diversity of the microbial communities within the
samples were analyzed using alpha diversity (i.e., Shannon index
and Simpson index). The results indicated that the Shannon and
Simpson indexes did not reveal significant differences in theModel
group compared with the Control group. Similarly, there was no
significant difference in the Shannon and Simpson indexes in the
SHYS high-dose group compared with the Model group (Figures
3A,B). Next, we analyzed the composition of microbial
communities of different samples using beta diversity and
evaluated them by principal coordinate analysis (PCoA) and
cluster analysis. The PCoA analysis was performed based on
unweighted distance, in which the higher the similarity of
species composition structure between samples, the more
clustered in the diagram. Conversely, the lower the similarity
between samples, the more distant the linear distance. The
PCoA results indicated that sample points in the Model group
could be completely separated from those in the Control group, and
sample points in the SHYS high-dose groupwere very close to that of
the Control group (Figure 3C). The clustering analysis also showed
similar results (Figure 3D). The results indicated that the distance
from the Control group to the SHYS high-dose group was closer
than that between the Control group and the Model group. The
above results indicated that the overall structure and composition of
the gut microbiota of DN rats changed significantly and high-dose
SHYS effectively reversed this change.

The composition of the gut microbiota in each group of
samples at the phylum level indicated that Firmicutes and

TABLE 1 | Changes of serum Cr and BUN levels in DN rats after SHYS treatment.

Group Cr (μmol/L) BUN (mmol/L)

Control 37.39 ± 17.17 3.49 ± 0.2
Model 80.41 ± 32.13a 6.82 ± 0.81a

Irbesartan 40.73 ± 24.01b 5.31 ± 1.48b

SHYS low-dose 65.41 ± 32.01c 5.55 ± 1.78
SHYS middle-dose 53.83 ± 15.07 3.76 ± 0.84d,c

SHYS high-dose 39.04 ± 18.19d 3.61 ± 0.40d,e

Control, Model, Irbesartan, SHYS low-dose, SHYS middle-dose and SHYS high-dose
(n � 10 per group) groups. Data are presented as the mean ± SD.
ap < 0.01 as compared to the Control group.
bp < 0.05 as compared to the Model group.
cp < 0.05 as compared to the Irbesartan group.
dp < 0.01 as compared to the Model group.
ep < 0.01 as compared to the Irbesartan group.
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TABLE 2 | Changes of SOD, GSH-Px activities and MDA level in renal tissue homogenates after SHYS treatment.

Group SOD (U/mgprot) MDA (nmol/mgprot) GSH-px (U/ mgprot)

Control 184.65 ± 32.81 3.56 ± 0.82 82.07 ± 11.3
Model 115.8 ± 37.01a 15.29 ± 3.27a 36.65 ± 18.52a

Irbesartan 163.2 ± 31.64b 5.11 ± 1.87b 74.85 ± 11.98b

SHYS low-dose 117.61 ± 37.42c 14.06 ± 5.78d 49.76 ± 15.39d

SHYS middle-dose 148.55 ± 27.43e 11.09 ± 2.81d,e 56.63 ± 21.64c,e

SHYS high-dose 167.89 ± 26.99b,f 8.25 ± 2.05b,d,g 61.62 ± 14.15b,c

Control, Model, Irbesartan, SHYS low-dose, SHYS middle-dose and SHYS high-dose (n � 10 per group) groups. Data are presented as the mean ± SD.
ap < 0.01 as compared to the Control group.
bp < 0.01 as compared to the Model group.
cp < 0.05 as compared to the Irbesartan group.
dp < 0.01 as compared to the Irbesartan group.
ep < 0.05 as compared to the Model group.
fp < 0.01 as compared to the SHYS low-dose group.
gp < 0.05 as compared to the SHYS low-dose group.

FIGURE 3 | SHYS treatment affected the diversity and abundances of gut microbiota in DN rats (A,B)No significant differences were observed among the Control,
Model and SHYS high-dose groups. (C,D) PCoA and system clustering tree indicatedmore similar beta diversity between SHYS high-dose and Control groups than that
between the Model and Control groups (C: Control group; M: Model group; S: SHYS high-dose group). (E,F) At the phylum level, SHYS treatment decreased the F to B
ratio in DN rats. (G) At the genus level, SHYS treatment affected the relative abundances of Lactobacillus,Ruminococcaceae UCG-005, Allobaculum, Anaerovibrio,
Bacteroides and Candidatus_Saccharimonas in DN rats (H,I) The differential metabolic pathways (written in red) of SHYS on DN were predicted using PICRUSt analysis
based on the 16S rRNA sequencing data. Control, Model and SHYS high-dose (n � 6 per group) groups. Data are presented as the mean ± SD. #: p < 0.05 as compared
to the Control group; ##: p < 0.01 as compared to the Control group; *: p < 0.05 as compared to the Model group; **: p < 0.01 as compared to the Model group
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Bacteroidetes were the dominant species (Figure 3E). The
Firmicutes to Bacteroidetes (F to B) ratio was significantly
higher in the Model group compared with that in the Control
group (p < 0.01), whereas the F to B ratio was significantly lower
in the SHYS high-dose group compared with that in the Model
group (p < 0.01, Figure 3F). At the genus level,
Candidatus_Saccharimonas, Treponema and Desulfovibrio (p <
0.01, p < 0.01, p < 0.05, respectively) were at relatively higher
abundances in Model group compared with the Control group,
whereas Lactobacillus, Ruminococcaceae UCG-005, Anaerovibrio,
Bacteroides and Christensenellaceae_R-7_group (p < 0.01, p <
0.05, p < 0.05, p < 0.01, p < 0.05, respectively) were relatively lower
in abundance in Model group compared with the Control group.
Lactobacillus, Ruminococcaceae UCG-005, Allobaculum,
Anaerovibrio and Bacteroides (p < 0.01, p < 0.01, p < 0.05, p <
0.01, p < 0.05) were relatively more abundant and
Candidatus_Saccharimonas (p < 0.05) was relatively less
abundant in the SHYS high-dose group compared with the
Model group (Figure 3G).

To determine the effect of high-dose SHYS treatment on
the function of the gut microbiota in DN rats, bacterial
function prediction was performed using PICRUSt
analysis. The top 10 metabolic pathways with the highest
proportions and with a p value less than 0.05 were listed in
Figure 3H (Control group vs Model group) and Figure 3I

(Model group vs SHYS high-dose group). Proportions of
metabolic pathways that were increased in the Model
group compared with Control group but decreased in
SHYS high-dose group compared with Model group, or
vice versa, were considered as differential pathways,
including arachidonic acid metabolism, fructose and
mannose metabolism, tricarboxylic acid (TCA) cycle,
arginine and proline metabolism tyrosine metabolism,
linoleic acid metabolism, and arginine biosynthesis
pathways.

3.5 Effect of SHYS on Serum Metabolite
Levels in DN Rats
Liquid chromatography–mass spectrometry (LC-MS) was
used to detect and analyze the sera of animals in each
group in both positive- and negative-ion conditions to
obtain the total ion current of the metabolites. PCA
generates new characteristic variables by linearly combining
metabolite variables with certain weights and categorizes the
data for each group by new principal variables (principal
components). The PCA model reflects the original state of
the metabolome data, and the degree of aggregation and
dispersion of the samples were observed from the PCA
model, where the PCA plots showed that the Control group

FIGURE 4 | SHYS treatment modulated the serum metabolites in DN rats (A,B) Scores plots of PCA between the Control and Model groups (A) and between the
Model and SHYS high-dose groups (B–D) Scores plots of OPLS-DA between the Control and Model groups and the corresponding coefficient of loading plots. (E,F)
Scores plots of OPLS-DA between the Model and SHYS high-dose groups and the corresponding coefficient of loading plots (G,H) Summary of pathway analysis of
serum samples between Control and Model groups (G) and between Model and SHYS high-dose groups (H), the sames pathways were written in red. a:
Glycerophospholipid metabolism; b: Tryptophan metabolism; c: Alanine, aspartate and glutamate metabolism; d: Arginine biosynthesis; e: TCA cycle; f: Tyrosine
metabolism; g: Arginine and proline metabolism; h: Cysteine and methionine metabolism; i: Glycerolipid metabolism; j: Phenylalanine, tyrosine and tryptophan
biosynthesis; k: Phenylalanine metabolism. Control, Model and SHYS high-dose (n � 6 per group) groups.
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and the Model group were well-differentiated and the Model
group and SHYS high-dose group were also well-differentiated
(Figures 4A,B). For the identification of differential
metabolites, the model of OPLS-DA was employed, and the
explanatory rate (R2) and predictive power (Q2) of the model
were evaluated under the established OPLS-DA model.
Compared with the Control group, the Model group yielded
an R2 � 0.88 and a Q2 � −0.77 (Figures 4C,D). Compared with
the Model group, the SHYS high-dose group had an R2 � 0.93
and aQ2 � −0.72 (Figures 4E,F). These results indicate that the
model is stable and shows good predictive ability.

The p < 0.05 and VIP > 1.0 were used on differential
metabolites for screening, in which a total of 29 differential
metabolites with 13 down-regulated and 16 up-regulated
metabolites were screened in the Model group compared
with the Control group. A total of 27 differential
metabolites including 11 down-regulated and 16 up-
regulated metabolites were screened in the SHYS high-dose
group compared with the Model group (Table 3). Next, we
used MetaboAnalyst software to analyze the metabolic
pathways of the identified differential metabolites.

Differential pathways were considered with a p-value <
0.05 and pathway impact > 0.1. Metabolic pathways that
were altered between Control and Model groups included
glycerophospholipid metabolism, tryptophan metabolism,
alanine, aspartate and glutamate metabolism, arginine
biosynthesis, TCA cycle, tyrosine metabolism, arginine and
proline metabolism, cysteine and methionine metabolism,
and glycerophospholipid metabolism metabolism pathways
(Figure 4G). The metabolic pathways altered between SHYS
high-dose and Model groups included glycerophospholipid
metabolism, tryptophan metabolism, alanine, aspartate and
glutamate metabolism, arginine biosynthesis, TCA cycle,
tyrosine metabolism, arginine and proline metabolism,
arginine and proline metabolism, phenylalanine, tyrosine
and tryptophan biosynthesis, phenylalanine metabolism,
and D-glutamine and D-glutamate metabolism pathways
(Figure 4H). The same metabolic pathway of PICRUSt
analysis that had done 16S rRNA sequencing and
untargeted metabolomics pathway analysis included
arginine biosynthesis, TCA cycle, tyrosine metabolism, and
arginine and proline metabolism and were discussed in detail.

TABLE 3 | The differential metabolites in serum after SHYS treatment.

No Formula Rt (min) m/z Metabolites VIP FC Trend Pathway

M vs C S vs M M vs C S vs M M vs C S vs M

1 C45H82NO8P 15.42 854.59 PC (17:0/20:4) 1.68 1.51 0.48 1.68 ↓## ↑* a
2 C8H8N2O3 6.91 181.06 Nicotinuric acid 1.39 2.05 1.67 0.57 ↑# ↓* —

3 C3H7N3O2 1.31 118.06 Guanidineacetic acid 1.35 2.16 1.90 0.56 ↑## ↓** g
4 C10H12N2O3 8.39 209.09 L-Kynurenine 1.56 2.02 1.80 0.62 ↑## ↓** b
5 C20H36O5 11.24 355.25 Prostaglandin F1α 1.06 1.73 0.61 1.70 ↓## ↑* —

6 C4H4O4 1.20 115.00 Fumaric acid 1.29 1.45 1.90 0.54 ↑## ↓** c,d,e,f
7 C4H9NO3 1.30 118.05 Threonine 1.09 1.22 0.48 1.90 ↓## ↑** —

8 C4H9N3O2 1.35 132.08 Creatine 1.36 1.82 0.61 1.66 ↓## ↑* g
9 C4H6O5 1.20 133.01 D-(+)-Malic acid 1.30 1.50 1.62 0.66 ↑## ↓** —

10 C7H15NO2 1.36 146.12 Acetylcholine 1.65 1.94 0.52 1.91 ↓## ↑** a
11 C5H11NO2S 1.43 150.06 Methionine 1.57 1.99 1.36 0.65 ↑## ↓* h
12 C5H9NO2 1.54 116.07 D-Proline 1.31 1.85 0.55 2.00 ↓## ↑** g
13 C5H9NO4 1.21 146.05 L-Glutamic acid 1.18 1.75 1.82 0.56 ↑## ↓* c,d,g,i
14 C5H6O5 1.25 145.01 α-Ketoglutaric acid 1.13 2.02 0.45 1.84 ↓## ↑** c,d,e,i
15 C4H8N2O3 1.24 131.05 Asparagine 1.90 2.41 0.49 2.05 ↓## ↑** c
16 C9H17NO4 9.45 204.12 Acetylcarnitine 1.81 2.00 0.66 3.96 ↓# ↑** —

17 C19H39O7P 13.04 409.24 Lysopa 16:0 1.38 1.22 1.78 0.67 ↑# ↓* a,i
18 C45H80NO7P 15.84 776.56 PE (18:2e/22:4) 1.07 1.35 1.52 0.55 ↑# ↓** a
19 C9H11NO3 1.98 180.07 L-Tyrosine 1.51 1.44 1.81 0.47 ↑## ↓** f,j,k
20 C9H11NO2 4.54 166.09 L-Phenylalanine 1.82 1.36 1.92 0.43 ↑## ↓** j,k
21 C27H44O3 14.08 415.32 Calcitriol 1.58 1.45 0.44 1.98 ↓# ↑** —

22 C26H43NO6 11.15 464.30 Glycocholic acid 1.26 1.49 2.44 0.53 ↑# ↓* —

23 C6H9N3O2 1.65 154.06 L-Histidine 1.63 1.76 0.47 1.98 ↓## ↑* —

24 C11H12N2O3 6.55 221.09 5-Hydroxytryptophan 1.17 1.78 1.65 0.61 ↑# ↓* b
25 C26H52NO7P 14.77 566.35 LPC 18:1 1.24 1.58 1.73 0.65 ↑## ↓* a
26 C5H10N2O3 1.32 147.08 L-Glutamine 1.22 1.76 0.76 1.29 ↓# ↑* c,d,i
27 C9H8O3 1.98 163.04 Phenylpyruvic acid 1.64 1.29 1.52 0.57 ↑# ↓** j,k
28 C8H16O2 10.41 143.11 Caprylic acid 1.37 1.32 0.44 1.71 ↓## ↑ —

29 C10H19NO4 10.36 218.14 Propionyl-L-carnitine 1.48 2.26 0.59 1.28 ↓## ↑ —

Control, Model and SHYS high-dose (n � 6 per group) groups.
#p < 0.05 as compared to the Control group; ##p < 0.01 as compared to the Control group; *p < 0.05 as compared to the Model group; **p < 0.01 as compared to the Model group; ↑:
content increased; ↓: content decreased; vs: versus; C: control group; M: Model group; S: SHYS high-dose group; Rt: retention time; VIP: variable importance of projection; FC: fold
change. a: Glycerophospholipidmetabolism; b: Tryptophanmetabolism; c: Alanine, aspartate and glutamatemetabolism; d: Arginine biosynthesis; e: TCA cycle; f: Tyrosinemetabolism; g:
Arginine and proline metabolism; h: Cysteine and methionine metabolism; i: Glycerolipid metabolism; j: Phenylalanine, tyrosine and tryptophan biosynthesis; k: Phenylalanine metabolism.
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3.6 Correlation Analysis of Physiological
Data, Oxidative Stress and Inflammatory
3.6.1 Factors, Untargeted Metabolomics and Gut
Microbiota
Spearman’s correlation analysis was conducted to analyze the
relationship between physiological data, oxidative stress
and inflammatory factors, differential serum metabolites
and gut microbiota at genus level in the Control, Model
and SHYS high-dose groups. As shown in Figure 5,
Candidatus_Saccharimona, Ruminococcaceae UCG-005, and

Christensenellaceae_R-7_group showed negative correlations
and Treponema and Bacteroides showed positive correlations
with some of the pro-inflamatory cytokines. Lactobacillus,
Candidatus_Saccharimonas, Ruminococcaceae UCG-005,
Allobaculum, Anaerovibrio, Bacteroides, and
Christensenellaceae_R-7_group showed correlations with
some of the oxidative stress factors. In addition,
Lactobacillus, Candidatus_Saccharimonas, Ruminococcaceae
UCG-005, Anaerovibrio, Bacteroides, and
Christensenellaceae_R-7_group were correlated with most of
the metabolites (Figure 6).

FIGURE 5 | Correlations between between physiological data, oxidative stress and inflammatory factors and gut microbiota were analyzed using spearman’s
analysis (heatmap). X-axis represents the gut microbiota with differential abundance. Y-axis represents the physiological data, oxidative stress and inflammatory factors.
The colors of grids represent the correlation analysis value of spearman’s correlation analysis. Grids in red indicate positive correlations (correlation analysis value more
than 0.1), while grids in blue indicate negative correlations (correlation analysis value less than −0.1). Color coding scale indicates the correlation analysis value from
heatmap, the deeper red or blue indicates higher correlation values. *: p < 0.05 between physiological data, oxidative stress and inflammatory factors and gut microbiota.
**: p < 0.01 between physiological data, oxidative stress and inflammatory factors and gut microbiota.

FIGURE 6 | Correlation analysis of untargeted metabolomics and 16S rRNA sequencing. Correlations between between untargeted metabolomics and gut
microbiota were analyzed using spearman’s analysis (heatmap). X-axis represents the differential metabolites in the serum. Y-axis represents the gut microbiota with
differential abundance. The colors of grids represent the correlation analysis value of spearman’s correlation analysis. Grids in red indicate positive correlations
(correlation analysis value more than 0.1), while grids in blue indicate negative correlations (correlation analysis value less than −0.1). Color coding scale indicates
the correlation analysis value from heatmap, the deeper red or blue indicates higher correlation values. *: p < 0.05 between differential serum metabolites and gut
microbiota. **: p < 0.01 between differential serum metabolites and gut microbiota.
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4 DISCUSSION

In the present study, we used a HFD combined with STZ injection
to establish a rat model of DN. Compared with the Control group,
the rats in the Model group exhibited a significant increase in
FBG levels and there were abnormal biochemical indicators
related to renal function, as manifested in increased serum Cr
and BUN as well as a significant increase in 24-h urine protein
levels. In addition, the pathology results revealed that the renal
tissues of the DN model rats showed significant tubular atrophy
and glomerular hyperplasia along with a certain degree of
inflammatory cell infiltration. This is consistent with the
pathological manifestations of DN. The SHYS-treated groups
exhibited reduced FBG, improved biochemical indicators of renal
function, and alleviated renal histopathological changes to
varying degrees in rats with DN. This suggests that SHYS
exhibits a therapeutic effect on DN, particularly in the high-
dose group. In addition, we selected irbesartan as a positive
control drug. The results showed that irbesartan had no
significant improvement on blood glucose in rats with DN
and there was no significant difference in the improvement of
renal function and pathological changes between animals in the
positive control group and the high-dose SHYS-treated group.
These results suggest that SHYS can be used as an alternative
therapy to irbesartan for the treatment of DN.

We further examined the effect of SHYS on inflammation in
rats with DN. The hyperglycemic state induces chronic
inflammation in the body, which contributes to the infiltration
of inflammatory cells in renal tissue and the production of large
amounts of pro-inflammatory factors including IL-1β, IL6, and
TNF-α (Casqueiro et al., 2012). Our results indicated that the
level of pro-inflammatory factors in the renal tissues of rats in the
Model group were decreased after SHYS treatment suggesting
that SHYS exhibits some anti-inflammatory effects.

We investigated the effect of high-dose SHYS on the gut
microbiota of rats in DN model using 16S RNA sequencing
technology. There were no significant differences in the Shannon
and Simpson indexes between the groups, suggesting that the
alpha diversity of gut microbiota in the rat model of DN was
unchanged. SHYS did not affect the alpha diversity of gut
microbiota in rats with DN. However, in the beta diversity
analysis, we found significant differences between animals in
the Model group and the Control group in the PCoA plot. The
beta diversity of gut microbiota in rats from the high-dose SHYS-
treated group was significantly different from that of the Model
group. Interestingly, the PCoA plot showed that the beta diversity
of gut microbiota in rats from the SHYS-treated groups was more
similar to that of the Control group compared with the Model
group. These results suggest that SHYS restores the beta diversity
of gut microbiota in this DN rat model to a level similar to the
Control group. Further analysis of the abundance of microbiota
revealed that at the phylum level, the primary species of gut
microbiota in the rats from each group were Firmicutes and
Bacteroides. The rats in the DN model showed an increase in the
ratio of F to B, whereas SHYS significantly reduced the F to B
ratio. The elevated F to B ratio is closely associated with the
inflammatory response, metabolic disorders, and other

pathological states in DN (Lee et al., 2019). Further analysis at
the genus level revealed that SHYS could increase the abundance
of Lactobacillus, Ruminococcaceae UCG-005, Allobaculum,
Anaerovibrio and Bacteroides in DN model rats. Lactobacillus
is a major probiotic with an important role in the regulation of
metabolism and immunity (Zhang et al., 2020). A reduced
abundance of Lactobacillus was found in models of diabetes,
fatty liver, and obesity (Mishra et al., 2016; Nova et al., 2016). The
metabolic and inflammatory responses of the organism can be
improved by the transplantation of Lactobacillus.
Ruminococcaceae UCG-005, Allobaculum, and Bacteroides
produce short-chain fatty acids (SCFAs) by degrading cellulose
in food (Zhang et al., 2015; Wu et al., 2020; Xue et al., 2020).
SCFAs are important metabolites of the gut microbiota and
studies have shown that increasing the SCFA-producing
microbiota can significantly improve a number of metabolic
diseases, including diabetes and obesity (Yang et al., 2019;
Zhang et al., 2019; Birkeland et al., 2020; Tian et al., 2021). In
addition, recent studies have shown that SCFAs inhibit the
inflammatory responses of renal tissue in DN through G
protein-coupled receptors (GPR43 and GPR109A) (Li et al.,
2020a). Anaerovibrio is capable of catabolizing lipids. Studies
have shown that polyphenols in green tea can alleviate chronic
inflammation caused by translocation of gut microbiota in an
obesity model, while increasing the amount of Anaerovibrio in
the gut. However, the specific relationship of Anaerovibrio to DN
remains unknown (Li et al., 2020b). SHYS treatment also caused a
decrease of Candidatus_Saccharimonas in gut.
Candidatus_Saccharimonas is a conditional pathogenic
bacterium that is significantly elevated in the gut of gout
patients (Shao et al., 2017). In addition, green tea leaf powder
ameliorates the abnormal lipid metabolism induced by a HFD,
while reducing the abundance of Candidatus_Saccharimonas in
the gut (Li et al., 2020b). Likewise, our correlation analysis also
showed negative correlations of Lactobacillus,
Candidatus_Saccharimonas, Ruminococcaceae UCG-005,
Allobaculum, Anaerovibrio, Bacteroides, and
Christensenellaceae_R-7_grou with some of the physiological
indicies (FBG, Cr, BUN, body weight and Urine Protein),
oxidative stress factor (MDA) and pro-inflammatory cytokines
(IL-1β, IL-6, TNF-α). Correlation analysis also showed positive
correlations of Treponema and Desulfovibrio with physiological
indicies (BUN, Urine Protein) and pro-inflammatory cytokine
(IL-6). Further studies should also be carried out using fecal
transplantation or gut microbiota depletion models to verify
whether SHYS can ameliorate hyperglycemia, hyperlipidemia,
IR, oxidative stress and inflammatory responses to treat DN
through regulating these gut microbiota.

PCA and OPLS-DA of serum untargeted metabolomics
revealed that the metabolites of DN in the rat model were
significantly different from those of normal rats. In addition,
the serummetabolite levels of rats after SHYS treatment were also
significantly different from those of DN rats. Metabolic pathway
analysis for differential metabolites using MetaboAnalyst showed
that SHYS had an impact on several metabolic pathways
including arginine and proline metabolism, alanine, aspartate
and glutamate metabolism, arginine biosynthesis, TCA cycle,
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tyrosine metabolism, and glycerophospholipid metabolism. After
correlating the differential metabolic pathways obtained from
metabolomics with those deduced from 16s rRNA sequencing,
the pathways of arginine biosynthesis, TCA cycle, tyrosine
metabolism, and arginine and proline metabolism were the
most common, suggesting that SHYS may play a role in the
treatment of DN by regulating gut microbiota, which in turn
affects arginine biosynthesis, the TCA cycle, tyrosine metabolism,
and arginine and proline metabolism.

4.1 Arginine Biosynthesis and Arginine and
Proline Metabolism
Amino acid metabolism is closely related to metabolic disorders
during DN. In the present study, we found that the level of
guanidineacetic acid and L-glutamic acid were elevated in DN
model rats and significantly decreased after treatment with SHYS.
The level of creatine, D-proline, and L-glutamine were decreased
and significantly increased after treated with SHYS. Arginine is
the largest nitrogen-donating amino acid and is a precursor to
proline and creatine (Ge et al., 2020). Proline metabolizes and
generates electrons as well as reactive oxygen species, leading to a
variety of downstream effects including blocking the cell cycle,
autophagy, and apoptosis (Selen et al., 2015). Creatine is a
naturally produced nitrogen-containing molecule that
promotes the ATP cycle and provides energy to muscles and
cells (Arlin et al., 2014). Creatine may reduce damage by
inhibiting inflammation, oxidative stress, and aging (Deminice
et al., 2016; Aljobaily et al., 2020). Studies have found that
supplementation of creatine to diabetic patients results in
hypoglycemic effects (Gualano et al., 2011). Guanidineacetic
acid is an immediate precursor of creatine biosynthesis,
however, this reaction causes elevated levels of homocysteine
in the blood. This can result in vasculopathy, which is one of the
causes of diabetic macrovascular and microvascular
complications in diabetic patients (De Luis et al., 2005; Zhao
et al., 2018; Ma et al., 2020). L-glutamic acid and L-glutamine are
interconvertible. L-glutamine is an abundant free amino acid
inside and outside of human cells that plays an essential role in
protein and energy metabolism. It is a precursor substance for the
synthesis of amino acids, proteins, and nucleic acids (Tanaka
et al., 2015; Kou et al., 2016). Paul et al. found that L-glutamine is
effective at resisting obesity and insulin tolerance (Petrus et al.,
2020). L-glutamine provides energy to immune cells, such as
lymphocytes and macrophages, ensuring immune cell
proliferation, and enhancing immunity (Csibi et al., 2014).
Also, L-glutamine has anti-inflammatory and antioxidant
effects. L-glutamine is a precursor substance for glutathione
synthesis and reduces the inflammatory response by increasing
glutathione synthesis, inhibiting the NF-κB pathway, and
decreasing the levels of IL-8 and TNF-α (Pusapati et al., 2016).
Interestingly, the ratio of glutamine to glutamic acid is strongly
associated with diabetes and insulin resistance. An elevated ratio
is significantly associated with a low risk of developing diabetes
(Cheng et al., 2012; Rhee et al., 2018), which primarily occurs
through various cell related metabolic events, such as protein
synthesis, muscle growth, uropoiesis in the liver, insulin secretion,

hepatic and renal gluconeogenesis, neurotransmitter synthesis
and glutathione production (Newsholme et al., 2003). A
Spearman analysis revealed that guanidineacetic acid was
positively correlated with Allobaculum and negatively
correlated with Desulfovibrio; D-Proline was positively
correlated with Lactobacillus, Ruminococcaceae UCG-005,
Anaerovibrio, Bacteroides and Christensenellaceae_R-7_group
and negatively correlated with Candidatus_Saccharimona;
creatine was positively correlated with Lactobacillus,
Bacteroides and Christensenellaceae_R-7_group; and L-glutamic
acid was positively correlated with Anaerovibrio. Therefore, we
hypothesize that the effect of SHYS on arginine biosynthesis and
arginine and proline metabolism may be related to the regulation
of the abundance of Allobaculum, Desulfovibrio, Lactobacillus,
Ruminococcaceae UCG- 005, Anaerovibrio, Bacteroides,
Candidatus_Saccharimona, and Christensenellaceae_R-7_group
abundance.

4.2 TCA Cycle
The TCA cycle is the final metabolic pathway for carbohydrates,
lipids, and amino acids (Chen et al., 2014). It also affects the
immune system and is closely associated with various metabolic
diseases, including diabetes (Choi et al., 2021). In the present
study, we found that fumaric acid was significantly elevated in the
DN rat model and decreased after SHYS administration, whereas
alpha-ketoglutaric acid was increased after SHYS administration.
Fumaric acid is a dicarboxylic acid that is produced by succinic
dehydrogenase from precursor adenosine in the TCA cycle and is
converted to malic acid by fumarate hydratase (You et al., 2015).
The metabolic disorder of fumaric acid may be associated with
renal impairment in diabetes, in which its accumulation leads to
oxidative stress and prolonged oxidative stress leads to kidney
injury in DN (Zheng et al., 2015). Studies have found that the
accumulation of fumaric acid is positively associated with
progression toward DN in patients (Liu, et al., 2018). Elevated
levels of fumaric acid in DN causes endoplasmic reticulum stress
and HIF-1α expression, steering metabolism to the glycolytic
pathways and leading to pathological renal injury (Isaacs et al.,
2005; Tong et al., 2011; Linehan and Rouault, 2013). Alpha-
ketoglutaric acid is a key intermediate in the TCA cycle located
between succinyl-coenzymeA and isocitric acid. As a keymember of
the anaplerotic reactions, alpha-ketoglutaric acid regulates ATP
production and reduces NAD+/NADH production in the TCA
cycle, thereby affecting ROS levels and immune system homeostasis
(B Zdzisińska et al., 2017). In addition, alpha-ketoglutaric acid is an
important source of glutamine and glutamate, which are required for
the synthesis of amino acids and collagen (Xiao et al., 2016). It was
found that alpha-ketoglutaric acid supplementation protects mice
from myocardial ischemia reperfusion injury (Olenchock et al.,
2016). A Spearman analysis showed that fumaric acid was
positively correlated with Candidatus_ Saccharimonas and
Desulfovibrio, and negatively correlated with Lactobacillus and
Anaerovibrio. No bacterial was found significantly corrected with
alpha-ketoglutaric acid. Therefore, we hypothesized that the effect of
SHYS on the TCA cycle may be associated with the regulating the
abundance of Candidatus_Saccharimonas, Desulfovibri,
Lactobacillus, and Anaerovibrio.
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4.3 Tyrosine Metabolism
Tyrosine metabolism is associated with a variety of diseases
including fatty liver, insulin resistance, and obesity (Gaggini
et al., 2018; Gitto et al., 2018). In the present study, we found
that L-tyrosine was significantly elevated in rats of the model
group and decreased after the administration of SHYS. Therefore,
high levels of tyrosine may promote fatty acid synthesis, which
further promotes fat deposition in the liver (Jin et al., 2016).
Meanwhile, the characteristic nitrification of tyrosine residues in
proteins using peroxynitrite (ONOO-) produces nitrotyrosine
(NT). NT is involved in the development of diabetes and its
complications and elevated levels of NT can disrupt renal
pathology and cause renal dysfunction in diabetic rats (Chew
et al., 2010). Increased levels of NT have also been observed in
patients with DN (Julius et al., 2008; Castro et al., 2011). NT
induces glomerular mesangial cells to express NF-κB, MCP-1,
and TGF-β1, causing inflammatory injury and further
aggravating nephropathy (Jing et al., 2018). In addition, NT is
also a marker of oxidative stress in diabetic patients and NT
activates the ERK pathway to increase iNOS and produce excess
ROS to mediate oxidative stress damage in the body (Inoguchi
and Takayanagi, 2008). A Spearman analysis showed that
L-tyrosine was positively correlated with
Candidatus_Saccharimonas and Treponema, and negatively
correlated with Lactobacillus, Ruminococcaceae UCG-005,
Allobaculum, and Bacteroides. Therefore, we speculated that
the effect of SHYS on the tyrosine metabolism may be with
the regulation of the abundance of Candidatus_Saccharimonas,
Treponema, Lactobacillus, Ruminococcaceae UCG-005,
Allobaculum, and Bacteroides.

In conclusion, our study revealed multiple ameliorative effects
of SHYS on DN including the alleviation of hyperglycemia and
the improvement of renal function, pathological changes in
kidney, oxidative stress, and the inflammatory response. The
mechanism of SHYS on DN may be related to the improvement
of gut microbiota which regulates arginine biosynthesis, TCA
cycle, tyrosine metabolism, and arginine and proline metabolism.
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Spectrum-Effect Relationship
Between Antioxidant and
Anti-inflammatory Effects of Banxia
Baizhu Tianma Decoction: An
Identification Method of Active
Substances With Endothelial Cell
Protective Effect
Nan Xu1, Mingchen Li2, Ping Wang1, Shuling Wang3 and Haiyan Shi2*

1Laboratory of Chinese Medicine Preparation, Shandong Research Academy of Traditional Chinese Medicine, Jinan, China,
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Qianfoshan Hospital, Shandong Engineering and Technology Research Center for Pediatric Drug Development, Shandong
Medicine and Health Key Laboratory of Clinical Pharmacy, Jinan, China, 3School of Pharmacy, Hangzhou Normal University,
Hangzhou, China

Banxia Baizhu Tianma decoction (BBTD), a six-herb Chinese medicine formula first described
approximately 1732 AD, is commonly prescribed for Hypertension with Phlegm-dampness
Stagnation (HPDS) as an adjuvant therapy in China. Obesity is an important risk factor for the
increasing prevalence of hypertension year by year in China. In Traditional Chinese medicine,
obesity is often differentiated as the syndrome of excessive phlegm-dampness.Vascular
endothelial cell injury plays an important role in the development and occurrence of HPDS. In
this study, the protective effects of 18 batches of BBTD samples from different origins on
HUVEC cells were evaluated, including antioxidant and anti-inflammatory activities. Ultrahigh
performance liquid chromatography (UPLC) was used to establish fingerprints, and combined
with pharmacodynamic indexes, the protective components of BBTDon endothelial cells were
analyzed. Antioxidant and anti-inflammatory activities were evaluated by ROS and Hs-CRP
models, respectively. Hierarchical cluster analysis (HCA) and Bivariate correlation analysis
(BCA) were used to investigate the potential correlation between chemical components and
endothelial cell protection. The results indicated that BBTD could reduce ROS and hs-CRP
levels in HUVEC cells, and the pharmacological activities in 18 batches of BBTD samples were
significantly different. The results of BCA indicated that Gastrodin, Liquiritin, Hesperidin,
Isoliquiritin, Hesperetin, and Isoliquiritigenin might be the active constituents to activate
ROS and suppress hs-CRP as determined by spectrum-effect relationships. The
antioxidant and anti-inflammatory activities of the 6 components at different concentration
were verified, and the results showed that all of them had good antioxidant and anti-
inflammatory activities in a concentration-dependent manner. This study showed that
activity determination and spectral correlation can be used to search for active substances
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in Chinesemedicine formula and provide data support for quality control of Traditional Chinese
medicine (TCM).

Keywords: banxia baizhu tianma decoction, spectrum-effect relationship, antioxidant—phytochemical studies, anti-
inflammatory, active substances from natural resource

1 INTRODUCTION

Banxia Baizhu Tianma decoction (BBTD), as a classical
representative prescription, has the effects of expectorating
phlegm, dispelling wind, invigorating the spleen and
dispersing overflow. Based on TCM theory and clinical
practice for many years, BBTD is especially suitable for the
lack of exercise, abdominal obesity, and hypertension (Jiang
et al., 2021). Recent studies have shown that BBTD has the
potential to lower blood pressure in vivo and in vitro (Jiang
J. et al., 2019). As reactive derivatives of oxygen metabolism, the
activity of Reactive Oxygen Species (ROS) changes due to various
stimuli, including G-protein coupled receptor agonists, growth
factors, perfusion pressure, flow, and oxygen in vascular smooth
muscle and endothelial cells. ROS are involved in smooth muscle
contraction, endothelium-dependent relaxation, smooth muscle
growth, proliferation, and migration, thereby contributing to
fine-tuning of blood flow, arterial wall thickness, and vascular
resistance (Knock, 2019). Oxidative stress will occur when the
equilibrium state of ROS in the body is broken, which plays a key
role in the development of vascular dysfunction under special
conditions such as hypertension. It is characterized by NO loss
bioavailability, vascular inflammation and endothelial
dysfunction. Given that oxidative stress is a key regulating
factor of vascular dysfunction, the application of classical
antioxidant oxidation treatment seems to be a promising
treatment for vascular disease, such as angiotensin converting
enzyme (ACE) inhibitors or angiotensin AT1 receptor antagonist.
It is confirmed that angiotensin II plays a key role in the reaction
(Do Vale and Tirapelli, 2020). High sensitivity C-reactive protein
(Hs-CRP) is a common biomarker of cardiovascular disease.
Studies have shown that CRP directly involved in endothelial
dysfunction in patients with high blood pressure, the
development of vascular sclerosis and blood pressure, and
CRP indicators can serve as a biomarker associated with
atherosclerosis, vascular stiffness, end-organ injury, and the
development of cardiovascular events (Hage, 2014; Zhang
J. et al., 2019). CRP is an acute inflammatory protein that
increases up to 1,000-fold at sites of infection or
inflammation. There is now growing evidence that CRP plays
an important role in inflammatory processes, and CRP is used as
a classic marker of inflammation and cardiovascular events.
Therefore, endothelial proliferation rate, ROS and Hs-CRP can
be used as potential targets of antihypertensive effect of BBTD.

UPLC fingerprint is an effective tool to evaluate the quality of
TCM, and identify the authenticity of traditional Chinese
medicine as well as its components (Sun et al., 2019). It is a
scientific method to clarify the substance basis of TCM
pharmacological action and establish the quality control
method of TCM to determine the correlation between

fingerprint and biological activity by using spectrum-effect
relationship (Farrag et al., 2019; Zhang J. et al., 2019; Liao
et al., 2021). In this study, 18 BBTD samples were
fingerprinted for component analysis, and the antioxidant and
anti-inflammatory activities of endothelial cells were determined.
Statistical methods were used to determine the relationship
between spectrum and activity, identify possible active
components, and further verify the activity.

2 MATERIALS AND METHODS

2.1 Chemicals, Reagents and Materials
18 batches of BBTD comprising of Pinelliae Rhizoma (PR),
Gastrodiae Rhizoma (GR), Rhizoma Atractylodis
Macrocephalae (RAM), Citri Exocarpium Rubrum (CER),
Poria (PO) and Glycyrrhiza uralensis Fisch (GUF) were
included in this study. PR is the dry rhizome of Pinellia
ternata (Thunb.) Makino [Araceae]. GR is the dry rhizome
of Gastrodia elata Blume [Orchidaceae]. RAM is the dry
rhizome of Atractylodes macrocephala Koidz [Compositae].
CER is the dry ripe peel of Citrus reticulata Blanco [Rutaceae].
PO is the dry sclerotia of Poria cocos (Schw.)Wolf
[Polyporaceae]. GUF is the dried rhizome of Glycyrrhiza
uralensis Fisch [Leguminosae]. The 18 batches of herbs
came from Chinese herbal medicine markets in Anhui,
Hebei, Shandong, Jilin, Guangxi, Beijing, Hunan, Sichuan
and other places. All herbs were identified by Professor Jin
Guangqian, TCM identification expert of Shandong Academy
of Traditional Chinese Medicine. Each herb came from 3
different producing areas. L18 (37) random number table
method was used to randomly combine and sequence these
6 herbs, and 18 batches of BBTD samples (S1-S18) were
obtained.

Acetonitrile (HPLC grade) and Methanol (HPLC grade) were
purchased from Fisher Scientific Co. (FairLawn, NJ,
United States). Ultrapure water was acquired from a Millipore
Milli-Q-Plus system (Millipore, Bedford, MA, United States). The
Gastrodin (a), Liquiritin (b), Narirutin (c), Naringin (d),
Hesperidin (e), Neohesperidin (f), Isoliquiritin (g),
Liquiritigenin (h), Hesperetin (i), Isoliquiritigenin (j),
Nobiletin (k), Protopine (l), Atractylenolide III (m), Poricoic
acid A (n) and Glycyrrhetinic acid (o) were purchased from
Chengdu Skoqi-Biotechnology Co. Ltd. (Chengdu, China).

ROS kit was acquired from Solarbio Technology Co., Ltd.
(Beijing, China). Hs-CRP enzyme-linked immunosorbent assay
kit was purchased from Yubo Biotechnology Co., Ltd. (Shanghai,
China). DMEM medium RPMI - 1640, fetal bovine serum,
penicillin and streptomycin were purchased from biological
sharp, from Shanghai, China. HUVEC cell line was purchased
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from Wuxi Bohe Biomedical Technology Co., LTD. (Jiangsu,
China).

2.2 Instruments
Thermo Acquity UPLC system (Thermo, Waltham, MA,
United States) consisted of a photodiode array (PDA)detector,
autosampler manager, column compartment, and a binary
solvent delivery pump and was connected to Thermo
chromeleon software. Inverted photographic microscope was
purchased from Tokyo, Japan. Enzyme label detector was
purchased from Thermo (United States). palmitic acid was
from MedChemExpress (United States). ELISA kits were
purchased from BosterBio (United States). Dimethyl sulfoxide
(DMSO) was acquired from Invitrogen (United States).

2.3 Ultra high Performance Liquid
Chromatography Fingerprints
2.3.1 Plant Sample Preparation
PR, GR, RAM, CER, PO and GUF was ground into powder using
a mill. 4.6 g BBTD powder consisted of PR, GR, RAM, CER, PO
and GUF powder (ratio 9:6:6:6:15:4) were dissolved in 50 ml
water. The proportion of medicinal materials is mainly
determined according to the ancient Chinese medicine book
“Yi Xue Xin Wu”. The mixture was heated to boil and
simmered for 1.0 h. After the sample was cooled, it was
centrifuged at 3,000 rpm for 10min and then concentrated
with a rotary evaporator.

2.3.2 Preparation of Standard Compounds
All standard compounds were weighed accurately and dissolved
in methanol to form reserve solution, which was stored at 4°C. All
reserve fluids are diluted to the desired concentration and then
mixed immediately prior to analysis. The final concentrations
were 56.8 μg/ml(a), 38.9 μg/ml(b), 59.4 μg/ml(c), 59.9 μg/ml(d),
56.8 μg/ml(e), 40.5 μg/ml(f), 38.9 μg/ml(g), 15.7 μg/ml(h),
53.9 μg/ml(i), 31.8 μg/ml(j), 17.8 μg/ml (k), 18.6 μg/ml(l),
19.3 μg/ml(m), 71.8 μg/ml (n) and 59.2 μg/ml (o), respectively.

2.3.3 Chromatographic Conditions
The solution was filtered by 0.22 μmmicroporous membrane and
injected into UPLC for analysis. An Acclaim TM RSLC Lot
Validation-120 C18 column (2.1 mm × 100 mm i. d., 2.2 μm
particle size) (Thermo, Sunnyvale, CA, United States) was used
for chromatographic separation. The temperature of the column
temperature oven was set as 30°C. The mobile phase was a
mixture of acetonitrile (solvent A) and water (solvent B) with
a flow rate at 0.30 mlmin−1. Gradient elution condition: 0–5 min,
5–12% A; 5–20 min, 12%-26%A; 20–30 min, 26–80% A;
30–35 min, 80%–100% A. The absorption wavelength was set
at 235 nm and the injection volume was 5.0 μL.

2.3.4 Methodology Validation
The standard curve and linear range were established in the
method validation part, and the precision, stability and
repeatability were investigated. Precision was calculated by
6 consecutive injections of the same sample solution, and

repeatability was evaluated by six samples from the same
source. A sample solution was stored in a volumetric flask
at room temperature and repeated injection analysis was
performed within 1 day (0, 4, 8, 12, 16 and 24 h) to
investigate the stability of the sample at room temperature.

2.3.5 Peak Identification
The standard solution was injected into the UPLC system for
qualitative analysis, and the retention time of the standard was
recorded. The retention time of a-o was determined by
comparing the retention time of reference substance.

2.3.6 Fingerprint Established and Evaluated
For 18 batches of samples, each sample solution was injected
three times according to the determined UPLC conditions, and
fingerprint analysis was carried out. UPLC fingerprint data was
saved in CDF format. Traditional Chinese medicine
chromatographic fingerprint system (Version 2012A) was
used to automatically match the chromatographic peak
fingerprints, and then the chromatogram of different
extracts was generally compared by using the median
method to form reference chromatogram. The similarity
between chromatogram and reference chromatogram of
different extracts in 18 samples was calculated by using this
software.

2.4 Cell Experiments
2.4.1 Cell Viability Assay
HUVEC cells were cultured in the RPMI-1640 DMEM
supplemented with 10% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 μg/ml) at 37°C under a
humidified atmosphere containing 5% CO2. The mother
liquor of 200 mM was obtained by dissolving 0.1024 g
Palmitic acid in 20 ml DMSO, diluted to 200 umol/L with
RPMI-1640 complete medium.All Eighteen water extracts of
BBTD (1 mg/ml) were dissolved in the RPMI-1640. After
incubation at 37°C with 5% CO2 for 24 h, HUVEC cells
were inoculated on a 96-well plate for 24 h.

2.4.2 Antioxidant Activity Test
Briefly, 200 μL of each extract solution under “2.4.1” was
mixed with DCFH-DA (10 μmol L−1), then diluted to 1 ml.
After stayed and reacted in dark for 20 min at 37°C, Using
fluorescence inversion microscope to observe the fluorescence
intensity of cells and take pictures. and converted to radical
scavenging activity by the following equation:

Scavenging activity(%) � (Amodel − Asample)

× /(Amodel − Ablank) × 100%

Serum-free medium (supplement to the total volume of 6 ml)
plus sample solution (200 μL)/DCFH-DA solution (4 ml) was
used as a blank/control. Each sample was run in triplicate and
averaged.
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2.4.3 High Sensitivity C-Reactive Protein Inhibition
Rate Test
Hs-CRP value was assessed by absorbance determination
using an enzyme-linked immunosorbent assay (ELISA) kit.
The hs-CRP concentration in Cell supernatant was
determined by ELISA kit, then the absorbance was
measured at 450 nm using a microplate reader. The
inhibition of hs-CRP release was calculated according to
the following:

hs − CRP inhibition rate(%) � (Cmodel − Csample)

× /(Cmodel − Cblank) ×100%

The experiments were performed in triplicates, the data were
presented as the mean ± SD.

2.5 Hierarchical Cluster Analysis
As a multivariate analysis method, Hierarchical Cluster Analysis
(HCA) sorted specimens into clusters. This analysis method
could maximize each cluster in homogeneity, maximized the
heterogeneity between cluster at the same time, the objects were
divided into specific cluster (Song et al., 2019; Jia et al., 2021). This
study applied HCA to assess the correlation of 18 samples of
BBTD UPLC fingerprint, and used Heatmapper (http://www.
heatmapper.ca/) for testing.

FIGURE 1 | UPLC-PDA chromatogram of reference substances (A), test sample (B) and 18 batches of BBTD (C). 15 peaks were identified by comparison with
standard substances: Gastrodin (a), Liquiritin (b), Narirutin (c), Naringin (d), Hesperidin (e), Neohesperidin (f), Isoliquiritin (g), Liquiritigenin (h), Hesperetin (i), Isoliquiritigenin
(j), Nobiletin (k), Protopine (l), Atractylenolide III (m), Poricoic acid A (n) and Glycyrrhetinic acid (o).
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2.6 Bivariate Correlation Analysis
Pearson’s correlation coefficient was used to quantify the degree
of co-location between paired data. In this study, the Bivariate
correlation analysis function of SPSS statistical software (SPSS for
Windows 20.0, SPSS Inc., United States) was used to analyze the
correlation between the peak area value of UPLC fingerprint and
the antioxidant/anti-inflammatory effect of HUVEC cells.

3 RESULTS

3.1 Method Validation for Fingerprint
The relative standard deviations (RSD) of precision and
reproducibility were both less than 2.60%, and samples for
UPLC determination were stable at room temperature for 24 h.

3.2 Ultrahigh Performance Liquid
Chromatography Fingerprints
18 bathes of BBTD samples were analyzed with UPLC. was
shown in Figure 1. Mixed reference substances (Figure 1A),
BBTD test sample (Figure 1B) and Chromatograms of all
batches of BBTD (Figure 1C), were generated under the
determined chromatographic condition. The similarity
between reference fingerprints and chromatograms among
18 batches of BBTD samples was evaluated by calculating
correlation coefficients. Similar chemical signatures were
found across batches, and 15 common peaks were found
over intervals of 1–30 min by comparing the UV spectra
and UPLC retention times of 18 chromatograms. 15
common peaks were identified as Gastrodin (a), Liquiritin
(b), Narirutin (c), Naringin (d), Hesperidin (e), Neohesperidin
(f), Isoliquiritin (g), Liquiritigenin (h), Hesperetin (i),
Isoliquiritigenin (j), Nobiletin (k), Protopine (l),
Atractylenolide III (m), Poricoic acid A (n) and

Glycyrrhetinic acid (o) by comparison. Peak a has the
largest peak area in the fingerprint. As shown in Table 1,
the peak areas of common peaks of different samples were
different to some extent, and the RSD% of all common peaks
were greater than 10%, indicating that the content of chemical
components in different batches of BBTD samples from
different producing areas were different.

3.3 Fingerprint Similarity
In order to assess the similarity between these samples,
fingerprints of 18 BBTD samples were compared and analyzed
with reference fingerprints. The similarity between the fingerprint
of each sample of different samples and the reference fingerprint
ranges from 0.897 to 0.992, as shown in Table 2.

3.4 Antioxidant Activity Test
The ROS inhibition rates of 18 BBTD samples was analyzed by
ANOVA and further multiple comparisons were performed. All
the model results showed p = 0.000 < 0.01, indicating that there
were significant differences in ROS scavenging ability of
different extracts. ROS fluorescence intensity and inhibition
rates of 18 batches of BBTD extracts were shown in Figure 2 and
Table 3.

TABLE 1 | The relative peak area of 15 common peaks measured by UPLC-PDA.

Sample Peak area of each compound

a b c d e F g h i j k l m n o

S1 2.9705 6.7800 6.9694 0.4316 19.4671 0.1729 0.2999 0.3552 0.1285 0.1413 0.7508 1.0291 0.1982 0.0848 1.4926
S2 3.4193 13.9931 7.9431 0.3181 23.5922 0.2120 0.7751 0.7416 0.1383 0.1564 0.7503 0.9441 0.2109 0.0978 1.0891
S3 3.4786 10.4605 9.5405 0.4705 25.6195 0.1619 0.5068 1.6416 0.1558 0.1739 0.7108 0.3911 0.1061 0.0793 1.4765
S4 1.2530 6.4111 9.2160 0.6422 14.9526 0.4228 0.5212 1.8039 0.1612 0.0809 0.7050 1.3536 0.1961 0.1335 1.4787
S5 2.9468 6.0807 9.3892 0.7715 16.6287 0.1772 0.3497 1.4001 0.1154 0.1202 0.7718 1.0118 0.2129 0.0962 1.5332
S6 4.0820 12.0234 8.1739 0.3407 18.3150 0.2274 0.6982 0.6319 0.1200 0.1141 0.6238 0.5591 0.1495 0.1675 1.4383
S7 3.6789 11.8086 7.9348 0.3843 17.7325 0.2395 0.5949 0.6166 0.1702 0.1542 0.6610 0.7323 0.1205 0.0843 1.3763
S8 2.0217 7.3211 8.1127 0.6066 18.4095 0.1055 0.3298 0.8529 0.0955 0.1492 0.6376 0.4799 0.1260 0.0771 1.3693
S9 1.8181 11.0485 9.5243 0.9790 25.2465 0.1254 0.3457 0.4269 0.1126 0.1531 0.9428 1.3085 0.2763 0.0939 1.0119
S10 3.0666 13.5824 9.7096 0.8454 24.4846 0.0748 0.5487 1.4372 0.1011 0.1663 0.6429 0.4886 0.1301 0.1070 1.3618
S11 3.5990 8.2719 7.7308 0.5255 16.9096 0.2513 0.3704 0.8104 0.1525 0.1340 0.8455 1.1785 0.2422 0.0961 1.3550
S12 1.1075 5.6802 9.5294 0.2282 19.5106 0.1747 0.3094 0.4383 0.0857 0.1281 1.0632 1.1950 0.1856 0.1488 1.3598
S13 3.9153 6.9918 8.4033 0.5787 22.2395 0.1761 0.3595 0.7494 0.1256 0.2233 0.5665 0.7138 0.1363 0.0913 1.3832
S14 1.4633 5.1123 7.8654 0.2456 19.2884 0.2443 0.2840 1.3744 0.2460 0.1398 0.7797 0.4300 0.1348 0.1302 1.4210
S15 3.8311 10.4729 10.0549 0.5285 21.2086 0.3013 0.5395 1.0647 0.1683 0.1490 0.7798 1.3745 0.2739 0.0901 1.4228
S16 3.5314 6.4247 9.5296 0.3500 19.2174 0.1608 0.3582 0.4160 0.1672 0.1042 0.8654 0.5053 0.1157 0.1203 1.0202
S17 2.4918 11.8817 9.4389 0.4328 25.6747 0.1411 0.5792 0.7563 0.2447 0.1280 0.7337 1.4214 0.2626 0.0977 1.4113
S18 1.9341 5.1496 8.0547 0.5038 19.5670 0.1564 0.2901 0.4407 0.1086 0.1158 0.6136 0.7767 0.1513 0.1297 1.4159
RSD% 34.85 34.03 10.32 39.86 16.80 40.63 33.59 51.65 31.31 22.03 16.68 41.07 31.90 23.91 11.39

TABLE 2 | Similarities of different batches BBTD samples from various regions.

Sample Similarities Sample Similarities Sample Similarities

S1 0.989 S7 0.964 S13 0.992
S2 0.897 S8 0.992 S14 0.967
S3 0.988 S9 0.991 S15 0.986
S4 0.982 S10 0.974 S16 0.989
S5 0.987 S11 0.984 S17 0.983
S6 0.920 S12 0.990 S18 0.984
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3.5 High Sensitivity C-Reactive Protein
Inhibition Rate Test
Then the hs-CRP inhibition rate in 18 BBTD samples was
analyzed by ANOVA model and multiple-comparison model,
and the resulted demonstrated that all has significant
difference (p = 0.001 < 0.05). The hs-CRP concentration
and inhibition rate of BBTD extracted from 18 batches were
shown in Figure 3 and Table 4.

3.6 Results of Hierarchical Cluster Analysis
Heat map is a graphical representation of data, each color unit
corresponding to the matrix contains a single value. In the vicinity of
HCA, 15 common peaks of 18 BBTD samples are shown by heat
maps, and three clusters can be detected from Figure 4. Cluster 1was

composed of S3, S10 and S17, cluster 2 consisted of S2, S4, S6, S7, and
S15, and cluster 3 consisted of S1, S5, S8, S9, S11, S12, S13, S14, S16,
and S18. The results showed that the different sources of BBTD
samples with similar chemical fingerprint, but the peak area of the
ingredients are different. HCA can achieve preliminary separation of
the samples at the chemical level. The different contents of chemical
components in the cluster samples indicate that the chemical
components may be different according to different places of origin.

3.7 Spectrum-Effect Relationship Analysis
As shown in Figure 5 and Table 5, the correlation coefficient
showed that 6 peaks a, b, e, g, i, and j were positively correlated
with activity. a, b, e, g, i and j were identified as Gastrodin,

FIGURE 2 | ROS fluorescence intensity (A) and scavenging activity (B) of Eighteen batches BBTD samples.

TABLE 3 | ROS inhibition rates of 18 batches of BBTD extracts (mean ± SD, n = 3).

Sample Mean optical
density

Scavenging rate % Sample Mean optical
density

Scavenging rate %

CK 0.1141 ± 0.0102 — S9 0.1489 ± 0.0080 196.77
PA 0.2539 ± 0.0084 — S10 0.1250 ± 0.0065 217.68
S1 0.1166 ± 0.0110 225.03 S11 0.1656 ± 0.0057 182.11
S2 0.1258 ± 0.0056 217.03 S12 0.1975 ± 0.0083 154.17
S3 0.1476 ± 0.0163 197.87 S13 0.1323 ± 0.0110 211.29
S4 0.1758 ± 0.0115 173.17 S14 0.1253 ± 0.0027 217.41
S5 0.1711 ± 0.0153 177.33 S15 0.1136 ± 0.0106 227.68
S6 0.1543 ± 0.0112 192.00 S16 0.1392 ± 0.0085 205.29
S7 0.1168 ± 0.0111 224.90 S17 0.1222 ± 0.0041 220.12
S8 0.1485 ± 0.0179 197.14 S18 0.1609 ± 0.0018 186.21
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Liquiritin, Hesperidin, Isoliquiritin, Hesperetin and
Isoliquiritigenin, respectively.

3.8 Experimental Validation
6 correlated peaks, Gastrodin (a), Liquiritin (b), Hesperidin (e),
Isoliquiritin (g), Hesperetin (i) and Isoliquiritigenin (j) were
positively correlated with antioxidant and anti-Inflammatory
activity of HUVEC cells. In order to verify the protective
effect of the 6 components on HUVEC cells, the antioxidant
and anti-inflammatory effects of the 6 components on HUVEC
cells were measured at different concentrations. The results
showed that all samples could promote the proliferation of
HUVEC cells in a concentration-dependent manner
(Figures 6, 7).

4 DISCUSSION

Traditional Chinese medicine decoction is a kind of oral liquid
preparation made by decocting several Chinese herbs in
proper dosage proportion according to the theory of “Jun-
Chen-Zuo-Shi” (Li et al., 2021a). Based on accurate diagnosis
of “looking, listening, asking and feeling the pulse” of patients,
TCM often selects prescriptions according to the physical signs
of patient and changes in the course of disease. Combined with
the “taste and meridian return” of drugs, constantly adjusts

them in the process of practice to accumulate experience.
Therefore, the prescription varies with the person, the
disease and the progress of disease, and the prescription is
adjusted and modified at any time, which fully embodies the
characteristics of personalized treatment (Jiang L. et al., 2019).
TCM and western medicine come from different cultural
backgrounds, theoretical systems and medical models are
greatly different. Under the guidance of modern medical
theory, Western medicine is researched and developed for
some pathological process of diseases or symptoms. Most of
them are single chemical components, with clear targets and
mechanisms of action and clear adverse reactions. Traditional
Chinese medicine has become a hot spot in the research field of
traditional Chinese medicine decoction because of its many

producing areas and difficult quality control (Kang et al.,
2019).

Many studies have shown that the study of spectrum-effect
relationshipship is an effective method to control the quality of
traditional Chinese medicine, because it can be used as a
chromatographic fingerprint with biological activity and
explore the quality of markers related to clinical efficacy
(Fan et al., 2020). Traditional Chinese medicine is the
product of multi-component and multi-target synergy. It is
impossible to control the quality of traditional Chinese
medicine only by the content of one characteristic
ingredient. Fingerprint has integrity and fuzziness, which is
well adapted to the complexity and diversity of TCM
components and can evaluate and control the quality of
TCM and its compounds (Zhang H. et al., 2019; Liu et al.,
2020). Therefore, in this study, we constructed fingerprints of
18 batches of medicinal materials, and searched for common
peaks as potential active ingredients.

This study found that BBTD can protect vascular
endothelial cells, promote endothelial cell proliferation,
reduce ROS and Hs-CRP levels, and indicated that
Gastrodin (a), Liquiritin (b), Hesperidin (e), Isoliquiritin
(g), Hesperetin 1) and Isoliquiritigenin (j) may be the main
active components for promoting the proliferation of HUVEC
cells. These results suggest that BBTD may reduce oxidative
stress and inflammatory expression of endothelial cells

FIGURE 3 | Hs-CRP concentration of 18 batches among BBTD
samples.

TABLE 4 | The hs-CRP inhibition rate of BBTD extracted from 18 batches (mean ± SD, n = 3).

Sample Mean optical
density

Scavenging rate % Sample Mean optical
density

Scavenging rate %

CK 47.3030 ± 3.1926 — S9 70.6364 ± 7.2727 31.83
PA 140.0303 ± 5.0069 — S10 51.5455 ± 8.1818 46.54
S1 47.9091 ± 4.5455 48.65 S11 67.9091 ± 0.9091 34.41
S2 51.5455 ± 7.2727 46.54 S12 98.8182 ± 9.0909 22.72
S3 70.6364 ± 0.9091 31.83 S13 54.2727 ± 3.6364 44.84
S4 84.2727 ± 6.3636 15.16 S14 51.5455 ± 3.6364 46.54
S5 81.5455 ± 8.1818 19.12 S15 46.0909 ± 5.4545 49.65
S6 73.3636 ± 7.2727 29.05 S16 66.0909 ± 6.3636 36.02
S7 47.9091 ± 4.5455 48.65 S17 49.7273 ± 0.9091 47.62
S8 70.6364 ± 4.5455 31.83 S18 66.0909 ± 5.4545 36.02
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through these 6 components, and play a protective role in
endothelial cells, thus achieving the effect of reducing
hypertension.

6 correlated peaks, Gastrodin (a), Liquiritin (b),
Hesperidin (e), Isoliquiritin (g), Hesperetin (i) and
Isoliquiritigenin (j) were positively correlated with

FIGURE 4 | HCA heat map for 18 BBTD samples and 15 chemical compounds.

FIGURE 5 | Analysis of the spectrum-effect relationship: the correlation coefficient between the content of chemical compounds and bioactivity.
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antioxidant and anti-Inflammatory activity of HUVEC cells.
In order to verify the protective effect of the 6 components on
HUVEC cells, the antioxidant and anti-inflammatory effects of the
6 components on HUVEC cells were measured at different
concentrations.

It can be seen from the results that all the six potential active
ingredients (Gastrodin, Liquiritin, Hesperidin, Isoliquiritin,
Hesperetin and Isoliquiritigenin) have antioxidant and anti-
inflammatory activities to varying degrees, which is consistent
with the results of literature studies. Zhang H et al. found that
Gastrodin induced HO-1 and Nrf2 up-regulation to alleviate
H2O2-induced oxidative stress in mouse liver sinusoidal
endothelial cells through p38 MAPK phosphorylation (Zhang
et al., 2018). Ye T et al. discovered that Gastrodin attenuates the
diabetic encephalopathy by inhibiting ER stress and NLRP3
inflammasome activation (Ye et al., 2018). Application of
Liquiritin to exposed skin of rats can reduce the increase in
ROS, pro-inflammatory factors, and MMPs caused by UVB

TABLE 5 | The correlations coefficient of Multivariate Statistical Analysis.

Correlations and grade
between peak and

antioxidant

Correlations and grade
between peak and
anti-inflammatory

A 0.472* 0.413
B 0.471* 0.403
C −0.185 −0.278
D −0.073 −0.221
E 0.428 0.460
F −0.140 −0.226
G 0.317 0.207
H −0.075 −0.259
I 0.462 0.401
J 0.452 0.526*
K −0.388 −0.273
L −0.184 −0.138
M −0.031 −0.005
N −0.489* −0.406
O −0.110 −0.125

FIGURE 6 | Concentration-response curves of 6 constituents Antioxidant effects.
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irradiation and increased the levels of Sirtuin3 (SIRT3) and
Collagen α1 (Li et al., 2021b). Hesperidin and Hesperetin can
decreased inflammatory mediators and exerted significant
antioxidant effects (Tejada et al., 2018; Muhammad et al.,
2019). Isoliquiritin can protect the kidney of membranous
glomerulonephritis model rats through antioxidant and anti-
inflammatory effects, and these effects were found to be
related to the activation of Nrf2 and the down-regulation of
NF-κB pathway (Liu et al., 2019). Isoliquiritigenin is also used in
the prevention and treatment of a variety of diseases because of its
anti-inflammatory and antioxidant properties (Peng et al., 2015).
Therefore, we hypothesized that these six chemical components
could serve as potential quality markers for BBTD protection of
endothelial cells.

The results of this study suggest that the spectrum-effect
relationship can provide an effective tool for the correlation
between the quality indexes of TCM decoction and clinical
efficacy, and also provide an example for the quality control of
other TCM decoction. However, these 6 compounds cannot be used

as an indicator of overall quality control of BBTD because
antioxidant and anti-inflammatory effects are only two of its
many clinical effects. In addition, due to instrument limitations,
we mainly focused on compounds with strong UV signals (PDA
detector). Some of the components may play an important role in
antioxidant and anti-inflammatory effects. However, they were not
detected in this study due to their low levels. Therefore, further
studies are needed to determine whether Gastrodin, Liquiritin,
Hesperidin, Isoliquiritin, Hesperetin and Isoliquiritigenin can be
used as a quality control indicator for the treatment of other diseases,
as well as a quality control indicator for whether there are other
potential active ingredients in BBTD. Next, this study will consider
mass spectrometry analysis, so as to explore more active ingredients
or metabolites.

5 CONCLUSION

UPLC fingerprints of 18 different BBTD extracts are
established by UPLC-PDA technique. The results show that

FIGURE 7 | Concentration-response curves of 6 constituents Anti-Inflammatory effects.
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the extracts of BBTD has antioxidant and anti-inflammatory
activities, significantly increases the proliferation of
endothelial cells and protected endothelial cells. The
spectrum-effect relationship between fingerprint and activity
value (ROS inhibition rate and Hs-CRP inhibition rate) is
established by multivariate statistics. The results shows that
Gastrodin, Liquiritin, Hesperidin, Isoliquiritin, Hesperetin,
and Isoliquiritigenin have antioxidant and anti-
inflammatory activities to different degrees. These six
ingredients can be used as potential pharmacodynamic
substances of BBTD to protect endothelial cells.
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Liu Shen Capsule Alters Airway
Microbiota Composition and
Metabolite Profiles in Healthy Humans
Xuerui Wang1,2,3†, Xiaolong Xu1,2,3†, Yishan Chen1, Zhenxuan Li1, Mina Zhang1,
Chunxia Zhao1, Bo Lian1, Jingxia Zhao1,3, Yuhong Guo1 and Qingquan Liu1,2,3*

1Beijing Hospital of Traditional Chinese Medicine, Capital Medical University, Beijing, China, 2Beijing Key Laboratory of Basic
Research with Traditional Chinese Medicine on Infectious Diseases, Beijing, China, 3Beijing Institute of Chinese Medicine, Beijing,
China

Alteration in airway microbiota composition and perturbations in microbe-metabolites
interactions have been proposed as markers of many diseases. Liu Shen (LS) capsule, a
traditional Chinese medicine, was proved as favorable in treating respiratory diseases.
However, the effects of the LS capsule in terms of regulating human microorganisms and
metabolite profiles are not well known. This study aimed to define and compare the
respiratory microbiota composition and circulating and fecal metabolite profiles before and
after LS capsule administration. A total of 30 healthy volunteers were recruited. The
pharyngeal swab samples were collected for 16S rRNA gene sequencing. The serum and
fecal samples were collected to analyze the non-targeted ultra-performance liquid
chromatography–tandem mass spectrometry metabolomics. The airway microbial
compositions were profoundly altered after LS capsule administration, as evidenced by
increased microbial diversity and altered microbial taxa distribution. The increasing
abundance of bacterial Bifidobacteria, and Lactobacillus characterized the after-
administration groups, and the increasing of abundance bacterial Proteobacteria,
Veillonella, Prevotella, Neisseria, and Actinomyces characterized the before-
administration groups. Significant discriminations were observed in both serum and
fecal metabolic profiles between the before- and after-administration groups. A total
number of 134 and 71 significant HMDB taxonomic metabolites including
glycerophospholipids, fatty acyls, and prenol lipids in the serum and fecal samples
were identified respectively between the before- and after-administration groups. The
integrated analysis showed that some altered airway microbiota phylum, such as
Bacteroidetes and Proteobacteria, significantly correlated with metabolites in serum
and fecal. Hence, our study reported the alternations in the composition and functions
of the airway microbial community and the changes in circulating and fecal metabolite
profiles after LS capsule administration in healthy humans, thus providing a novel insight
into the mechanisms underlying the role of LS capsule treating and preventing related
diseases.

Keywords: airway microbiota, circulating metabolite, fecal metabolite, Liu Shen capsule, traditional Chinese
medicine
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INTRODUCTION

The respiratory microbiota plays an essential role in the
development, education of the immune system, and
maintenance of the homeostasis. Antimicrobial defense is
impaired in germ-free and microbiota-depleted animals,
leading to a high possibility of respiratory infections
(Maschirow et al., 2019). Previous studies also found shrunk
lungs and less mature alveoli development in germ-free rodents
(Yun et al., 2014). Microbes and their products tune the immune
system toward healthy homeostasis and provide local and
systemic signals to the immune system to support the
protective responses against diverse pathogens. The pivotal
role of airway microbiota has been pointed out by clinical and
basic studies in various diseases, for example pulmonary
hypertension, influenza, 30445563 and chronic obstructive
pulmonary disease (COPD) (Ramos-Sevillano et al., 2019;
Zhang et al., 2020a; Wang et al., 2021). Linked by a key
mediator, the immune system, the microbiome-host
interaction influences the clinical outcomes. The respiratory
tract microbiome in asthma patients is associated with
T-helper-17 (Th17) cell regulated inflammatory responses and
disease severity (Huang et al., 2015). In sepsis and the acute
respiratory distress syndrome patients, ltered lung microbiota
was significantly correlated with alveolar TNF-α amd systemic
inflammatory response (Dickson et al., 2016). The gene
expression profile analysis in lung transplant recipients also
distinguishes a neutrophilic activation profile pattern
(Firmicutes or Proteobacteria colonization dominant) from a
macrophage-dominant remodeling profile pattern
(Bacteroidetes colonization dominant) (Bernasconi et al.,
2016). In mice, lung bacterial composition are correlated with
lung concentrations of interleukin (IL)-1α and IL-4, which does
not alter after the usage of IL-1 receptor blockade; supporting the
concept that microbiota drives the immune phenotype (Dickson
et al., 2018).

Over the years, accumulating evidence has identified
metabolites produced by respiratory microbiota that can
influence host immunity (Man et al., 2017; Budden et al.,
2019). The metabolic by-products derived from bacterial
fermentation have been reported as the key local and systemic
signaling molecules in sustaining immune and tissue homeostasis
(Buck et al., 2017). For instance, oral microbiomes produce
vasoactive and anti-inflammatory nitrite, nitric oxide, and
other bioactive nitrogen oxides (Koch et al., 2017; Pignatelli
et al., 2020). Moreover, specific microbiota-associated
metabolites, such as short-chain fatty acids (SCFAs), have
been shown to affect the progression of varied diseases,
including respiratory diseases (Hecker et al., 2021; Zhang
et al., 2021). Lung microbiota comprise nitrate reducers and
SCFAs producers, such as Pseudomonas species and
Staphylococcus species, which are linked to protection against
respiratory diseases by inhibiting histone deacetylases or binding
GPR41, GPR43, and GPR109A to alter chemotaxis and
phagocytosis, change cell proliferation, and regulate
inflammatory responses (McKenzie et al., 2017).

Liu Shen (LS) capsule is a traditional Chinese medicine first
prescribed in Qing dynasty. It is widely used in China for treating
influenza, tonsillitis, pharyngitis, and mumps (Liu et al., 2018;
Wang et al., 2020). The composition of LS capsule includes bezoar
(the gallstone of Bos taurus domesticus Gmelin), musk (the
excretion of Moschus), cinobufagin venom toad (the excretion
of Venenum Bufonis), pearl (the shell of Pernulo), realgar, and
borneol. A number of studies have shown that LS displayed an
anti-inflammatory, anti-cancer, anti-viral, analgesic, and anti-
bacterial activities in a variety of diseases. In treating influenza, LS
capsule inhibited the virus replication and proliferation in vitro
and ameliorated pneumonia damage in vivo via suppressing the
TLR4/NF-lB signaling pathway (Ma et al., 2020a; Zhao et al.,
2021). LS capsule also inhibited SARS-CoV-2 virus infection via
regulating the activity of the NF-κB/MAPK signaling pathway
in vitro (Ma et al., 2020b). These studies suggested the potential
effect of LS capsule on respiratory diseases. However, little is
known about the effect of LS capsule on microbiota and
metabolite profiles. Therefore, in this study, we used 16S
ribosomal RNA (16S rRNA) gene sequencing and
metabolomics to systematically characterize altered airway
microbial communities and circulating and fecal metabolism,
and to further analyze their potential interactions in healthy
individuals after LS capsule administration.

MATERIALS AND METHODS

Study Design and Intervention
Thirty healthy volunteers were recruited through advertisements
online at Beijing Hospital of Traditional Chinese Medicine,
China, between November 2 and 20, 2020. The inclusion
criteria were as follows: age 18–45 years; male body weight
≥50 kg, female body weight ≥45 kg, and body mass index
(BMI) in the range of 19.0–26.0 kg/m2. The participants had
no history of chronic or serious diseases in cardiovascular, liver,
kidney, respiratory, blood and lymph, endocrine, immune,
mental, neurological, gastrointestinal, and other systems. They
were able to communicate well with the researchers and agreed to
sign the informed consent form. The exclusion criteria were as
follows: antibiotics used in the recent 2 months, a history of
gastrointestinal diseases within 3 years (including existing ones),
diseases with abnormal clinical manifestations excluded;
pregnant or lactating women, constitution allergy or Chinese
medicine allergy, and participants in other trials in the recent
3 months.

Healthy participants were given one oral LS capsule three
times a day for 7 days. LS capsule was provided by Lei Yun Shang
Pharmaceutical Group Co., Ltd (Suzhou; batch number
ra18029a).

The study was conducted according to the Declaration of
Helsinki and approved by the Ethics Committee of Beijing
Hospital of Traditional Chinese Medicine Affiliated to Capital
Medical University (No. 2019BL02-047-02). The registration
number is ChiCTR2000032794 on chictr.org.cn. All
participants gave written informed consent.
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Sample Collection
The pharyngeal swab, morning fasting blood, mid-morning urine,
and fecal samples were collected on the first and eighth days of the
trial (before and after oral LS capsule administration). The pharyngeal
swabs were tested for 16S ribosomal RNA Gene (16S rRNA)
sequencing. The samples were collected strictly following the
process. All participants were forbidden to brush their teeth,
gargle, or eat breakfast before collecting morning swabs. The swab
should not touch the teeth, oral cavity, and tongue mucosa.
Afterward, the swab head was cut off and inserted into a sterilized
cryopreservation tube. The samples were stored at −80°C for further
processing. The serum and fecal samples were tested for metabolites
using a non-targeted metabolomics ultra-performance liquid
chromatography–tandem mass spectrometry (UPLC-MS/MS). The
blood samples were kept at room temperature for 30min for clotting.
The clotted blood samples were centrifuged at 3000 g at 4°C for
20min to remove the supernatant serum and quickly stored at −80°C
for further processing. The fecal samples were collected in a sterile
conical tube and immediately frozen at −80°C until further analysis.
The morning fasting blood and mid-morning urine samples were
tested for blood routine, urine routine, liver function, and renal
function to evaluate drug safety.

DNA Extraction and High-Throughput 16S
rRNA Sequencing
DNA from pharyngeal swabs was isolated using an E. Z.N.A. soil
DNA Kit (Omega Bio-Tek, GA, United States) following the
manufacturer’s protocols. Total DNA quality was measured using
a spectrophotometer (NanoDrop 2000UV; Thermo Fisher Scientific,
MA, United States) with 1% agarose gel electrophoresis. 16S
sequencing was detected by Biomarker Technologies. The V3–V4
hypervariable regions of the bacterial 16S rRNA gene were amplified
with the following primer pairs: 338F (5′-ACTCCTACGGGAGGC
AGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
using a thermocycler polymerase chain reaction system (ABI
GeneAmp 9700, ABI, United States). The polymerase chain
reactions were conducted using the following program: 3min of
denaturation at 95°C, 27 cycles of 30 s at 95°C, 30 s for annealing at
55°C, and 45 s for elongation at 72°C, and a final extension at 72°C for
10min. Polymerase chain reactions were performed in triplicate
using a 20-μl mixture containing 4 μl of 5× FastPfu Buffer, 2 μl of
2.5mmol/L dNTPs, 0.8 μl of each primer (5 μmol/L), 0.4 μl of
FastPfu polymerase, 0.2 μl of bovine serum albumin, and 10 ng of
template DNA. The yielding polymerase chain reaction products
were extracted from a 2% agarose gel and further purified using an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, CA, United
States) and quantified using QuantiFluor (Promega, United States)
following the manufacturer’s protocol.

Sample Preparation and Ultra-performance
Liquid Chromatography–Tandem Mass
Spectrometry Analysis for Metabolomics
For the serum samples, 100 μl of the samples were mixed with
400 μl of ice-cold methanol/water solution. For the fecal samples,
50 mg samples were weighed and mixed with 400 μl of ice-cold

methanol/water solution. The samples were homogenized at
60 Hz for 6 min using a mechanical disruptor. They were
vortexed for 15 min, sonicated for 10 min three times, then
placed at −20°C for 30 min to precipitate proteins. After
centrifugation at 13,000 g at 4°C for 15 min, the supernatant
was prepared for ultra-performance liquid
chromatography–tandem mass spectrometry (UPLC-MS/MS)/
MS analysis. UPLC-MS/MS analyses were performed using a
ultra-high performance liquid chromatograph system (1290,
Agilent Technologies). The mobile phase consisted of 25 mM
NH4OAc and 25 mM NH4OH in water (pH � 9.75) and
acetonitrile. The Triple TOF mass spectrometer was used to
acquire MS/MS spectra on an information-dependent
acquisition basis during an LC/MS experiment. In this mode,
the acquisition software (Analyst TF 1.7, AB Sciex) continuously
evaluated the full-scan survey MS data as it collected and
triggered the acquisition of MS/MS spectra depending on the
preselected criteria. In each cycle, 12 precursor ions with intensity
greater than 100 were chosen for fragmentation at collision
energy (CE) of 30 V (15 MS/MS events with product ion
accumulation time of 50 ms each). Mass data were collected in
both positive and negative modes. Quality control samples were
injected at regular intervals (every 10 samples). All raw data were
imported into the Progenesis QI 2.3 (Nonlinear Dynamics,
Waters, United States) and SIMCA-P C 14.0 software package
for further data analysis.

Safety and Adverse Event Monitoring
Adverse events were assessed according to the Common
Terminology Criteria for Adverse Events version 4.03 on days
1 and 8 of the trial. The laboratory examinations were
standardized in the laboratory department of the hospital. On
days 1 and 8 of the trial, routine blood examinations for complete
blood cell count and serum biochemical tests for renal and liver
functions were conducted for the safety evaluation.

Statistical Analysis
Ace, Chao, and Shannon indices were calculated to assess
a-diversity. The ß-diversity was estimated by computing the
Bray-Curtis dissimilarity and visualized using principal
coordinate analysis, and the results were plotted using the R
software. The nonparametric Wilcoxon test was used to analyze
the different taxonomies at the phylum and genus levels.
Statistically significant differences in genera between groups
were determined using a linear discriminant analysis (LDA)
effect size (LEfSe) algorithm. LDA >3.5 with a p < 0.05 was
considered significantly enriched. For metabolomics analysis,
data obtained in the positive ion mode were used for
orthogonal partial least squares discriminant analysis (OPLS-
DA) algorithms to visually compare metabolite profiles. Through
multivariate and univariate analyses, the significant remaining
features were identified by database searches, including the
Human Metabolome Database (http://www.hmdb.ca) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://
www.kegg.com). Spearman correlation analysis was used to
evaluate the correlations between metabolites and the
microbiota. All the data were presented as mean ± standard
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error of the mean. The significance of the difference between the
two groups was analyzed using the Student unpaired-sample
t test, and multiple comparisons were analyzed using one-way
analysis of variance followed by Dunnett’s post hoc test. p values
were corrected for multiple comparisons using the
Benjamini–Hochberg false discovery rate, and p < 0.05
indicated a statistically significant difference.

RESULTS

Characteristics and Laboratory Tests of the
Healthy Volunteers
According to the inclusive and exclusive criteria, samples of 30
healthy volunteers were collected. The characteristic of sex,
gender distribution, BMI and smoking status, as well as the
laboratory test results before and after LS capsule
administration of the healthy volunteers are shown in Table 1.
No significant difference were observed in laboratory tests
between the before- and after-administration groups. No
adverse events were observed before and after administration.

TABLE 1 | Characteristics and laboratory tests of the healthy volunteers.

Characteristic Before After p Value

Female sex, n (%) 17 (56.6%) 17 (56.6%) -
Age, y 24.4 ± 0.42 24.4 ± 0.42 -
Body Mass Index, kg/m2 20.98 ± 0.82 20.98 ± 0.82 -

Smoking status

Current 2 (0.06%) 2 (0.06%) -
Former 2 (0.06%) 2 (0.06%) -
Never 28 (93.3%) 28 (93.3%) -

Laboratory tests

White blood cell count,×109/L 6.57 ± 0.50 7.16 ± 0.86 0.57
Red blood cell count,×109/L 4.62 ± 0.15 4.57 ± 0.16 0.84
Neutrophil count,×109/L 4.18 ± 0.38 4.44 ± 0.59 0.72
Lymphocyte count,×109/L 1.87 ± 0.16 2.08 ± 0.26 0.52
Platelet count,×109/L 252.60 ± 11.57 246.90 ± 11.22 0.78
Hemoglobin, g/L 139.8 ± 4.67 138.3 ± 4.87 0.83
Alanine aminotransferase, U/L 22.33 ± 5.61 20.64 ± 4.37 0.81
Aspartate aminotransferase, U/L 19.55 ± 1.84 20.55 ± 1.81 0.47
Blood urea nitrogen, mmol/L 4.57 ± 0.27 4.34 ± 0.21 0.52
Creatinine, mmol/L 65.34 ± 3.67 64.17 ± 3.44 0.82

FIGURE 1 | Airway microbial diversity in the before- and after-LS capsule administration groups. a-diversity was evaluated based on the Ace (A), Chao1 (B), and
Shannon (C) indices of the operational taxonomic unit (OTU) levels. **p < 0.01, ***p < 0.001. ß-diversity was evaluated based on the principal coordinate analysis (PCoA)
(D) and the partial least squares discriminant analysis (PLS-DA) (E) of the OTU levels.
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LS Capsule Altered Airway Microbiota
Structural Diversity
The a-diversity indexes, including Ace, Chao1, and Shannon,
were used to determine the ecological diversity within a microbial
community. These indexes reflected the species richness and
evenness, which were significantly higher after LS capsule
administration than before administration (Figures 1A–C).

The ß-diversity was measured by the principal coordinate analysis
(PCoA) (Figure 1D) and the partial least squares discriminant
analysis (PLS-DA) (Figure 1E). PCoA based on the Bray-Curtis
dissimilarity index showed a significant difference between before-

and after-administration groups (Figure 1D, ANOSIMR� 0.349, p�
0.001). Moreover, PLS-DA represented distinct microbiome profiles
before and after LS capsule administration (Figure 1E). Overall, LS
capsule administration significantly altered the structural microbial
diversity of airways in healthy humans.

LS Capsule Altered Airway Microbiota
Composition
As shown in Figure 2C, Firmicutes, Bacteroidetes, Proteobacteria,
Fusobacteria, Actinobacteria, Patescibacteria, and Spirochaetes were

FIGURE 2 | Airway microbiota composition in the before- and after-LS capsule administration groups. The percentage of community abundance at the phylum (A)
and genus (C) levels. Phylum-level (B) and genus-level (D) bacteria that were significantly different between the before- and after-administration groups. Data were
shown as relative abundance (%) of the top 20 most abundant taxa in each group. Statistical analysis was performed using the Wilcoxon rank-sum test. *p < 0.05, **p <
0.01, ***p < 0.001.
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the seven dominant phyla microbiota (relative abundance >1%) in
the upper respiratory tract in the before- and after-administration
groups (Figure 2A). The proportions of Bacteroidetes, Fusobacteria,
and Patescibacteria were smaller after LS capsule administration than
those before administration. Mann–Whitney U tests were further
performed to compare the differences in pharynx bacterial
communities between the two groups. At the phylum level,
among the top 20 abundant bacterial species, the abundance of
Bacteroidetes and Patescibacteria was statistically significantly lower,
while the abundance of Nitrospirae, Acidobacteria, Rokubacteria,
Chloroflexi, Cyanobacteria, and Actinobacteria was statistically
significantly higher, after LS capsule administration than that
before administration (Figure 2B).

As shown in Figure 2C, the taxonomic analysis indicated 20
dominant genera (relative abundance >1%) in the before- and after-
administration groups. Before LS capsule administration,
Streptococcus and Prevotella_7 were the predominant genera
(13.3%), followed by Veillonella (9.3%). The prevalent genera were
Streptococcus (12.4%), Prevotella_7 (10.7%), and Prevotella (5.5%)
after LS capsule administration. Prevotella_7, Prevotella, Leptotrichia,
Veillonella Fusobacterium, Neisseria, Actinomyces, Alloprevotella,
Gemella, Haemophilus, Streptococcus, and Atopobium had a
smaller proportion after LS capsule administration than that
before administration. At the phylum level, among the top 20
abundant bacterial species, the abundance of Veillonella, Prevotella,
Streptococcus, and Neisseria was statistically significantly lower after
LS capsule administration than that before administration
(Figure 2D). In contrast, the abundance of Lactobacillus,
Wolbachia, and Bifidobacterium was statistically significantly
higher after LS capsule administration than that before
administration (Figure 2D).

Moreover, the differences inmicrobiota structures from the phylum
to the genus level were analyzed. Using a logarithmic LDA score cutoff
of 3.5, we identified 40 discriminatory genera as key discriminants
(Figure 3A). The abundance of several bacterial including
Fusobacteria, Fusobacteriales, and Veillonella were significantly
down-regulated after LS capsule administration, whereas bacterial
including Clostridiales, Clostridia, and Lactobacillus were
significantly enriched after LS capsule administration than that
before administration. The LDA scoring at the genus level was
performed to further dissect the potential roles of the pharynx
microbiome in discriminating the before-from after-administration
groups (Figure 3B). A higher proportion ofKlebsiella,Bifidobacterium,
and Lactobacillus was identified in the after-administration group,
while a higher proportion of Veillonella, Neisseria, Leptotrichia,
Fusobacterium, Prevotella, and Actinomyces was identified in the
before-administration group (LDA score [log10] > 3.5).

LS Capsule Changed the Potential Function
of the Airway Microbiome
PICRUSt analysis was carried out to predict the possible impact of the
altered airway microbiome by LS capsule administration. The
pharynx microbiome with relative abundance greater than 1% was
used for analysis. The significantly different abundance compositions
of the KEGGpathway (level 2) (Supplementary Table 1) and Cluster
of Orthologous Groups of proteins (COG) (level 2) (Supplementary

Table 2) between the two groups were listed (p < 0.05). As shown in
Figure 3C, 12 KEGG pathways, including lipid metabolism and
metabolismof terpenoids and polyketides, were significantly enriched
after LS capsule administration, while three KEGG pathways,
including glycan biosynthesis and metabolism, metabolism of
cofactors and vitamins, and drug (antimicrobial) resistance were
significantly lower after LS capsule administration. As shown in
Figure 3D six functional COG categories were highly enriched after
LS capsule administration, including carbohydrate transport and
metabolism, lipid transport and metabolism, and secondary
metabolite biosynthesis/transport and catabolism. In contrast,
seven COG categories, including coenzyme transport and
metabolism, inorganic ion transport and metabolism, and
nucleotide transport and metabolism, were significantly lower after
LS capsule administration. Notably, the dominant COG categories
and KEGG pathways associated with LS capsule administration were
in the metabolism cluster.

Alteration of Circulating Metabolome After
LS Capsule Administration
A non-targeted UPLC-MS/MS metabolomics approach was used to
analyze serum samples in the two groups. We successfully quantified
1749 metabolites in the positive ion mode, of which 449 had variable
importance in projection (VIP) scores >1 and were significantly
different (p < 0.05) between the two groups (Supplementary
Table 3). The OPLS-DA score plot showed clear discrimination
between the two groups with R2X � 0.417, R2Y � 0.996, and Q2Y �
0.974, suggesting that the model was predictive and reliable
(Figure 4A). Permutation plots of the correlation coefficients of
the two OPLS-DA models verified the validation of the models
(Figure 4B). Among the metabolites with significant differences
between the two groups, 271 were upregulated and 170 were
downregulated. The top five metabolites with the most significant
differences included the downregulation of PC(20:5
(5Z,8Z,11Z,14Z,17Z)/20:5 (5Z,8Z,11Z,14Z,17Z)), PC(18:0/22:6
(4Z,7Z,10Z,13Z,16Z,19Z)), sirolimus, methoxybrassinin, and
flutamide (Figure 4C). A total of 134 metabolites with HMDB
taxonomy are listed in Supplementary Table 4 (Figure 7C). A
heat map was constructed to visualize 36 significantly differentially
abundant metabolites among them (Figure 5). Carboxylic acids and
derivatives, including glutamyl-asparagine, prolyl-serine, threoninyl-
methionine, and 6-hydroxysandoricin; fatty acyls, including
tricosanoic acid, cis-4-decenoic acid, and nonadeca-10(Z)-enoic
acid; organonitrogen compounds, including histidinal and
azacitidine, showed higher abundance in the after-administration
group than in the before-administration group.
Glycerophospholipids, including PC(20:5 (5Z,8Z,11Z,14Z,17Z)/20:5
(5Z,8Z,11Z,14Z,17Z)), PS(14:0/18:1 (9Z)), and PS(18:0/20:4
(8Z,11Z,14Z,17Z)), showed lower abundances in the after-
administration group than in the before-administration group.

Alteration of Fecal Metabolome After LS
Capsule Administration
Moreover, UPLC-MS/MS metabolomics analysis was used on the
fecal samples in the two groups. A total of 1749 metabolites in the
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positive ion mode were acquired, of which 195 were with VIP
scores>1 and were significantly different (p < 0.05) between the
two groups (Supplementary Table 5). The OPLS-DA score plot
showed clear discrimination between two groups with R2X �
0.265, R2Y � 0.987, and Q2Y � 0.816, and the correlation

coefficient verified the validation of the models (Figures
6A,B). Among the metabolites with significant differences
between the before- and after-administration groups, 53 were
upregulated and 143 were downregulated. The top five
metabolites with the most significant differences included the

FIGURE 3 | Linear discriminant analysis effect size (LefSe) and linear discriminant analysis (LDA) analysis characterizedmicrobiomes between the before- and after-
LS capsule administration groups. (A) LDA scores showing the significant bacterial difference between the before- and after-administration groups. Only taxa with LDA
scores of >3.5 are presented. Prefix p_ phyla, c_ class, o_ order, f_ family, and g_ genus. (B) LDA scores showed a significant bacterial difference between the before-
and after-administration groups at the genus level. (C) Significant Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway at level 2 and (D) Cluster of
Orthologous Groups of proteins (COG) at level 2 for the pharynx microbiome in the before- and after-administration groups identified using STAMP software. In STAMP,
the differences in abundance between the PH and control groups were analyzed using theWhite t test. Multiple test correction: Benjamini–Hochberg false discovery rate
(p < 0.05).
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downregulation of PIP(16:0/20:2 (11Z,14Z)) and indapamide
and the upregulation of lyciumoside IV, L-acetylcarnitine,
and CDP-DG (16:0/18:1 (11Z)). A total of 74 metabolites with
HMDB taxonomy are listed in Supplementary Table 6
(Figure 7C). A heat map was constructed to visualize 34
significantly differentially abundant metabolites among
them (Figure 7). Glycerolipids, including TG (22:0/i-12:0/
8:0), DG (24:0/0:0/18:2n6), and DG (16:1 (9Z)/22:2
(13Z,16Z)/0:0), showed higher abundance in the after-
administration group than in the before-administration
group. Glycerophospholipids, prenol lipids, carboxylic acids

and derivatives, and steroids and steroid derivatives showed
lower abundance in the after-administration group than in the
before-administration group.

134 differential metabolites with HMDB taxonomy in serum
samples before and after treatment were compared with 74
differential metabolites with HMDB taxonomy in fecal
samples, and three metabolites were overlapped including
colistin, gamma-tocopherol, and tetradecanoylcarnitine
(Figure 7C). Compared with before administration, the
contents of these three metabolites in serum and fecal samples
decreased after administration.

FIGURE 4 | Circulating metabolomics for the quantification of metabolites in the before- and after-administration groups. (A) OPLS-DA plots showing the spatial
division between the before- and after-LS capsule administration groups. (B) Permutation plots of OPLS-DAmodels correlation coefficient. (C) Volcano plot showing the
differentially accumulated [log2 (fold-change) on x-axis] and significantly changed [–log10 (p value) on y-axis] metabolites in the before- and after-administration groups.
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Correlation Analysis of Airway Microbiota
and Circulating Metabolic Phenotype
Spearman correlation analysis was performed between microbial
communities at the phylum level and the 20 top fold-change
metabolites in serum and fecal samples to explore the functional
correlation between pharyngeal microbiota dysbiosis and altered
circulating metabolites. In serum samples, as shown in
Figure 8A, the abundance of Bacteroidetes and Proteobacteria
was positively correlated with the contents of alpha-carboxy-
delta-decalactone, 18-oxocortisol, and bufotenin, and negatively
correlated with the contents of metabolites including
cryptocapsone, ganglioside GM3 (d18:0/18:0), and (25 R)-
4beta,26-dihydroxycholesterol in the serum samples. The
abundance of Actinobacteria was positively correlated with the
contents of metabolites including cryptocapsone, ganglioside
GM3 (d18:0/18:0) (25 R)-4beta,26-dihydroxycholesterol,
ganglioside GM3 (d18:1/18:1 (11Z)), and 1-undecanol, but
negatively correlated with the content of alpha-carboxy-delta-
decalactone. The abundance of microbiota Acidobacteria,
Chloroflexi, Nitrospirae, Cyanobacteria, and Rokubacteria
showed a strong positive correlation with the contents of most
of the metabolites including cryptocapsone, ganglioside GM3
(d18:0/18:0), and (25R)-4beta,26-dihydroxycholesterol, and a
negative correlation with the contents including 18-oxocortisol
and bufotenin.

In fecal samples, as shown in Figure 8B, the abundance of
Bacteroidetes and Proteobacteria was positively correlated with
the contents of most metabolites including CE (17:1), oleamide,
and DG (16:1n7/0:0/18:2n6), and negatively correlated with the
content of serotinose. The abundance of Acidobacteria,
Chloroflexi, Nitrospirae, Cyanobacteria, and Rokubacteria was
positively correlated with the contents of 6alpha,9alpha-
difluoroprednisolone-17-butyrate, serotinose, and
schidigerasaponin F1, but negatively correlated with the
contents of most metabolites including DG (20:1 (11Z)/24:1
(15Z)/0:0) and CE (17:1).

DISCUSSION

In this study, 16S rRNA sequencing was performed in pharyngeal
swab samples, and UPLC-MS/MS-based metabolomics was
performed in serum and fecal samples collected from 30
healthy participants before and after LS capsule
administration. Our results showed that the respiratory
microbiota composition and function and serum/fecal
metabolic phenotype were significantly different after LS
capsule administration. The potential regulatory mechanism of
LS capsule on bacterial microbiota and metabolites might be
involved in its prevention or treatment effects on diseases.

FIGURE 5 | Hierarchical clustering analysis for the circulating metabolites in the before- and after-administration groups based on their z-normalized abundance.
The name and HMDB taxonomy clusters of the metabolites were listed.
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The surface area of the human respiratory tract is
approximately 40 times larger than that of the skin inhabited
by microbiota. For most respiratory pathogens, the colonization
of the upper respiratory tract is the first step before causing the
infection on the mucosal surface and spreading to the lower
respiratory tract (Bogaert et al., 2004). Hence, the microbiota in
the upper respiratory tract acts as a “gatekeeper” that provides
resistance to pathogen colonization. Clinical studies suggested
that the lower respiratory tract microbiota shared considerable

similarity to that of the oropharynx in both healthy individuals
and patients with chronic lung diseases (Botero et al., 2014). The
predominant phyla of healthy individuals are Bacteroidetes and
Firmicutes in the lungs and Firmicutes, Proteobacteria, and
Actinobacteria in the oropharynx (Pulvirenti et al., 2019;
Maleki et al., 2020). The most common genera in the lung
and oral cavity are similar, including Streptococcus, Prevotella,
and Veillonella, which is consistent with our results. Since the
isolation of lower respiratory tract microbiota samples is usually

FIGURE 6 | Fecal metabolomics for the quantification of metabolites in the before- and after-administration groups. (A)OPLS-DA plots showing the spatial division
between the before- and after-LS capsule administration groups. (B) Permutation plots of the correlation coefficient of OPLS-DA models. (C) Volcano plot showing the
differentially accumulated [log2 (fold-change) on x-axis] and significantly changed [–log10 (p value) on y-axis] metabolites in the before- and after-administration groups.
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completed by fiberoptic bronchoscopy, which is a risky invasive
operation. We selected pharyngeal swab samples and analyzed
the effect of LS capsule on the upper respiratory tract microbiota.

The decreased diversity of local bacterial communities is
associated with many lung diseases. For example, in patients
with cystic fibrosis, a significant ecological pattern with
decreasing airway microbiota diversity and a reducing lung
function was found (Cuthbertson et al., 2020). In patients and
an animal model of pulmonary fibrosis, decreased lung bacterial
diversity was significantly associated with increased alveolar
concentrations of pro-inflammatory cytokines and growth
factors (O’Dwyer et al., 2019). Compared with reference
subjects, Zhang et al. also reported decreased community
diversity in patients with pulmonary hypertension (Zhang
et al., 2020a). Although the causal relationship between

microbial diversity and disease occurrence is not clear, these
studies demonstrated a certain link between decreased diversity
of specific microecological environment and unhealthy
outcomes. The traditional Chinese medicine prescription of LS
capsule has a history of thousands of years. It is widely used in
clinic in China and is effective in treating influenza, acute
bronchitis, and other respiratory diseases. The present study
found that the diversity of the airway microbiota was
significantly increased after LS capsule administration
compared with that of before administration. The regulatory
effect on microbiota diversity might be one of the potential
mechanisms of LS capsule in treating diseases.

LS capsule administration significantly decreased the
abundance of several airway bacterial. Among them,
Proteobacteria, Veillonella, Streptococcus, Prevotella, Neisseria

FIGURE 7 |Correlation analysis of fecal metabolites and circulatingmetabolites. (A)Hierarchical clustering analysis for the fecal metabolites in the before- and after-
administration groups based on their z-normalized abundances. The name and HMDB taxonomy clusters of the metabolites were listed. (B) Venn and number (C) of
HMDB taxonomy metabolite with differences in serum and fecal samples before and after administration.
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and Actinomyces were reported to be highly associated with the
development of respiratory diseases. In both upper airway and
acellular bronchoalveolar lavage samples from participants
without known pulmonary diseases, Segal et al. observed that
enriched Veillonella and Prevotella were associated with the
enhanced expression of Th-17 lymphocyte–derived
inflammatory cytokines, and conversely, a blunted alveolar
macrophage TLR4 response (Segal et al., 2016). Tsay et al.
reported enriched airway Veillonella, Prevotella, and
Streptococcus in patients with lung cancer, which were
associated with the upregulation of the ERK and PI3K
signaling pathways and tested in both patients and in vitro
epithelial cell experiments (Tsay et al., 2018). In patients with
asthma, Proteobacteria dominance is associated with hyper-
responsiveness and neutrophil-derived excessive airway
inflammation (Huang et al., 2011; Yang et al., 2018). In
patients with COPD, Proteobacteria dominance was also
reported to be associated with increased mortality and
neutrophil activation (Dicker et al., 2021). Proteobacteria and
Actinobacteria are associated with infiltrating immune cells in

lung tissue, including neutrophils, eosinophils, and B cells (Sze
et al., 2015). Moreover, increased Prevotella abundance was
associated with augmented T-helper type 17 (Th17)-mediated
mucosal inflammation, which was in line with the marked
capacity of Prevotella in driving Th17 immune responses
in vitro (Huang et al., 2020). Neisseria, such as Neisseria
meningitidis, is a colonizing bacterium in the respiratory tract,
which can cause diseases under certain conditions. The
respiratory mucosa is the site of Neisseria colonization and the
barrier to protect its invasion (Audry et al., 2019). In our study,
we also observed higher taxa of Bifidobacteria and Lactobacillus
after LC capsule administration than before. Bifidobacteria and
Lactobacillus are common probiotics. Bifidobacterium was
reported to play a protective role on the respiratory mucosa
(Flemer et al., 2018). In our study, no pathogenic bacteria (e.g., S
pneumonia, H influenzae) were detected since the participants in
both groups were healthy people. Unlike the above bacteria, some
altered bacteria, such as wolbachia, were barely report related to
diseases. Based on the aforementioned findings, we speculated
that the mechanism of LS capsule is related to the alternation of

FIGURE 8 | Interrelationship between airway microbiota composition and host metabolic profile. The positive and negative correlations are shown as red and
green, respectively, in the heat map according to Spearman correlation analysis between the airway significant microbiota at the phylum level with (A) the serum
metabolites and (B) the fecal metabolites. Significant microbiota–metabolite correlations were presented with *p < 0.05, **p < 0.01, and ***p < 0.001.
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the microbiota structure in the upper respiratory tract and the
downregulation of certain microbiota closely related to the
development of respiratory diseases.

The alternation of respiratory microbiota after LS capsule
administration might impact the metabolites, since COG and
KEGG pathway analysis of airway microbiota showed several
metabolic pathways with signature alternation. Indeed, we
confirmed that the serum and fecal samples had completely
different metabolomics before and after LS capsule
administration. In the serum and the fecal samples of the two
groups, the numbers of lipid metabolites were changed the most
(50% in the serum and 77% in feces). Lipid is the basic component
of the cell membrane and plays an important role in energy
storage, signal transduction, and formation of membrane bilayer
and cellular barriers. Lipid metabolisms are indicated in
numerous human diseases, such as Alzheimer’s disease,
respiratory diseases, obesity, and atherosclerosis (Hannun and
Obeid, 2018; Zhang et al., 2020b). In our study, we identified
several categories of lipid types, including fatty acids,
sphingolipids, prenol lipids, and glycerophospholipids. Fatty
acyls are a source of energy in cells to produce ATP. We
identified the alternation of 16 fatty acyl metabolites between
the before- and after-administration groups, of which 5 were
downregulated and 11 were upregulated. A growing number of
studies proposed fatty acyls as the biomarkers of some diseases.
For example, in patients with idiopathic pulmonary fibrosis, 20
fatty acyls have been listed with significant compared with the
controls (Yan et al., 2017). A previous study also found that chiral
ibuprofen treatment caused disorders in the metabolism of the
brain lipids, including glycerophospholipid and fatty acid
metabolism, which affected the composition of biological
membranes, inflammatory responses, and cardiovascular and
cerebrovascular disease development in zebrafish (Zhang et al.,
2020c). Sphingolipids are ubiquitous cellular membrane
components implicated in multiple cellular processes including
autophagy, apoptosis, differentiation, and cell division. We found
that two sphingolipids were downregulated after LS capsule
administration in serum samples. Previous studies found that
four out of 46 sphingolipids could distinguish the patients with
idiopathic pulmonary fibrosis from control subjects (Yan et al.,
2017). Glycerophospholipids are important biomolecules that
constitute the cytoskeleton of the cell membrane, and also a
repository of a large number of bioactive media produced by the
reaction of phospholipase (Frisardi et al., 2011). We identified the
alternation of 26 glycerophospholipid metabolites between the
before- and after-administration groups, of which 18 were
downregulated and eight were upregulated. Previous studies
demonstrated decreased plasma glycerophospholipid levels in
patients with cystic fibrosis (Grothe et al., 2015) and those
with pulmonary fibrosis (Yan et al., 2017), implying that
glycerophospholipid metabolites could be used as potential
biomarkers for the aforementioned lung diseases.

The pharmacodynamic components of LS capsule include
bufonidine lactones, cholic acid compounds of bezoar,
androgen of musk, volatile components in borneol, and
minerals in realgar and pearl, among which the former three
are the major ones. We detected that the metabolites including

bufotenin and shoyuflavone b were upregulated in serum samples
after administration, which was due to the metabolism of LS
capsule in the body. The levels of benzene compounds, which are
usually produced and degraded by bacterial species, were
significantly different before and after administration,
suggesting that the bacterial–metabolite interaction was
involved in the mechanism of LS capsule (Nguyen and Kim,
2019). After oral administration of LS capsule, some drug active
components could be directly absorb, while some other
components were with low bioavailability or cannot be
absorbed, which need to be reused through the transformation
of intestinal flora. Blood metabolites (serum metabolomics) and
metabolites transformed via intestinal flora (fecal metabolomics)
reach the respiratory tract with circulation and regulate the local
microbiota. As supported by our results, we observed a significant
correlation between airway microbiota with serum and fecal
metabolites, indicating that the perturbations of microbiota
were associated with metabolic phenotype alterations. We
found three metabolites that were significant altered in both
feces and serum samples before and after administration.
These metabolites could be used as a marker for taking LS
capsule. However, since both groups of metabolites were from
healthy participants, the abnormalities in main synthetic or
catabolic pathways were not detected, nor were the main
classes of microorganism-dependent metabolites, such as SCFAs.

In conclusion, our study demonstrated that Bifidobacteria and
Lactobacillus were significantly enriched in the oropharynx
respiratory tract samples after LS capsule administration; on
the contrary, the bacterial Proteobacteria, Veillonella,
Prevotella, Neisseria, and Actinomyces were relatively more
abundant before administration. These divergent patterns of
microbiota composition before and after administration might
provide potential novel insights into the mechanisms of LS
capsule. Furthermore, we found significant differences in
circulating and fecal metabolic profiles before and after
administration, especially the changes in lipid-type categories.
Our results hinted that LS capsule might play a preventive role in
respiratory diseases by regulating microbiota and metabolites.
Although the basic characteristics and laboratory tests between
the two groups showed no difference, a few samples in PCoA
analysis were still discreted. These individual differences are
inevitable, since many factors including diet habits,
environmental influence, and genetic backgrounds could affect
the microbiome composition. The sensitivity and accuracy of
non-targeted metabonomics in detecting lipid contents are
limited compared to lipid metabolomics. Most importantly,
since the participants in both groups were healthy volunteers,
whether LS capsule could play similar regulatory effect on
respiratory microbiota under respiratory diseases conditions
needs to be further investigated in the future.
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Traditional Tibetan Medicine
Twenty-Five Wei’er Tea Pills
Ameliorate Rheumatoid Arthritis
Based on Chemical Crosstalk
Between Gut Microbiota and the Host
Zixuan Li1†, Lijuan Nie2†, Yong Li3, Lu Yang4, Lulu Jin4, Baozhong Du1, Juan Yang1,
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University, Lhasa, China, 4Tianjin University of Traditional Chinese Medicine, Tianjin, China, 5Second Affiliated Hospital of
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Twenty-Five Wei’er Tea Pills (TFP), a traditional Tibetan medicine, has shown to have a
promising therapeutic effect in patients with Rheumatoid arthritis (RA), as well as being
safe. Nonetheless, there have been limited pharmacological studies that have explored this
therapeutic option. As gut microbiota has been proven to have a critical role in the
pathogenesis of RA, this study aims to explore and reveal relevant ways by which TFP
interacts with the chemical crosstalk between the gut microbiome and its host. 16S rRNA
sequencing, combined with un-targeted metabolomics, were conducted on collagen-
induced arthritis (CIA) rats. CIA model rats treated with TFP showed significant
improvement in weight gain, pathological phenomena in joints, as well as decreased
serum levels of TNF-α, IL-6 and increased level of IL-4 and IL-10. Significant dysfunction in
the gut microbiome and alteration in serum metabolites were observed in CIA model rats,
which were restored by TFP treatment. Coherence analysis indicated that TFP modulated
the pathways of histidine metabolism, phenylalanine metabolism, alanine, aspartate,
glutamate metabolism, amino sugar and nucleotide sugar metabolism owing to the
abundances of Lactobacillus, Bacteroides, Prevotellaceae_UCG-001 and
Christensenellaceae_R-7_group in the gut microflora. The corresponding metabolites
involved L-histidine, histamine, phenylethylamine, asparagine, L-aspartic acid,
D-fructose 1-phosphate, D-Mannose 6-phosphate, D-Glucose 6-phosphate, and
Glucose 1-phosphate. In conclusion, this study reveals the ameliorative effects of TFP
on RA through the chemical crosstalk that exists between the gut microbiota and its host,
and also further enriches our understandings of the pathogenesis of RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic immune disease, which
involves multiple systems. The hallmark pathological features of
RA include the proliferation of synovial lining cells, significant
inflammatory cell infiltration into the interstitium, regeneration
of microvessels, pannus formation, damage of both cartilage and
bone tissue, as well as reported metabolic disorders (Liu et al.,
2021; Jiang et al., 2021). Globally, the prevalence of RA is
relatively high, about 0.5–1.0% (Tobon et al., 2010; Ardalan
and Vahed, 2017). This autoimmune disease is primarily
diagnosed in patients aged between 40 and 60 years, and is
approximately three times more prevalent in women
compared with in men(Tobon et al., 2010). Its clinical
manifestations are joint stiffness, deformity, rigidity, and even
joint dislocation; furthermore, RA has an exceptionally high
disability rate. The predominantly prescribed medications to
treat RA include nonsteroidal anti-inflammatory drugs
(NSAIDs), glucocorticoids (GCs), disease-modifying
antirheumatic drugs, and targeted biological agents. However,
due to the complex pathogenesis of RA, these drugs have failed to
produce satisfactory pharmacological effects while also being
known create severe side effects, including immunodeficiency,
gastrointestinal disorders, and bodily fluid disorders.

An increasing number of studies have shown the effect of
gut microbiota on the immune system (de Oliveira et al., 2017;
Castro Rocha et al., 2020), metabolic homeostasis (Wu et al.,
2020; Tsai et al., 2021), and gastrointestinal integrity (Owen
and Mohamadzadeh, 2013; Guerreiro et al., 2018). Studies
conducted in recent years have suggested that the abnormal
immune response of RA may be associated with the imbalance
of gut microbiota (Xu et al., 2020; Brandl et al., 2021; Li and
Wang, 2021). Changes in the normal gut microbiota impact
mucosal immunity, affecting extraintestinal diseases, such as
RA (Owen and Mohamadzadeh, 2013; Jiao et al., 2020).
Patients with RA and other rheumatoid diseases have
shown differences in the abundance of specific common
gut microbiota compared to healthy controls (Maeda et al.,
2016; Bodkhe et al., 2019). In an animal study, arthritis was
alleviated in K/BxN mice under aseptic conditions (Teng
et al., 2017). However, the germ-free mice developed more
severe arthritis after being transplanted with the gut
microbiota from collagen-induced arthritis (CIA)
susceptible mice (Wu et al., 2010).

The imbalance of gut microbiota may lead to changes in
metabolomic profiling in the human body which accounts for
etiology of autoimmune diseases (Kim et al., 2017; Tsai et al.,
2021; Yang and Cong, 2021). Metabolomics, the systematic study
of the sets of metabolites in an organism, is an excellent tool to
provide further insight or scientific basis into specific
pathogeneses as well as the mechanism of actions of botanical
medicines (Marchev et al., 2021; Oyenihi et al., 2021). In addition,
ethnomedicine such as berberine can modulate the composition
and metabolites of gut microbiota, and thus ameliorate the
diseases (Cheng et al., 2021). Combined application of 16S
rRNA sequencing and metabolomics, therefore, can help
explain the mechanism of ethnic Medications through the

metabolic interaction between the gut microbiota and the host
(Cui et al., 2020a).

Twenty-fiveWei’er tea pills (TFP), made of 25 Tibetan natural
drugs (mostly botanical drugs), such as stem of Senegalia catechu
(L.f.) P.J.H.Hurter and Mabb. (100 g), fruits of Terminalia
chebula Retz. (100 g), fruits of Terminalia billerica (Gaertn.)
Roxb. (125 g), fruits of Phyllanthus emblica L. (100 g),
Hymenidium hookeri (C.B.Clarke) Pimenov and Kljuykov
(50 g), rhizome of Polygonatum sibiricum Redouté (40 g), root
of Asparagus cochinchinensis (Lour.) Merr. (40 g), root of
Oxybaphus himalaicus Edgew. (25 g), fruits of Tribulus
terrestris L. (30 g), resin of Boswellia sacra Flück. (Boswellia
carterii Birdw.) (50 g), seeds of Senna tora (L.) Roxb. (50 g),
seeds of Abelmoschus manihot (L.). Medik. (35 g), stem of
Tinospora sinensis (Lour.) Merr. (100 g), fruits cluster of Piper
longum L. (30 g), rhizome of Acorus calamus L. (acori calami
rhizoma) (50 g), root of Dolomiaea costus (Falc.) Kasana and
A.K.Pandey (aucklandiae radix) (50 g), Oxytropis kansuensis
Bunge (40 g), fruits of Rosa sweginzowii Hemsl. and
E.H.Wilson (50 g), flower of Gentiana macrophylla Pall. (30 g),
root of Aconitum pendulum N.Busch (Aconitum pendulum
Busch) (40 g), musk of Moschus chrysogaster sifanicus (30 g),
shell of Hyriopsis cumingii (Lea) (25 g), horn of Bubalus arnee f.
bubalis (25 g), is a traditional Tibetan medicine used to treat RA
by relieving pain and inflammation and dispelling wind and
numbness in clinical practice (Li, 2014). A recent case-control
study revealed TFP’s remarkable curative effect and safety
compared with conventional antirheumatic drugs (Zha, 2017).
However, the mechanism of TFP relating to the treatment of RA
has not been reported yet. In this study, we used the CIA rat
model to evaluate the therapeutic effect of TFP on RA rats and
explored the potential mechanism by a combination of 16S rRNA
sequencing of gut microbiota and investigation on serum
metabolites.

MATERIALS AND METHODS

Materials
TFP was purchased from Tibet Ganlu Tibetan Medicine Co., Ltd.
(Lhasa, China. Batch number: 20200502). Dexamethasone
tablets, produced by South Land Pharmaceutical Co., Ltd.,
were obtained from Lhasa Jiming Pharmacy (Lhasa, China).
The IL-1β, IL-4, IL-6, IL-10, IFN enzyme-linked
immunosorbent assay (ELISA) kits were purchased from
Wuhan Saipei Biotechnology Co., Ltd. (Wuhan, China). The
immunohistochemistry kits were purchased from Solarbio
Biotechnology Co., Ltd. (Beijing, China). The Bovine Type II
Collagen-Solution was purchased from Amyjet Scientific Inc.
(Wuhan, China).

Animals
Male Sprague Dawley rats, aged 6–8 weeks and weighing
190–210 g, were selected and purchased from Beijing
Huafukang Animal Co., Ltd. (Beijing, China) (Certificate No.
SYXK (Jing) 2019–0022). They were conventionally raised for
one week in a controlled environment (12-h light/dark cycle,
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temperature 21 ± 2°C, relative humidity of 45 ± 10%) and were
given free access to food and water. All animal experiments were
conducted under guidelines approved by the Animal Ethics
Committee of Tibet University.

Animal Experiment Procedures
CIA Rat Modeling
The collagen emulsion was prepared on a sterile table: first, the
0.05 M glacial acetic acid solution was prepared. Then, the Bovine
Type II Collagen was weighed (protected from light) with an
electronic balance and added into the glacial acetic acid solution
to form a mixed solution with a concentration of 2 mg/ml. Next,
the above-mixed solution was shaken using a laboratory shaker
for 12 h at 4°C under dark conditions. Finally, an equal volume of
complete Freund’s adjuvant was added into the shaken solution
to form a water-insoluble mixture. The mixture was stored in an
ice bath and kept away from light for later use.

After 1 week of acclimation, six rats were randomly selected to be
used in the Control group, while the remaining 24 rats were used for
modeling. Primary immunization of the models took place on day 0
as follows: after skin disinfection, the collagen emulsionwas given at a
dose of 0.2ml/rat via subcutaneous injection at 2 cm from the base of
the tail. Pressure was kept on the base of the tail for 30 s after
administering the injection to prevent extravasation of the emulsion.
Booster immunization of the models took place on day 7 as follows:
the collagen emulsion was given at a dose of 0.1ml/rat via
subcutaneous injection at 2 cm from the base of the tail. Rats in
the control group were injected with an equal volume of normal
saline using an identical method.

Grouping and Drug Administration
On day 21 post-modeling, the twenty-four rat models were
randomly divided into four groups evenly:

The Model group: each rat was given saline.
The Positive group: each rat was given dexamethasone for four
consecutive weeks through intragastric administration, firstly
with a dosage of 0.15 mg/kg/day for three consecutive days,
then changed to 0.075 mg/kg/day.
The TFP low-dose (TFP-L) group: each rat was intragastrically
administered 150 mg/kg/day of TFP for four
consecutive weeks.
The TFP high-dose (TFP-H) group: each rat was given with
450 mg/kg/day of TFP for four consecutive weeks.

Another six normally fed rats were classified as the
Control group.

The TFP (pills) were crushed and weighed, then the ground
TFP was dispersed into water with a concentration of 150 mg/ml
(stock suspension). The stock suspension was further diluted to
concentrations that were needed for administration. The
dexamethasone (tablets) was treated the same way as TFP to
get a suspension of 150 mg/ml.

Sample Collection
Rats from all groups were anesthetized by pentobarbital sodium
24 h after the last TFP intervention. Then blood and fecal samples

were collected. Blood was collected from the abdominal aorta and
centrifuged at 3,000 r/min for 15 min at 4°C, then the supernatant
was obtained and aliquoted for inflammatory factors assay and
metabolomic test. Feces were collected under sterile conditions
for 16S rRNA analysis. Both serum and stool samples were stored
in a freezer at −80°C until analysis. In addition, the portion of the
left hind foot at 1.5 cm above the ankle joints were removed for
histopathological observation after all rats were euthanized.

Pharmacodynamics Indexes Assay
Measurement of Basic Physiological Indices
The total duration of the animal experiment lasted 49 days. Rats
were weighed every 5–7 days from the first day of the experiment.
The bodyweight (in g) of the rats was recorded.

After the initial dose of the drug was administered, the
anteroposterior diameter of the left ankle joint, as well as the
thickness of the left sole, were measured and recorded (in cm)
every 5–8 days using a vernier caliper.

Detection of Serum Inflammatory Factors
All rats were anesthetized on day 49 and serum was collected to
measure the inflammatory factors in the ELISA kit to detect
inflammatory factors, such as TNF-α, IL-1β, IL-4, IL-6, and IL-10.

Histopathological Observation
The abovementioned left ankle joints (see 2.3.3) were
immediately fixed in the 10% formalin, and decalcified with
15% ethylenediaminetetraacetic acid (EDTA) for 30 days. After
which, the same tissue was dehydrated with different
concentrations of ethanol step-by-step, embedded in paraffin,
sliced (using a Leica RM2125, Buffalo Grove, United States), and
stained with hematoxylin and eosin (HE). Pathological features of
the synovial tissue were observed under an optical microscope,
especially tissue involving inflammatory cell infiltration and
hyperplasia of the synovial tissue, pannus, and cartilage erosion.

Data Analysis
Measurement data of basic physiological indices and
inflammatory factors were reported as mean ± standard
deviation (SD). Statistical differences were tested between the
experimental groups using SPSS 21.0 with one way Analysis of
Variance, or a nonparametric test (Kruskal–Wallis test). p < 0.05
was considered statistically significant.

Fecal 16S rRNA Sequencing, Data
Processing and Analysis
After 4 weeks of medication, feces were collected under sterile
conditions from the control, model, and TFP groups. The DNA in
the feces was extracted and determined through agarose gel
electrophoresis. Then, the DNA samples were diluted to 1 ng/
μL. The 16S rRNA V4 region of the DNA samples were amplified
by polymerase chain reaction (PCR) using specific primers
(forward: GTGCCAGCMGCCGCGGTAA; reverse:
GGACTACHVGGGTWTCTAAT). Four deoxynucleoside
triphosphates (dNTP) were mixed 0.2 μL primers and 10 ng of
template DNA to make up the amplification mixture of each
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sample. Subsequently, PCR products were quantified through 2%
agarose gel electrophoresis and purified using the Qiagen Gel
Extraction Kit (Qiagen, Germany). The sequencing library was
completed using TruSeqRDNA PCR Sequencing Preparation Kit
(Illumina, United States) and then sequenced on the
NovaSeq6000 platform to generate paired-end reads.

Barcode and primer sequences were removed from the raw
reads obtained from the above 16S rRNA sequencing, and reads
from the same sample were merged using the flashv1.2.7 analysis
tool (http://ccb.jhu.edu/software/FLASH/) to obtain the raw
marks. Then the raw marks were filtered using the software
Qiime (V1.9.1, http://qiime.org/scripts/split_libraries_fastq.
html) quality Control process to obtain clean tags.
Furthermore, chimeric sequences were detected and removed
from the clean data using the UCHIME algorithm to obtain valid
data. Afterwards, the software Uparse (Uparse v7.0.1001, http://
www.drive5.com/uparse/) was used to assign valid sequences
with a similarity of ≥97% to the same OTU (Operational
Taxonomic Units) and the representative sequence with the
highest frequency was filtered for each OUT. Subsequently,
species annotation analysis was carried out through the Silva
database (http://www.arb-silva.de/). As a result, the taxonomic
information was obtained and the community composition of
each sample was counted at each taxonomic level, such as
phylum, genus and species. After that, the indexes reflecting
alpha or beta diversity were calculated by the software Qiime
V1.9.1, such as Observed-species, Chao1, Shannon, Unifrac
distance, et al. Moreover, the gene family abundance was
predicted using a phylogenetic investigation of communities
by reconstruction of unobserved states (PICRUSt).

The quantitative data of alpha diversity, such as the
observed_species, chao1 index and Shannon, were analyzed
and visualized using SPSS 21.0. Data of beta diversity was
analyzed and visualized in the statistical software R (Version
3.4.3). Results with p < 0.05 were considered statistically
significant.

Untargeted Metabolomics Test
Sample Preparation for Metabolomics Analysis
The samples (100 μL) were placed in the EP tubes and
resuspended with prechilled 80% methanol by well vortex. The
mixtures were then incubated on ice for 5 min and centrifuged at
15,000 rpm, 4°C for 20 min. Afterwards, the supernatant was
diluted to final concentration containing 53% methanol by LC-
MS grade water. Subsequently, the treated samples were
transferred to a fresh Eppendorf tube and centrifuged at
15,000 rpm, 4°C for 20 min. Finally, the supernatant was
injected into the LC-MS/MS system. Meanwhile, quality
control (QC) sample was prepared for analysis by mixing
equal amount of the final supernatant of each sample.

LC-MS Conditions
Metabolomic profiling was analyzed using UHPLC-MS/MS. The
UPLC was conducted on Dionex U3000 UPLC system
(ThermoFisher, Germany) coupled with ACQUITY UPLC
BEH C18 column (100 × 2.1 mm, 1.7 μm, Waters
Corporation) at 45°C. The mobile phase was comprised of

eluent A (0.1% formic acid in water, v/v) and eluent B
(methanol) and the gradient program was: 2% B, 1.5 min;
2–85% B, 3 min; 100% B, 10 min; 100–2% B, 10.1 min; 2% B,
12 min.TheMSwas carried out on an Orbitrap Q ExactiveTMHF
mass spectrometer (Thermo Fisher, Germany). The electrospray
ionization source (ESI) in both positive and negative ion modes
was used with spray voltage of 3.5 kV, capillary temperature of
320°C, sheath gas flow rate of 35 arb and aux gas flow rate of 10
arb, S-lens RF level of 60, Aux gas heater temperature of 350°C.

Data Processing and Analysis
The raw data files generated by UHPLC-MS/MS were processed
using the Compound Discoverer 3.1 software (CD3.1,
ThermoFisher) to perform peak alignment, peak picking, and
quantitation for eachmetabolite. Themain parameters were set as
follows: retention time tolerance, 0.2 min; actual mass tolerance,
5 ppm; signal intensity tolerance, 30%; signal/noise ratio, three;
and minimum intensity, et al. After that, peak intensities were
normalized to the total spectral intensity. The normalized data
was used to predict the molecular formula based on additive ions,
molecular ion peaks and fragment ions. And then peaks were
matched with the mzCloud (https://www.mzcloud.org/),
mzVault and MassList database to obtain the accurate
qualitative and relative quantitative results. Statistical analyses
were performed using the statistical software R (R version R-3.4.
3), Python (Python 2.7.6 version) and CentOS (CentOS
release 6.6).

The processed data were analyzed using the method described
by Cui et al. (2020b). Principal components analysis (PCA) and
Partial least squares discriminant analysis (PLS-DA) were
performed at metaX (a flexible and comprehensive software
for processing metabolomics data) (Wen et al., 2017).
Univariate analysis (t-test) was used to calculate the statistical
significance (p-value). Metabolites with variable importance in
projection (VIP) > 1, fold change (FC) value > 1.2 or <0.8 and p <
0.05 between the Control and Model groups or between the TFP
and model groups are considered as differential metabolites. The
False Discovery Rate (FDR) was also calculated using the
statistical software R and the differential metabolites with the
reported values of FDR less than 0.05 were supposed to be
statistically significant. In addition, pathway analysis was
conducted using the MetaboAnalyst 5.0 software (https://www.
metaboanalyst.ca/).

Correlation Analysis of the Gut Microbiota
and Metabolites
The spearman correlations were analyzed between significant
differential metabolites and altered species of gut bacteria and
visualized using the software R. P-value < 0.05 was considered as
statistically significant. Furthermore, pathways were intersected
between differential metabolites and altered species of gut bacteria.

Chemical Composition Characterization
Sample Preparation
TFP was weighed accurately and extracted using ultrasonic
assisted extraction with methanol. The extract was then
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concentrated and re-dissolved by methanol to prepare a sample
solution of 0.7 g/ml. The sample solution was filtered with
0.22 μM microporous membrane for high performance liquid
chromatograph (HPLC) analysis.

Standard substances were dissolved in methanol separately to
prepare standard solutions, which were also filtered with 0.22 μM
microporous membrane for HPLC test.

HPLC Conditions
The HPLC was performed on Agilent 1200 HPLC system
(Agilent Technologies Inc., United States) coupled with
Agilent HC-C18 column (250 × 4.6 mm, 5 μm) at 35°C. The
mobile phase was composed of eluent A (0.03% acetic acid in
water, v/v) and eluent B (methanol: acetonitrile, 11:9, v/v), with a
gradient set as following: 5–15% B, 20 min; 15–18% B, 35 min;
18–55% B, 60 min; 55–78% B, 80 min. The flow rate was
0.9 ml/min.

Data Analysis
Retention time of a sample peak was compared with peaks of
standard substances and the retention time tolerance was set at
0.3 min. Spectral characteristics of the sample peaks were also
compared with those of standard substances for further
confirmation. Then the Chromatograms of samples and
standard substances were imported into the Similarity
evaluation system A of chromatographic fingerprint of
traditional Chinese medicine (version Year-2012) (Zou and
Yan, 2018) for visualization.

RESULTS

Effect of TFP on the Body Weight, Sole
Thickness, and Joint Diameter of CIA
Models Rats
After 1 week of modeling, we observed the following changes in
the studied rats (with the exception of the control group): slowed
weight gain, loss of appetite, dried hair, and joint redness/swellin.
After drug administration, body weight was reduced in the model
group compared with the control group (p < 0.01); weight gain
became significantly faster in the Positive and TFP-H groups
compared with the Model group (p < 0.05). No significant

difference was noted in the bodyweight changes when
comparing the TFP-L group and the Model group (Figure 1A).

The ankle joint diameter of the left foot and the thickness of
the left sole varied significantly between the Model group and
Control group (p < 0.01). The two indicators were improved
significantly in the Positive and TFP-H groups (p < 0.01), but did
not show distinct differences in the TFP-L group compared with
the Model group (Figures 1B,C).

TFP Therapy Improved the Inflammatory
Response of CIA Rats and the Pathological
Phenomena of Their Ankle Joints
Compared with the Control group, the expression level of TNF-α,
IL-1β, and IL-6 increased significantly (p < 0.05, 0.01, and 0.01,
respectively), and the expression level of IL-4 and IL-10 decreased
significantly (both p < 0.01) in theModel group and TFP-L group.
Compared with the Model group, the expression level of TNF-α
and IL-6 decreased (p < 0.05 and 0.01, respectively), and the
expression level of IL-4 and IL-10 increased (both p < 0.01) in the
Positive and TFP-H groups. No significant difference was noted
between the TFP-L group and Model group (Table 1).

Compared with the Model group, no significant improvement
was found in the bodyweight, joint swelling, or expression levels
of inflammatory factors in the TFP-L group. Therefore, the TFP-L
group was excluded, and the TFP-H group was named as TFP
group in subsequent tests.

HE staining was then performed to the ankle joint slice of the
left hind foot. The results are shown in Figure 2. Rats in the
Control group were observed to have structurally complete
articular cartilage, evenly distributed chondrocytes, and no
pathological changes in the joints (see Figure 2A). Massive
inflammatory cell infiltration, synovial hyperplasia, fibrous
hyperplasia, and other pathological changes were found in the
Model group rats (see Figure 2B). Compared with the Model
group, the inflammatory response of the ankle joint in the TFP
group was significantly improved (see Figure 2C).

Regulation of TFP on the Gut Microbiota of
CIA Rats
A total of 1,068,736 Effective Tags and 1,763 OTUs were
obtained from 18 samples. The 16S rRNA sequencing of gut

FIGURE 1 | (A): Effect of TFP on the bodyweight; (B): Effect of TFP on the ankle joint diameter; (C): Effect of TFP on the sole thickness. ##: Significantly different
compared with the Control group (p < 0.01); *: Significantly different compared with the Model group, **: (p < 0.01), *: (p < 0.05).
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microbiota from the rat cecum of the three groups showed gut
microbiota changes in RA rat models before and after TFP
therapy. Both the observed_species and Chao1 indexes
demonstrated no significant difference in the number of
gut microbial species between the Model and Control
groups. In contrast, the number of gut microbial species
increased significantly in rats receiving the TFP therapy
(p < 0.01 vs. Control and Model group) (Figures 3A,B).
The Shannon index showed that the evenness of gut
microbiota in the Model group was significantly changed
compared with that of the Control group (p < 0.01), and it
returned to a normal level after TFP therapy (p < 0.05 vs.
Model group) (Figure 3C).

The principal co-ordinates analysis (PCoA) based on the
Weighted UniFrac algorithm suggested that the control,
model, and TFP groups differed significantly in the gut
microbiota/microbial colony. The gut microbiota of RA rats
mainly aggregated on the left of axis 0 before treatment but
on the right of axis 0 after treatment. The distance between the
TFP and control groups was closer than the distance between the
TFP and Model groups (Figure 3D). The hierarchical cluster tree
also revealed a closer distance between the TFP and Control
groups (Figure 3E).

We obtained 1,763 OTUs by analyzing 16s rRNA of the gut
microbiota. The Venn diagram showed 899 overlapping OTUs in
all groups, and there were 103 specific OTUs in the Model group,
93 in the Control group, and 265 in the TFP group (Figure 3F).

At the phylum level, Firmicutes and Bacteroidetes were the
most abundant phyla in all microbial colonies (Figure 3G). The
Model group had a significantly higher abundance of Firmicutes
(p < 0.01) but a significantly lower abundance of Bacteroidetes
(p < 0.01) than the control. No statistical difference was found
between the TFP and control groups in the abundance of
Firmicutes and Bacteroidetes. The differences in the Firmicutes
to Bacteroidetes (F to B) ratio between the groups are shown in
Figure 3H. In addition, abundance of Desulfobacterota in the
Model group (p < 0.05) was significantly reduced compared to
that in the control group, and was increased in the TFP group
compared with the model group (p < 0.05).

At the genus level, the relative abundance of Bacteroides,
Eubacterium, Prevotellaceae_UCG-001, Helicobacter, Blautia,
and Faecalibacterium was significantly reduced (p < 0.01, 0.05,
0.01, 0.01, 0.01, and 0.05, respectively, Figure 3I), and the relative
abundance of Lactobacillus, Romboutsia, and
Christensenellace_R-7_group was significantly increased (p <
0.01, 0.01, and 0.05, respectively, Figure 3I) in the Model

TABLE 1 | Changes of inflammatory factors after TFP therapy.

Group TNF-α IL-1β IL-4 IL-6 IL-10

Control 1063.34 ± 27.48 30.59 ± 5.48 674.4 ± 67,72 44.4 ± 1.93 555.42 ± 60.23
Model 1220.97 ± 75.85# 72.36 ± 25.65## 351.31 ± 24.22## 100.29 ± 14.12## 365.52 ± 34.27##

Positive 1056.03 ± 45.35p 33.88 ± 3.27 p 598.53 ± 50.27 pp 55.42 ± 7.26 pp 513.74 ± 38.38pp

TFP-L 1182.79 ± 98.5# 65.34 ± 14.29## 378.36 ± 20.12## 92.89 ± 9.69## 390.94 ± 22.94##

TFP-H 1061.07 ± 27.67p 41.3 ± 7.88 625.64 ± 89.19 pp 60.74 ± 8.66 pp 495.38 ± 60.21pp

Note: Data were reported as mean ± SD (pg/ml). #: compared with the Control group (p < 0.01 as ##, p < 0.05 as #); *: compared with the Model group (p < 0.01 as **, p < 0.05 as *).

FIGURE 2 | H and E staining of ankle joint tissue (×10 objective lens on a microscope); the blue arrows point at synovium and the red arrows point at inflammatory
cell infiltration. (A)/(A’): Joint tissue slice of rats in Control group (4X/10X eyepiece); (B)/(B’): Joint tissue slice of rats in Model group (4X/10X eyepiece); (C)/(C’): Joint
tissue slice of rats in TFP group (4X/10X eyepiece).

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 8289206

Li et al. Tibetan Medicine Ameliorate Rheumatoid Arthritis

258

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


group when compared with the control group. The relative
abundance of Bacteroides, Eubacterium, Prevotellaceae_UCG-
001, Blautia and Faecalibacterium was increased (p < 0.01,
0.01, and 0.05, respectively, Figure 2I) and the relative

abundance of Lactobacillus, Romboutsia, Christensenellace_R-
7_group was reduced (p < 0.01, 0.01, and 0.05, respectively,
Figure 3I) in the TFP group when compared with the
model group.

FIGURE 3 | TFP therapy affected the gut microbiota of RA model rats. (A,B) Chao1 index and Observed_species for each group, where TFP group significantly
increased. No significant difference was noted between theModel group and the Control group. (C) The Shannon index was significantly lower in the Model group than in
the Control group. No significant difference was noted between the TFP group and the Control group. (D) In terms of PCoA, the TFP group was closer to the Control
group. (E) The hierarchical cluster tree showed that the TFP group had a more similar Beta diversity with the Control group. (F) Different numbers of OTUs are
shown in the Venn diagram. (G,H) At the phylum level, TFP lowered the Firmicutes to Bacteroidetes (F to B) ratio of RAmodel rats. (I) TFP affected the relative abundance
of Bacteroides, Eubacterium, Prevotellaceae_UCG-001, Blautia, Faecalibacterium, Lactobacillus, Romboutsia, and Christensenellace_R-7_group at the genus level in
RA model rats. (J,K) Based on 16S rRNA sequencing data, the PICRUSt analysis was used to predict different metabolic pathways of TFP in RA. Control, Model, and
TFP groups (n = 6 per group).
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The functions of different gut microbiota at the genus level
were predicted using the PICRUSt. The top 10 metabolic
pathways with the highest proportion and p < 0.05 are shown
in Figure 3J (comparison between the control group and the
model group) and Figure 3K (comparison between the model
and TFP group). Compared with the control group, the
abundances of amino sugar and nucleotide sugar metabolism,
glycerolipid metabolism, RNA polymerase and glutathione

metabolism, increased, while abundances of others decreased;
such as histidine metabolism, phenylalanine metabolism, as well
as alanine, aspartate and glutamate metabolism (Figure 3J).
Compared with the model group, the TFP group had a lower
abundance of amino sugar and nucleotide sugar metabolism and
a higher abundance of histidine metabolism, phenylalanine
metabolism, and alanine, aspartate and glutamate metabolism
(Figure 3K).

FIGURE 4 | TFP therapy regulated themetabolites in serum of CIA rats and the correlations with gut microbiota. (A, C): PCoA scores of OPLS-DA between Control/
Model groups and between Model/TFP groups. (B,D): OPLS-DA loading coefficients between Control/Model groups and between Model/TFP groups. (E,F): Analysis
on pathways of the 27 differential metabolites. Commo pathways between those obtained from PICRUSt of 16S rRNA sequencing and those related to untargeted
metabolomics (p < 0.05, Impact >0.1) were remarked as a: Histidine metabolism; b: Phenylalanine metabolism; c: Alanine, aspartate and glutamate metabolism; d:
Amino sugar and nucleotide sugar metabolism (G): Spearman’s analysis between the 27 differential metabolites and the gut microbiota modulated by TFP at genus level.
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Effect of TFP on Serum Metabolism in CIA
Rats
Changes of metabolites in serum were investigated using
untargeted metabolomics. The Principal Component Analysis
(PCA) model showed the significant group separation between
the Control and Model groups and between the Model and TFP
groups (Figures 4A,C). The orthogonal projections to latent
structures (OPLS-DA) model also showed a significant
difference in metabolomics data between the control and
model groups and between the model and TFP groups.
Overfitting in the OPLS-DA model was controlled by seven
rounds of cross-validation and 200 repetitions (RPT) based on
R2 and Q2 values (Figures 4B,D). 27 common differential
metabolites between control/model and model/TFP groups
were identified and FDR calculation confirmed the statistical
significances. The significant differential metabolites are: Vitamin
A, dUDP, Glycerol-3-phosphate, L-Histidine, L-Cystine,
D-Fructose 1-phosphate, D-Sedoheptulose 7-phosphate,
D-Mannose 6-phosphate, D-Glucose 6-phosphate, 2-
Phenylethylamine, Cholesterol, Stercobilin, Asparagine, 3-
Phosphoglyceric acid, Histamine, Glucose 1-phosphate,
sphingomyelin, DL-α-Tocopherol, N-Acetyl-α-D-glucosamine
1-phosphate, Biliverdin, D-Ribose-1-phosphate, Bilirubin, and
D-Xylulose 5-phosphate (Table 2). Pathway analysis resulted in a

total of 29 metabolic pathways as shown in Figures 4E,F, and
they were further analyzed below.

Correlation Analysis Between Untargeted
Metabolomics and Gut Microbiota
Common pathways were investigated between those obtained from
PICRUSt of 16S rRNA sequencing and those related to the
differential metabolomics (p < 0.05, Impact >0.1), which
resulted in four pathways: Histidine metabolism, Phenylalanine
metabolism, Alanine, aspartate and glutamate metabolism, as well
as amino sugar and nucleotide sugar metabolism (remarked in red
in Figures 3J,K and noted with ‘a’, ‘b’, ‘c’, ‘d’ in Figures 4E,F).

Spearman’s analysis was conducted between the 27 differential
metabolites and the gut microbiota modulated by TFP at genus level
(Figure 4G). Lactobacillus and Christensenellaceae_R-7_group had
significant positive correlations with the abnormal changes of serum
metabolites in RA rat models. In contrast, Bacteroides and
Prevotellaceae_UCG-001 showed negative correlations with those
changes in CIA rat models. Notably, Lactobacillus exhibited
correlations with all the metabolites.

Chemical Composition of TFP
Supplementary Figure S1 and Figure 2 exhibited chemical
composition profile of TFP methanol extract obtained through

TABLE 2 | The differential metabolites in serum after TFP therapy.

NO RT
[min]

m/z Formula Name VIP FC Trend Pathway

M vs C TFP vs M M vs C TFP vs M M vs C TFP vs M

1 15.623 285.222 C20H30O Vitamin A 1.67 1.10 2.59 0.57 ↑## ↓* −

2 1.162 387.001 C9H14N2O11P2 dUDP 2.03 1.83 4.59 0.27 ↑## ↓** −

3 1.194 171.006 C3H9O6P Glycerol-3-phosphate 2.46 1.43 5.53 0.36 ↑## ↓** −

4 1.934 154.062 C6H9N3O2 L-Histidine 1.96 1.94 1.79 0.58 ↑## ↓** a
5 1.204 239.017 C6H12N2O4S2 L-Cystine 1.74 1.30 3.08 0.49 ↑## ↓* −

6 1.185 221.067 C6H13O9P D-Fructose 1-phosphate 2.16 1.81 2.84 0.40 ↑## ↓** d
7 1.192 253.057 C7H15O10P D-Sedoheptulose 7-phosphate 1.98 1.67 4.01 0.31 ↑## ↓** −

8 1.184 259.022 C6H13O9P D-Mannose 6-phosphate 2.09 1.80 3.04 0.36 ↑## ↓** d
9 1.182 223.046 C6H13O9P D-Glucose 6-phosphate 2.10 1.96 2.60 0.40 ↑## ↓** d
10 5.933 122.097 C8H11N 2-Phenylethylamine 1.33 2.14 3.33 0.11 ↑## ↓** b
11 15.175 387.362 C27H46O Cholesterol 1.63 1.22 1.83 0.60 ↑## ↓* −

12 10.184 595.350 C33H46N4O6 Stercobilin 1.20 1.58 1.99 0.45 ↑# ↓* −

13 1.225 131.046 C4H8N2O3 Asparagine 1.67 1.70 1.69 0.60 ↑## ↓** a,c
14 1.216 192.988 C3H8NaO6P 3-Phosphoglyceric acid 1.75 1.82 3.28 0.30 ↑## ↓** −

15 1.069 112.087 C5H9N3 Histamine 1.78 1.49 2.15 0.52 ↑## ↓** a
16 1.489 261.037 C6H13O9P Glucose 1-phosphate 1.09 1.84 2.38 0.20 ↑# ↓** d
17 15.452 759.567 C39H77N2O6P Sphingomyelin 1.92 1.22 2.01 0.64 ↑## ↓* −

18 15.111 429.374 C29H50O2 DL-α-Tocopherol 1.99 1.25 2.25 0.59 ↑## ↓** −

19 1.19 262.093 C8H16NO9P N-Acety-D-glucosamine1-
phosphate

2.08 1.67 2.48 0.50 ↑## ↓** −

20 13.163 331.228 C21H32O3 17-Hydroxypregnenolone 1.53 1.54 0.39 2.31 ↓## ↑** −

21 1.092 129.139 C7H19N3 Spermidine 1.90 1.77 0.40 2.28 ↓## ↑** −

22 1.109 203.223 C10H26N4 Spermine 1.82 1.06 0.61 1.63 ↓# ↑* −

23 15.612 583.255 C33H34N4O6 Biliverdin 1.34 0.47 2.30 0.69 ↑# ↓ −

24 1.207 191.056 C5H11O8P D-Ribose-1-phosphate 1.71 1.48 2.39 0.54 ↑## ↓** −

25 12.596 583.257 C33H36N4O6 Bilirubin 1.54 1.15 1.57 0.71 ↑## ↓** −

26 1.195 132.030 C4H7NO4 L-Aspartic acid 1.19 1.53 0.68 1.43 ↓# ↑* c
27 1.192 229.012 C5H11O8P D-Xylulose 5-phosphate 1.62 1.70 1.45 0.49 ↑## ↓** −

Note: Control, Model, and TFP, groups (n = 6 per group). #, p < 0.05 comparedwith the Control group; ##, p < 0.01 comparedwith the Control group; *, p < 0.05 comparedwith theModel
group; **, p < 0.01 comparedwith theModel group; ↑content increased; ↓, content decreased; vs, versus; C: control group;M: model group; TFP: TFP, group. (a) Histidinemetabolism. (b)
Phenylalanine metabolism (c) Alanine, aspartate and glutamate metabolism. (d) Amino sugar and nucleotide sugar metabolism.
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HPLC. Seven major ingredients were identified: ferulic acid, gallic
acid, catechin hydrate, gentiopicroside, ellagic acid, piperine, and
dehydrocostus lactone. Their respective structures are showed in
Supplementary Material S3.

DISCUSSION

The complexity of RA calls for multi-target therapeutics (He
et al., 2016). Studies have shown that ethnomedicine has a unique
effect on the treatment of RA (Rather et al., 2013; Xiao et al., 2018;
Li et al., 2021). The traditional Tibetan medicine, TFP, has a
significant clinical effect in the treatment of RA, but its
mechanism of action has not yet been studied.

The collagen-induced RA model is a well established and
widely used animal model used to explore the mechanism of RA
as well as the pharmacological effects of relevant trial drugs; this is
because the comprising tissue the model is made up of produces
similar features to human clinical RA in histopathological and
immunological terms (Bessis et al., 2017; Lu et al., 2018). In this
study, RA models were established in CIA rats to evaluate the
therapeutic effect of TFP on RA. CIAmodel rats treated with TFP
showed significant improvement in weight gain, pathological
phenomena in joints, as well as decreased serum levels of
TNF-α, IL-6 and increased level of IL-4 and IL-10.

Both TNF-α and IL-6 are important pro-inflammatory
cytokines in the progression of RA (Tanaka et al., 2014;
McInnes et al., 2016; Mateen et al., 2016). For example, TNF-
α can mediate the activation of the NF-kB pathway, promote RA
synovitis, and promote pannus formation (Medoff et al., 2009;
Piga et al., 2014). IL-6 promotes the differentiation of Th17 cells
and inhibits the differentiation of Treg cells (Tanaka et al., 2014);
while IL-6 receptor antagonist reduces the inflammatory disease
activity of RA (McInnes et al., 2015). IL-4 and IL-10, as anti-
inflammatory cytokines, can limit the inflammatory process of
RA (Leung et al., 2002; Finnegan et al., 2003; Henningsson et al.,
2012; Lin et al., 2015). Studies have indicated arthritis is
aggravated in CIA rats receiving anti-IL-10 antibodies
(Finnegan et al., 2003), and the use of IL-10 significantly eased
the collagen-induced joint swelling, infiltration, cytokine
synthesis, cartilage deformity, and necrosis (Henningsson
et al., 2012). IL-4 are used to treat various autoimmune
models in vivo(Haikal et al., 2019); itregulates the polarization
and activity of macrophages by inhibiting the Th1-mediated pro-
inflammatory effect, thereby enhancing the Th2-mediated anti-
inflammatory effect (Lin et al., 2015).

As a chronic autoimmune disease, the inflammation of RA
cannot resolve spontaneously; therefore, the homeostasis of
inflammation regulation, namely inhibiting the development of
inflammation and promoting the inflammation resolution, may be
a new strategy for the treatment of RA (Chen Z. et al., 2019). This
study showed that TFP blocked the development of inflammation
in RA rats not only by inhibiting the expression of inflammatory
cytokines (TNF-α, IL-6), but also by increasing the expression of
anti-inflammatory cytokines (IL-4 and IL-10). Such two-way
regulation may be an advantage of TFP in treating RA,
although the mechanism behind it needs further investigation.

Furthermore, we found that CIA model rats that had reduced
diversities of gut microbiota were restored by TFP therapy. This is
consistent with findings from other researchers, which showed
that decreased diversity of gut microbiota in RA patients or RA
model animals can be restored to their normal levels after
treatment (Xiao et al., 2018; Li et al., 2021; Nayak et al., 2021).
It should be noted that we observed a remarkable increase in gut
microbiota organism abundance in TFP groups, which might be
an indicator of improving pathologies. A recent cohort study
based on meta-genome shotgun sequencing showed that the
species richness of intestinal flora in RA patients with clinical
improvement was higher than those without improvement in
disease activity within 6 ~ 12 months (Gupta et al., 2021).

We found RA rats had an increased abundance of Firmicutes
and a decreased abundance of Bacteroidetes compared with
normal rats, which is in line with findings from a previously
published report (Rogier et al., 2017). Moreover, such changes
were reversed and restored to the levels in normal rats after TFP
therapy. Firmicutes and Bacteroidetes are the main phyla of gut
microbiota in humans and rats (Jandhyala et al., 2015; Li et al.,
2021). Many of their subordinate microorganisms participate in
digesting the complex polysaccharide in their host’s food and
produce short-chain fatty acids (SCFAs), the primary energy
source of colonic mucosa, as well as essential regulators in
host cell gene expression, inflammation, differentiation, and
apoptosis (Hamer et al., 2008; Rosser et al., 2020).

At the genus level, TFP up-regulates the decreased abundance
of Bacteroides, Eubacterium, Prevotellaceae_UCG-001, Blautia
and Faecalibacterium, and downregulates the increased relative
abundance of Lactobacillus, Romboutsia, Christensenellaceae_R-
7_group in RA rats. In addition, 27 differential metabolites were
identified and their relationship with the above eight genera of gut
microbiota were analyzed. Four common metabolic pathways
were found to be related to TFPs’ therapeutic effects by regulating
metabolic pathways and mediating gut microbiota, including the
metabolism of: Histidine, Phenylalanine, Alanine/Aspartate/
Glutamate, as well as Amino- and nucleotide sugars.

According to our findings, the KEGG pathway map and
numerous literatures, we propose TFP’s working mechanisms
by illustrating relationships of metabolites, pathways and gut
microbiota as shown in Figure 5. TFP affects the abundances of
Lactobacillus, Christensenellace_R-7_group, Bacteroides, and
Prevotellaceae_UCG-001, and then influences metabolic
pathways in CIA rats; the two processes are mediated by
several key metabolites bound up with the above intestinal
bacteria.

Lactobacillus are the most abundant flora genus in our study,
in line with a previous research (Li et al., 2021). Numerous
researches have reported significant increased gut Lactobacillus
in RA patients (Picchianti-Diamanti et al., 2018), especially in
active RA patients (Zhang et al., 2015; Qiao et al., 2020). This was
as also noted in animals susceptible to collagen-induced arthritis
(Liu et al., 2016; Qiao et al., 2020). On the other hand, some
species of Lactobacillus such as Lactobacillus casei is widely
accepted as probiotic and has potential to be used to
ameliorate RA (Cannarella et al., 2021). Different species of
Lactobacillus may play divergent roles. An increased

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 82892010

Li et al. Tibetan Medicine Ameliorate Rheumatoid Arthritis

262

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


abundance of Christensenellaceae_R-7_group was reported in
mice feaces of mice treated with high fat, but it dropped after
administering medication (Gong et al., 2020).

Bacteroides, members of Bacteroidetes, are SCFAs producing
bacteria. Kaori Kitamura er al revealed a protective effect of
Bacteroides on the inflammatory changes of RA mice (Kitamura
et al., 2021). Jin ZL et al. reported a significant decline of
Bacteroides in the gut of RA rats, but the abundance of
Bacteroides were elevated after treating with probiotics (Jin
and Chen, 2020). Prevotellaceae_UCG-001 has been found
significantly decreased in colitis model mice and could have a
protective effect on the intestinal mucosal barrier function (Hu
et al., 2020).

Histidine Metabolism
Histamine, mediated by the activation of its four receptors
(H1R–H4R), exhibits extensive effects related to visceral fat mass.
It is known to function as a human neurotransmitter, a modulator of
inflammatory and immune responses, and a key mediator of several
allergic pathways and autoimmune pathogeneses (Mohammad et al.,
2009). Innate and adaptive immune cells throughout the body can
produce histamine by decarboxylation of the amino acid L-histidine
by the enzyme histidine decarboxylase (HDC) (Jutel et al., 2009).
Many bacteria are able to synthesize and secrete histamine as well
and histamine has been considered as another central signal
molecule that mediates bacteria–host interactions (Krell et al.,
2021). For example, the administration of the histamine-secreting
Lactobacillus rhamnosus had an anti-inflammatory effect by
reducing the secretion of various interleukines and tumor
necrosis factor α (Frei et al., 2013). However, another
Lactobacillus species, L. saerimneri, which is able to secrete
approximately 100-fold more histamine than L. rhamnosus,
resulted in animal weight loss and signs of deteriorating health
(Ferstl et al., 2014). Chen H et al. reported that M. morganii and L.
reuteri strains generate histamine in vitro as well as in vivo, and that

L-histidine significantly increases histamine production (Chen H.
et al., 2019).

In our study, L-histidine and histamine was seen to have a
positive correlation with Lactobacillus and a negative correlation
with Bacteroides and Prevotellaceae_UCG-001. Lactobacillus
revealed an unfavorable association with TFP’s regulation of
the pathway, whereas Bacteroides and Prevotellaceae_UCG-001
had beneficial effects. It is likely that these bacteria have an impact
on the utilization of exogenous L-histidine/histamine and (or)
production of histamine by the host.

Phenylalanine Metabolism
Phenylalanine metabolism disorder with altered level of
Phenylethylamine (PEA) has been suggested in RA models and
RA patients by numerous studies (Xu et al., 2017; Liu et al., 2019;
Tang et al., 2021). PEA is produced via decarboxylation of
phenylalanine by the aromatic L-amino acid decarboxylase. Some
gut bacteria such as B. theta could produce phenylalanine, a substrate
for other intestinal bacteria stains to generate PEA; this metabolic
exchange among gut bacteria has contributed to in vivo production of
PEA and resulted in its increased level in host serum. (Chen H. et al.,
2019). In addition, decreased PEA level in blood has been reported to
be associated with improvement of osteoarthritis in patients (Smith-
Ryan et al., 2020). Our study suggests that the elevated level of 2-
Phenylethylamine (PEA) in RA rat serum was restored to normal by
TFP through phenylalanine metabolism with the participation of
Lactobacillus and Prevotellaceae_UCG-001. Lactobacillus upregulates
serum level of PEA while Prevotellaceae_UCG-001 down-regulates it.

Alanine, Aspartate and Glutamate
Metabolism
L-asparagine (ASN) is synthesized by asparagine synthetase
(ASNsynt, EC 6.3.5.4) from aspartic acid (also named
aspartate) and L-glutamine (Gln) in nature, and it is the

FIGURE 5 | Schematic diagram of TFP’s mechanism based on modulation of gut Microbiota and metabolic pathways.
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substrate of ASNase (EC 3.5.1.1), which catalyzes its deamidation
giving L-aspartic acid and ammonia as reaction products (Covini
et al., 2012). Various microorganisms, including commensal
intestinal bacteria have the capacity to secrete ASNase; ASNase
has been used as an anti-tumor medicine for acute lymphoblastic
leukemia and lymphosarcoma, which blocks exogenous ASN supply
of tumor cells (Paul et al., 2019). In addition to reports related to
antitumor, altered level of L-asparagine/L-aspartic acid has been
linked to other diseases (Chen et al., 2020). Alanine, aspartate and
glutamatemetabolism disorder has also been reportedwith distinctly
changed serum levels of L-aspartic acid and synovial tissue level of
L-asparagine in CIA rats (Pang et al., 2021).

We observed a lower serum level of L-aspartic acid and a higher
level of L-asparagine in RA rats compared with the control group;
the concentration of the two compounds recovered after TFP
treatment. Moreover, the abundance of Lactobacillus shows
positive relation to serum L-asparagine concentration and
negative relation to L-aspartic acid concentration, while
Bacteroides and Prevotellaceae_UCG-001 showed a negative
correlation with serum L-asparagine level. Similar to modulation
effects on histamine metabolism, it indicated that Lactobacillus has
an adverse correlation with TFP’s regulation of Alanine, aspartate
and glutamate metabolism, while Bacteroides and
Prevotellaceae_UCG-001 show a beneficial correlation. Notably,
Gln, a precursor for the synthesis of asparagine, can be produce
from L-glutamate in histamine metabolism. Hence, we infer
Bacteroides and Prevotellaceae_UCG-001 mainly affects the
generation of L-asparagine via L-glutamate/L-glutamine through
histamine metabolism.

Amino Sugar and Nucleotide Sugar
Metabolism
While the dysfunction of Amino sugar and nucleotide sugar
metabolism has been reported in numerous metabolic
abnormalities such as oxidative damage (Salau et al., 2020),
dyslipidemia (Huang et al., 2020), and type 2 diabetes (Zhang
et al., 2020), we have not found any significant association of this
pathway relating to RA in previous researches. In our study,
several key metabolites in Amino sugar and nucleotide sugar
metabolism are modulated by TFP, which is mediated by
Lactobacillus, Christensenellace_R-7_group, Bacteroides, and
Prevotellaceae_UCG-001.

As shown in Figure 5, Histidine, Alanine, aspartate and glutamate
metabolism, as well as Amino- and nucleotide sugar metabolism,
influence each other through L-Glutamate, L-Glutamine,
D-Glucosamine-6P, and Fructose 6-phosphate. Considering the
aforementioned, we speculate that influences on serum
L-histidine/histamine concentrations might be a major contributor
to TFP’s therapeutic effects in RA rats, mediated by gut microbiota.

CONCLUSION

In summary, our study revealed various ameliorative effects of TFP
on RA, including promoting weight gain, improving pathological
phenomena in joints, relieving inflammation, and favorably

regulating cytokines. These effects most likely relates to the
improvement of the dysbiosis that exists in the gut flora, as well
as the modulation of Histidine metabolism, Phenylalanine
metabolism, Alanine, aspartate and glutamate metabolism, in
addition to Amino sugar and nucleotide sugar metabolism
(Figure 5). As this is a preliminary in the field, there are a few
limitations to it: 1) the dose planning is a little rough without giving
an optimal range; 2) we only included pharmacodynamic indexes
that were inflammation related, which is not comprehensive; and 3)
sequencing and analytical techniques, as well as examination of gut
microbiota did not get to the species level, which may result in non-
precise conclusions and requires further exploration.
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Therapeutic Effect and Mechanism of
Si-Miao-Yong-An-Tang on
Thromboangiitis Obliterans Based on
the Urine Metabolomics Approach
Hui-Yu Li1,2, Hui Sun2, Ai-Hua Zhang2*, Lu-Wen He2, Shi Qiu2, Jun-Ru Xue2, Fangfang Wu1

and Xi-Jun Wang1,2,3*

1National Engineering Laboratory for the Development of Southwestern Endangered Medicinal Materials, Guangxi Botanical
Garden of Medicinal Plant, Nanning, China, 2National Chinmedomics Research Center, National TCM Key Laboratory of Serum
Pharmacochemistry, Functional Metabolomics Laboratory, Heilongjiang University of Chinese Medicine, Harbin, China, 3State
Key Laboratory of Quality Research in Chinese Medicine, Macau University of Science and Technology, Macao SAR, China

Si-Miao-Yong-An-Tang (SMYAT) is a classic prescription for the treatment of
thromboangiitis obliterans (TAO). However, the effect and mechanism are still unclear.
This experiment aims to evaluate the therapeutic effect and mechanism of SMYAT on
sodium laurate solution induced thromboangiitis obliterans model rats using urine
metabolomics. The therapeutic effect of SMYAT was evaluated by histopathology,
hemorheology and other indexes. The urine metabolomic method, principal
component analysis (PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) were used for clustering group and discriminant analysis to screen urine
differential metabolic biomarkers, and explore new insight into pathophysiological
mechanisms of SMYAT in the treatment of TAO. SMYAT has significant antithrombotic
and anti-inflammatory effects, according to the results of urine metabolomic analysis, and
regulate the metabolic profile of TAO rats, and its return profile is close to the state of
control group. Through metabolomics technology, a total of 35 urine biomarkers of TAO
model were characterized. Among them, SMYAT treatment can regulate 22 core
biomarkers, such as normetanephrine and 4-pyridoxic acid. It is found that the
therapeutic effect of SMYAT is closely related to the tyrosine metabolism, vitamin B6
metabolism and cysteine and methionine metabolism. It preliminarily explored the
therapeutic mechanism of SMYAT, and provided a scientific basis for the application of
SMYAT.

Keywords: metabolomics, biomarker, therapeutic effect and mechanism, pathway, metabolites

INTRODUCTION

Traditional Chinese medicine (TCM) is widely used in China, and its curative effect is remarkable
(Wang et al., 2011; Zhang et al., 2013; Guo et al., 2020). However, due to the lack of modern scientific
evidence to prove the use of TCM, the mechanism of action is unclear, leading to the therapeutic
effect of TCM did not play an original potential. Metabolomics is an innovative method in modern
research and it can find biomarkers and clarify biochemical pathways, thereby improving diagnosis
and treatment (Zhang et al., 2012a; Liang et al., 2015a; Liang et al., 2016b). The analysis of key
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biomarkers and the monitoring of metabolic pathways are, in
analytical biology, an important means of physical state (Zhang
et al., 2012b). Its purpose is to measure a wide range of small
molecules under physiological stimulation or disease state
(Roberts et al., 2012; Filla and Edwards, 2016). Due to the
high sensitivity of metabolomics, it can detect subtle changes
in metabolic pathways to explore the underlying mechanism of
disease (Johnson et al., 2016). At present, metabolomics has
been increasingly used to identify biomarkers in diseases (Liang
et al., 2014; Liang et al., 2015b), and is considered a very
powerful tool.

Metabolomics analysis based on mass spectrometry provides
information on the metabolic pathways in the development of
thromboangiitis obliterans disease, which has a certain
reference value for studying the potential mechanisms of
treatment strategies. Metabolomics can provide metabolic
fingerprints of organisms, which can be used to study the
mechanism of disease (Zhang et al., 2015; Zhang et al., 2019
A.-H.). It can explore metabolites and body pathology through
high-throughput analysis of metabolites in organisms and
explore the correlation between metabolites and the
pathophysiological changes of the body (Li et al., 2018;
Zhang et al., 2016; Zhang et al., 2019 AH.), and clarifies the
interaction of complex systems in the body (Liang et al., 2016a;
Liang et al., 2017; Zhang et al., 2018). It can btain corresponding
biomarkers through metabolomics technology to characterize
or reveal the functional state of a specific time or environment
(Zhang et al., 2017; 2020). For example, by establishing a
powerful metabolomics strategy to explain the pathological
changes of Yanghuang syndrome and the therapeutic effect
of TCM, and the Yin-Chen-Hao-Tang was used to achieve
significant results (Liu X.-y. et al., 2018). Through
metabolomics, the mechanism of Gancao Fuzi decoction
achieved good results in the treatment of rheumatoid
arthritis in rats by regulating various metabolic pathways
(Liu Y. et al., 2018). Using the metabolomics method, the
effect of Angelica sinensis on urinary metabolites in blood
deficiency in mice was studied and the mechanism of blood
tonifying was explored. It was found that Angelica sinensis could
regulate a variety of metabolic pathways and exert a curative
effect (Wang et al., 2016). In our research, the potential
mechanism of SMYAT in the treatment of thromboangiitis
obliterans through multi-component, multi-target, and multi-
channel regulation of body function is explored by
metabolomics. The study of metabolomics and related
pathways will help us to increase our understanding of
pathophysiology and mechanisms of disease (Laíns et al.,
2019). Moreover, urine is one of the important samples for
metabolome research (Zhang et al., 2012c; Harpole et al., 2016),
which contains a variety of endogenous small molecule
metabolites and can well reflect the changes of the body. As
a very attractive sample in metabolomics research, it has several
advantages, such as low protein content and simple
pretreatment (Khamis et al., 2017).

Thromboangiitis obliterans (TAO) is a staged inflammatory
disease and mainly occurs in the arteries, veins, and nerve parts of
the limbs (Quintas and Albuquerque, 2008; Piazza and Creager,

2010; Highlander et al., 2011). The clinical symptoms are mainly
manifested in the following conditions: limb ischemia; cold;
severe pain limp, weakening or disappearance of arterial
pulsation; gangrene, etc. Serious cases can endanger limbs
and life and . the exact pathogenesis and etiology of the
disease are not clear (Fazeli and Ravari, 2015; Li et al., 2020).
In this experiment, a rat model of thromboangiitis obliterans
was induced by an injection of sodium laurate solution. Sodium
laurate has a strong endothelial damage effect and can cause the
vascular endothelium to fall off. It is the most commonly used
method of modeling (Munnix et al., 2009; Asada et al., 2018; Liu
et al., 2019; Wang et al., 2021). Existing models mostly evaluate
the success of model preparation by observing changes in
apparent behavior and the degree of gangrene,
hemorheology, and histopathology are the most commonly
used detection indicators. In our research, hemorheology and
histopathology test results support the successful model
building. The SMYAT is included inIYAN-FANG-XIN-
BIANJ (Li et al., 2013; Yang et al., 2020), and is a famous
classic prescription in ancient China, which is composed of four
kinds of traditional Chinese medicines, namely Flos Lonicerae
Japonicae [Lonicera japonica Thunb. (Jinyinhua),
Caprifoliaceae], Radix Scrophulariae Ningpoensis
[Scrophularia ningpoensis Hemsl. (Xuanshen)
Scrophulariaceae], Radix Scrophulariae Ningpoensis [Angelica
sinensis (Oliv.) Diels (Danggui) Apiaceae], and Radix
Glycyrrhizae Uralensis [Glycyrrhiza uralensis Fisch. (Gancao)
Leguminosae]. (Peng et al., 2012; Liu et al., 2017; Zhong et al.,
2017), which contain terpenoids, flavonoids, phenylpropanoid,
and organic acids, which can achieve anti-inflammatory, anti-
oxidation stress, regulating blood lipid, inhibiting thrombosis
and improving hemorheology, etc. (Zheng et al., 2019). It has
the function of clearing heat and detoxifying poison. It is
commonly used in the treatment of thromboangitis
obliterans (Zhao et al., 2020). In our experiment, we
analyzed the chemical components in the sample of Si-Miao-
Yong-An-Tang, and a total of 79 chemical components were
characterized. The relevant chromatograms and specific
information tables of the compounds are shown in
Supplementary Material S1. This study determined urine
biomarkers of TAO model rats, which were used to
distinguish between the control group and the TAO model
groupThe biomarkers are expected to be used as therapeutic
targets and to regulate relevant monitoring and treatment
biomarkers when using SMYAT.

MATERIALS AND METHODS

Instrument
Acquity™ UPLC liquid chromatography (Waters, USA);
Synapt™ G2-Si mass spectrometry (Waters, USA); Masslynx
v4.1 workstation (Waters, USA); Ultrasonic cleaner (KQ-250
DB, Kunshan Ultrasonic Instrument Co., Ltd., China); Table
centrifuge (sorvall ST 16R, Thermo Scientific, USA); Thermo
Scientific 995 ultra low temperature refrigerator (Thermo
Scientific, USA).
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Reagents and Materials
All herbs were obtained from Harbin No.4 Chinese Medicine
Factory Co., Ltd. Flos Lonicerae Japonicae (Lot number: JL030-
180401), Radix Scrophulariae Ningpoensis (Lot number: JL031-
180601), Radix Angelicae Sinensis (Lot number: JL048-180601)
and Radix Glycyrrhizae Uralensis (Lot number: JL054-180501)
were weighed out according to the ratio 3:3:2:1 and soaked in
distilled water for 30 min and boiled for 1 h. The solution was
filtered and freeze-dried under vacuum to obtain a loose powder
and freeze-dried powder was dissolved in water and prepared in
8.2 g/kg solution for oral gavage administration to rats. In
addition, we carried out quality control on the sample of Si-
Miao-Yong-An-Tang. For details, please refer to the
Supplementary Material S2.

Mai-Luo-Ning Granules (MLN) are provided by Jiangxi
Yintao Pharmaceutical Co., Ltd. (Lot number:1808025).
Sodium Laurate are provided by Sinopharm Chemical Reagent
Co., Ltd. (Lot number:20171224). Methanol and acetonitrile
(HPLC grade) were purchased from Fisher Scientific
Corporation (Fisher, United States); leucine enkephalin was
purchased from Sigma-Aldrich (SIGMA, United States);
formic acid (HPLC grade) was purchased from Aladdin
Industrial Corporation (Shanghai, China); sodium chloride
injection was purchased from Kelun Pharmaceutical Co., Ltd.,
(Sichuan, China); all other reagents were HPLC grade.

Animal Models and Study Design
Sixty male SD rats with the weight of (280–320) g were purchased
from the Liaoning Changsheng Biotechnology Co., Ltd. [Permit
number: SCXK (Liao) 2015-0001]. Those rats were exposed to a
temperature of 24 ± 2°C and the humidity of 40 ± 5%, the animals
were reared in separate cages, all rats were adaptive fed for 7 days
and then randomly divided into four groups: Control group (n =
20), Model group (n = 20), SMYAT group (n = 10), and MLN
group (n = 10). Rats in model group, SMYAT group and MLN
group were injected with a sodium laurate solution to induce
thromboangiitis obliterans model, while rats in control group
were injected with the same amount of normal saline. After
10 days, the rats in SMYAT group (rats were fed with SMYAT
8.2 g/kg per day for 15 days) and MLN group (rats were fed with
MLN 2.7 g/kg per day for 15 days) were given medicine
treatment. The rats in control group and thromboangiitis
obliterans model group were given pure water. This research
was approved by the Ethical Committee of Heilongjiang
University of Chinese Medicine and was conducted according
to the principles expressed in the Declaration of Helsinki.

Sample Preparation
Urine Sample Preparation
Control group and model group of urine samples were collected
at 10th day of the experiment. Accompanying control group,
accompanying model group, SMYAT group and MLN group of
urine samples were collected at 25th day of experiment and then
centrifuged with of 13,000 rpm/min in 4°C for 10 min to obtain
urine samples. Before UPLC-MS analysis, the urine supernatant
was stored at −80°C.

Before analysis, the urine samples were thawed in an ice bath,
500 μL of urine was taken and added to 500 μL of ultra-pure
water, placed in a vortex mixer for 30 s, centrifuged at 13,000 rpm
for 15 min at 4°C; and filtered over 0.22 μm, then the supernatant
were injected into the UPLC-MS.

Pharmacodynamic Evaluation Sample Preparation
The accompanying control group, accompanying model group,
SMYAT group and MLN group of blood samples were collected
from the abdominal aorta of rats (on the 25th day of the
experiment, 1 h after the last administration). Sodium citrate
and EDTA-K2 were used for anticoagulation. The whole blood
viscosity and plasma viscosity and other indexes of rats in each
group were determined. In each group, the femoral artery tissues
below 2–3 cm and around the artery were taken from the affected
limb. After washing with normal saline, the femoral artery was
fixed with 10% formalin solution for 24 h for histopathological
observation.

Analysis of Samples by HPLC-MS
Chromatographic Conditions
Chromatograph condition: Acquity™ UPLC liquid
chromatography (Waters, USA); chromatographic column
used was an ACQUITY HSS T3 chromatographic column
(100 mm × 2.1 mm i.d., 1.8 μm. Waters, USA); the column
temperature is set at 40°C; the sample bin temperature is set at
4°C; meanwhile mobile phase for gradient elution consist of phase
A (acetonitrile containing 0.1% formic acid) and phase B (water
with 0.1% formic acid). The gradient was as follows: 0–1 min, 1%
A; 1–6 min, 1–30%A; 6–8 min, 30–70%A; 8–9 min, 70–99%A;
9–10 min, 99%A; 10–10.1 min, 99–1%A; 10.1–14 min, 1%A. In
addition, equal volume of each sample was mixed into a quality
control sample (QC) for monitoring the stability of the
instrument in the experiment, and one QC solution was run
every ten samples, which were crucial for optimization during
metabolomic analytical method development.

Mass Spectrometry Conditions
Synapt TM G2-Si mass spectrometer (Waters, USA). MS system
using ESI as an ion source to operate in ESI+ and ESI-modes with
a scanning range of 50–1,200 m/z. The desolvation temperature
was 400°C, the source temperature was 110°C, desolvation gas
flow was 800 L/h, and cone gas flow was 50 L/h. Sampling cone
voltage was maintained at 20 V; Leucine enkaphalin was used as
the reference compound {positive ion mode [(M + H)+ =
556.2771] and (M−H)− = 554.2615}. All the above parameters
are set using Masslynx v4.1 workstation (waters, United States).

Metabolomics Data Processing
In order to more accurately find the urine biomarkers in TAO
model rats original urine files were imported into Progensis QI
software for analysis and processing, andpeak matching and
normalization for each peak was performed. Meanwhile, we
used Ezinfo 3.0 software, including PCA and OPLS-DA. SPSS
22.0 for Windows was used for the statistical analysis. The
variable importance for the projection (VIP) value >2 in
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OPLS-DA, and p < 0.05 for Students t-test were selected as
potential urine biomarkers.

The identification of biomarkers is to lock the Rt_m/z of
important metabolite ions to help confirm the molecular mass of
metabolites and perform elemental composition analysis to
determine possible chemical formulas. Based on the possible
chemical formulas, accurate masses and secondary mass
spectrometry data (MS/MS) of ions, the Human Metabolome
Database (HMDB) and Metaboanalyst were used to match the
mass spectrometry information. The MassFragment application
manager was used to facilitate the chemically intelligent peak
matching algorithms MS/MS fragment ion analysis process and
to determine the final biomarker. The results of the secondary ion
fragmentation information matching of these 35 compounds are
shown in Supplementary Material S3.

RESULTS

Biomarkers Discovery of TAO Model
The urine datasets collected on the 10th day were further
subjected to multivariate statistical analysis using EZinfo 3.0
software. The PCA score plots (Figure 1A) showed an obvious
separation between the TAO model and control model. The
OPLS-DA was employed to find the potential biomarkers
(Figure 1B). The R2Y and Q2 values of the model [R2Y
(cum) = 0.991607, Q2 (cum) = 0.905193 in positive mode and
R2Y (cum) = 0.993259, Q2 (cum) = 0.942307] in negative mode
indicated that the models have good quality and predictability.
The OPLS-DA score plots showed that there was a significant
difference between the TAO model groups and control groups,
suggesting that the TAO model group had obvious urinary
biochemical disorders and its metabolic profile had changed
significantly. Screen out potential urine markers, and by using
related databases, such as HMDB, KEGG, etc. Meanwhile, we
combined the fragment information of the secondary mass
spectrometer to obtain the chemical information of potential
biomarkers, see Supplementary Table S1 for details. The content

of these potential biomarkers in the 10th daymodel group and the
10th day control group were statistically analyzed (Figure 2). We
constructed a PLS-DA model with the obtained differential
metabolic markers (Figure 3A). Figure 3B showed top
significant features of the metabolite markers based the VIP
projection. Correlation analysis of differential metabolites are
marked on the hierarchical clustering plot (Figure 3C), and the
obtained differential metabolic markers are analyzed by heat
mapwith results shown in Figure 3D.

Metabolic Pathways of Thromboangiitis
Obliterans
MetPA (Metabolomics Pathway Analysis) is used to analyze
metabolic pathways in metabolomics data. MetPA analysis was
performed on the characterized 35 biomarkers related to
thromboangiitis obliterans model, and 17 related metabolic
pathways were obtained including vitamin B6 metabolism,
cysteine and methionine metabolism, tyrosine metabolism,
phenylalanine metabolism, and so forth. The results show that
these endogenous metabolites are closely related to the
thromboangiitis obliterans model. The metabolic pathway is
shown in Figure 4.

Efficacy Evaluation of SMYAT
SMYAT Improves the Animal Signs of TAOModel Rats
Rats in each group were in good condition, lively and active
prior to the start of the experiment. After modeling, except
for control group, the other groups of rats showed obvious
ischemic symptoms, such as lower skin temperature, obvious
swelling of foot and paw, weakened arterial pulsation,
limping and dragging walking in varying degrees. On the
10th–25th day, the condition of the affected limbs of the rats
in each treatment group was gradually improved,
among them, the SMYAT group had a significant effect,
the skin temperature returned to normal, the swelling of the
paws subsided, and the arterial pulsation recovered, while
the state of the rats in the following model group remained

FIGURE 1 |Metabolomic profiling of TAO. PCA model results for TAO model group in positive mode (A); OPLS-DA model results for TAO model group in positive
mode (B); Black spot represents the control group and red spot represents the model group.
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the same as that after modeling, and there was no
improvement trend.

SMYAT Improves the Hemorheology of TAO Model
Rats
The results in Figure 5A, show low shear whole blood viscosity
and that the blood plasma viscosity of the thromboangiitis
obliterans model rats had changed significantly compared with
the control group. After treatment with SMYAT, all the indexes
had a significant decrease, which showed that SMYAT had a good
effect on regulating blood viscosity and treating thrombosis.

The results in Figure 5B, show the hematocrit, erythrocyte
aggregation index and erythrocyte rigidity index of the
thromboangiitis obliterans model rats changed significantly
compared with the control group. After treatment with
SMYAT, the erythrocyte rigidity index, erythrocyte aggregation
index and erythrocyte deformation index have been significantly
adjusted, indicating that SMYAT has a significant regulatory
effect on red blood cells and other indicators, and can achieve
good therapeutic effects.

SMYAT Improves Histopathology of TAO Model Rats
We evaluated the effect of SMYAT on the histopathology of TAO
model rats (Figure 6), and observation of rat femoral artery
sections showed that there were no pathological changes in the

control group, the vascular endothelium was smooth and orderly,
and the endothelial cells were neatly arranged (Figure 6A). The
femoral artery sections in the TAO model group found obvious
pathological changes, such as vascular thinning, endothelial cell
deformation, vascular endothelial cells and smooth muscle cells
disorderly arranged, and a large number of inflammatory cell
infiltration (Figure 6B). In the SMYAT treatment group, the
degree of femoral artery lesions was improved, the deformation of
endothelial cells was improved, and the arrangement of vascular
endothelial cells and smooth muscle cells was restored, and the
injure condition was restored and maintained a stable state
(Figure 6C). In MLN group, the femoral artery became
slightly thinner, intimal peeling phenomenon relieved, and the
inflammatory cell infiltration in the blood vessel wall and
surrounding tissues gradually reduced (Figure 6D).

Effect of SMYAT on Biomarkers
The PCA was carried out on the urine data by collected on the
25th day from the four different groups, and the plots obtained
(Figure 7), show that there are obvious clusters between each
group of data, they are distributed in different positions,
especially between the control group and the TAO model
group which are far away and can be distinguished
significantly. The position of the SMYAT treatment group
gradually approached the control groupwhich shows that

FIGURE 2 | Change trend of biomarker content in control group and model group. *Significant difference between the control group and model group (p < 0.05).
**Very significant difference between the control group and model group (p < 0.01).
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SMYAT could improve the abnormal metabolic network of TAO
model rats.

On the 25th day of the experiment, the regulation of
biomarkers in rats with thromboangiitis obliterans model by
SMYAT was analyzed, among the 35 potential biomarkers that
were characterized, SMYAT could be adjusted to 22 biomarkers;
respectively including pyranuronic acid, DL-2-aminooctanoic
acid, imidazolepropionic acid, L-prolyl-L-prolin, 4-pyridoxic

acid, normetanephrine, 2-indolecarboxylic acid, S-[2-
(carboxymethyl)-2, 5-dihydroxy-3-cyclohexen-1-yl]cysteine, 3-
methylene-indolenine, 4-ethylphenylsulfate, coproporphyrin,
hydroxyprolyl-leucine, N-methylnicotinamide, beta-alanine, 3-
indole carboxylic acid glucuronide, urocanic acid,
phenylacetaldehyde, cis-aconitic acid, estrone glucuronide, 5-
methoxyindoleacetate, 11b-hydroxyprogesterone, and
L-methionine (Figure 8).

FIGURE 3 | Systems analysis of metabolomic alterations of the model and control samples with MetaboAnalyst’s data annotation tools: (A) PLS-plot revealed
differences between the two groups. (B) Correlation analysis of the 10 differential metabolites are marked on the plot. Three clusters were identified representing the
different groups of metabolites. Top significant features of the metabolite markers based the VIP projection (B). (C) Hierarchical clustering of the differential metabolites.
(D) Heatmap visualization constructed based on the differential metabolites of importance for the urine of model. The heatmaps were constructed based on the
potential candidates of importance, which were extracted with OPLS-DA analysis. Rows: metabolites; columns: samples; Variable differences are revealed between the
control and model groups.
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Metabolic Network Analysis
Based on the HMDB, KEGG and the metaboanalyst platform,
the metabolic network of SMYAT on thromboangiitis
obliterans rats was mapped to clarify its potential
mechanism (Figure 9).

DISCUSSION

Thromboangiitis obliterans is a common vascular disease in
clinics, which mainly affects small and medium-sized arteries
and veins (Klein-Weigel et al., 2015). Amputation is needed in
severe cases. Because its exact pathogenesis and etiology are not
clear, there is no radical treatment, causing great pain to patients,
but the research on it has not stopped. In this study,
metabolomics provides a powerful approach to analyze the
urine of TAO model rats and control group rats to study the
difference of endogenous small molecule metabolic profiles. On
this basis, we found the biomarkers and metabolic pathways
regulated by SMYAT, so as to provide ideas for the research on
the mechanism of SMYAT in the treatment of thromboangiitis
obliterans. In this study, a total of 35 biomarkers of
thromboangiitis obliterans model were characterized. In the
visualized thermogram of the biomarkers of the
thromboangiitis obliterans model, it can be clearly seen that
these 35 urine biomarkers can clearly distinguish the control
group from the TAO model group, suggesting that the
biomarkers we found are significantly related to
thromboangiitis obliterans. Among them, 22 biomarkers were
adjusted by SMYAT. According to the results of treatment, the
affected limbs of rats in the SMYAT treatment group were
recovered in varying degrees, the hemorheology and other
indicators significantly adjusted back, and the degree of
femoral artery lesions improved. This study can show that the
metabolomics method can accurately analyze the potential
biomarkers and metabolic pathways, so as to achieve a
specific, targeted, therapeutic effect. SMYAT can regulate
multiple metabolic pathways such as cysteine and methionine
metabolism, phenylalanine metabolism, tyrosine metabolism and
vitamin B6 metabolism in rats with thromboangiitis obliterans,
and achieve good therapeutic effects.

Methionine is an alpha-amino acid, and is found in all
organisms ranging from bacteria to plants to animals. It is

FIGURE 4 | Main metabolic pathways of potential biomarkers. (1) beta-
Alanine metabolism; (2) Phenylalanine metabolism; (3) Histidine metabolism;
(4) Cysteine and methionine metabolism; (5) Citrate cycle (TCA cycle); (6)
Steroid hormone biosynthesis; (7) Pantothenate and CoA biosynthesis;
(8) Glyoxylate and dicarboxylate metabolism; (9) Tyrosine metabolism; (10)
Tryptophan metabolism; (11) Vitamin B6 metabolism; (12) Ascorbate and
aldarate metabolism; (13) Propanoate metabolism; (14) Glutathione
metabolism; (15) Arginine and proline metabolism; (16) Pyrimidine
metabolism; (17) Aminoacyl-tRNA biosynthesis.

FIGURE 5 | (A) Effects of administration on plasma viscosity and whole blood viscosity of rats in each group; (B) Effects of administration on related indexes of red
blood cells of rats in each group; *p < 0.05, **p < 0.01 compared with control group; #p < 0.05, ##p < 0.01 compared with model group.
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classified as an aliphatic, non-polar amino acid. In addition to
being a substrate for protein synthesis, methionine is an
intermediate in transmethylation reactions, serving as the
major methyl group donor in vivo, including the methyl
groups for DNA and RNA intermediates. Acute doses of
methionine can lead to acute increases in plasma
homocysteine, which can be used as an index of the
susceptibility to cardiovascular disease. When present in
sufficiently high levels, methionine can act as an atherogen
and a metabotoxin. An atherogen is a compound that, when
present at chronically high levels, causes atherosclerosis and
cardiovascular disease. Methionine oxidation metabolism has a
promoting effect on vascular diseases such as atherosclerosis and
thrombosis (Gu et al., 2015). Studies have shown that increased
homocysteine levels are related to thrombosis. In vivo, cysteine is
derived from the amino acid containing thiol group formed by
methionine metabolism (Undas et al., 2005; Qureshi et al., 2019),
and the methionine content is significantly increased in rats with
thromboangiitis obliterans, resulting in the metabolic disorder of
cysteine and the methionine metabolic pathway, thus promoting
thrombosis. After treatment with SMYAT, the content of
methionine was significantly reduced. It reminds us that
maintaining a stable methionine content plays an important
role in preventing thrombosis. The content of

normetanephrine in TAO model rats was significantly
increased, and normetanephrine was a metabolite produced by
catechol-O-methyl transferase. Within humans,
normetanephrine participates in a number of enzymatic
reactions. It is also involved in the metabolic disorder called
transient tyrosinemia. Phenylalanine and tyrosine are used as the
precursor of catecholamine and participate in the synthesis of
normetanephrine and other substances. In this TAO model, the
tyrosine metabolism pathway is disordered, which led to the
increase of normetanephrine content. Normetanephrine has a
regulatory effect on the degree of vascular tension, which affects
the model state (Desjars and Pinaud, 1989). High levels of
norepinephrine can reduce blood supply, aggravate ischemia,
expand the scope of infarction, and promote thrombosis. After
treatment with SMYAT, normetanephrine content is significantly
regulated, and the state of blood vessels is improved to prevent
thrombosis. The content of hydroxyprolyl-leucine in TAOmodel
rats significantly increased and hydroxyprolyl-leucine was a
dipeptide composed of hydroxyproline and leucine. Most of
these substances have cell signaling effects and are
intermediate products of amino acid degradation pathways.
The content of hydroxyprolyl-leucine significantly decreased after
treatment with SMYAT, suggesting that the therapeutic effect of
SMYAT might be related to the regulation of the hydroxyprolyl-

FIGURE 6 | Femoral artery sections of rats in each group on the 25th day of the experiment (×400); (A): control group; (B): model group; (C): SMYAT group; (D):
MLN group.

FIGURE 7 | The PCA score plot of control, model, SMYAT, and MLN groups in urine metabolism profile. (A) Positive ion mode and (B) negative ion mode. Black
spot represents the control group, red spot represents the model group, green spot represents the SMYAT group and blue spot represents the MLN group.
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leucine content. 4-ethylphenylsulfate is an organic compound, called
phenylsulfate benzene sulfate is a compound containing sulfuric acid
group which combines with phenyl. The component in TAO model
group is significantly increased and it is significantly regulated after
giving SMYAT. Vitamin B6 is a term for a group of interconvertible
molecules containing pyridoxine, pyridoxal, pyridoxamine, and their
phosphates (Kalle et al., 2016). VitaminB6 is themain component of a
coenzyme in the human body and participates in a variety of
metabolic reactions. Vitamin B6 is finally metabolized into 4-
pyridoxic through a series of processes in the body (Stanulović
et al., 1976). The ratio of 4-pyridoxic acid to pyridoxine is related
to cardiovascular disease. It is believed that vitamin B6 in plasma can
be metabolized to 4-pyridoxic acid, which increases the risk factors of
blood vessels (Obeid et al., 2019). In this research, the vitamin B6
metabolism in TAOmodel rats was disordered, and the content of 4-
pyridoxic acid increased. 4-pyridoxic acid will accumulate in the body,
thereby increasing the risk of thrombosis, and it is significantly
regulated after giving SMYAT. Many of the biomarkers we have
found are related to thrombosis and have been significantly adjusted.

This also shows that SMYAT has a significant effect in the treatment
of this disease and has the value of in-depth analysis.

Metabolomics technology is used to characterize the metabolic
profile of syndromes and find biomarkers from the level of
endogenous small molecule metabolism (Liang et al., 2015c; Qiu
et al., 2017, 2020). Because of its high sensitivity, it is very effective in
the identification of biomarkers, so it also reflects a new strategy for
the diagnosis of thromboangiitis obliterans. This study is the first to
apply the technology of urine metabolomics to the study of the
mechanism of thromboangiitis obliterans, which provides an
innovative idea for the study of the mechanism of
thromboangiitis obliterans. SMYAT has a good regulatory effect
on thromboangiitis obliterans. Based on UPLC-MS/MS technology,
the metabolomics method was used to evaluate the overall
therapeutic effect of SMYAT and study its potential molecular
mechanism. This experiment provides strong evidence for the
mechanism of SMYAT in treating thromboangiitis obliterans and
a reliable method for exploring the mechanism of traditional
Chinese medicine.

FIGURE 8 | *Significant difference between the control group and model group (p < 0.05). **Very significant difference between the control group and model group
(p < 0.01). # Significant difference between SMYAT and model groups, p < 0.05. ## Very significant difference compared between SMYAT and model groups, p < 0.01.
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CONCLUSION

In our research, the rat model of thromboangiitis obliterans was
established by injection of sodium laurate, and the effect of SMYAT
was evaluated by combining the evaluation indexes of hemorheology,
histopathology, and metabolomic methods. In the rat model of
thromboangiitis obliterans, there are 35 endogenous urinary
metabolites as potential biomarkers. The metabolic pathways
include vitamin B6 metabolism, phenylalanine metabolism,
cysteine and methionine metabolism and tyrosine metabolism, and
so forth. These findings add to our understanding of the pathogenesis
of thromboangiitis obliterans and reveal the molecular basis of the
efficacy of SMYAT in the treatment of thromboangiitis obliterans
through metabolomic techniques. SMYAT can improve
thromboangiitis obliterans and is a promising candidate drug for
thromboangiitis obliterans.
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