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Editorial on the Research Topic

Medicinal plants as a source of novel autoimmune-modulating and anti-

inflammatory drug products

Medicinal plants as a source of novel autoimmune
modulating and anti-inflammatory drug products

Inflammation response is activated as the first line of defense against the invasion of

foreign pathogens and harmful stimuli, which in turn helps the body repair damaged

tissue and remove irritants and damaged cells. Basically, Cytokine mediate the occurrence

of an effective immune response, although cytokines are well initiated and coordinated in

immune response, but unregulated cytokine signaling inadvertently constitutes the major

determinant of immune pathology, leading to autoimmune diseases or chronic

inflammation that affects older people around the world (Bello et al., 2018; Galindo

et al., 2018). Such as arthritis (osteoarthritis, rheumatoid arthritis), allergies, atopic

dermatitis, psoriasis, asthma, chronic obstructive pulmonary disease, inflammatory

bowel diseases, steatohepatitis (Placha and Jampilek, 2021). The classic anti-

inflammatory drugs are glucocorticoids and cyclooxygenase (COX-1 and 2) inhibitors.

However, withdrawn COX-2 inhibitors, such as valdecoxib and rofecoxib, were associated
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with a higher risk of stroke, while etoricoxib raised blood

pressure (Davies, 1995). Historically, medicinal plants and

natural products have been used in anti-inflammatory

treatment, and many new medicines have been discovered

from herbal sources, most of which are plant-derived

secondary metabolites (Akhtar, 2022). Such as quercetin and

kaempferol (Hämäläinen et al., 2007) and resveratrol (Kundu

et al., 2006). Therefore, it is a very important strategic approach

to seek effective anti-inflammatory inhibitors from medicinal

plants.

Macrophages play a key role in “inflammatory pathways”

that lead to a range of diseases and disorders (Chen et al., 2018).

The classical activation of macrophages occurs after injury or

infection of microbial products or pro-inflammatory cytokines,

including bacterial lipopolysaccharide (LPS), interferon-γ (IFN-

γ), or tumor necrosis factor-α (TNF-α), and trigger inflammatory

signaling pathways, most commonly, NF-Kb (nuclear factor

kappa-light-chain-enhancer of activated B cells), MAPK

(mitogen-activated protein kinase) and JAK-STAT (Janus

kinases (JAKS)—signal transducer and activator of

transcription proteins) (Besednova et al., 2022). Recently, the

non-classical Hippo pathway and NLRP3 inflammasome have

been highlighted in inflammatory responses of macrophage (Jo

et al., 2016; Tsai et al., 2021; Xie et al., 2021). However, the

molecular mechanisms underlying autoimmunity regulation or

anti-inflammatory potential remain unclear. Therefore, it has

become a research hotspot to explore the molecular mechanism

of autoimmunity regulation or anti-c and discover new

therapeutic schemes.

The 13 articles collected in this Research Topic focus on the

most recent advances on medicinal plants as a source of novel

autoimmune modulating and anti-inflammatory, mainly on

novel molecular targets and on innovative pharmacological

approaches. Kangfuxiaoyanshuan (KFXYS) is a traditional

Chinese herbal compound that composed of eight classical

medicinal herbs. The various chemical components of this

Chinese herbal compound, including alkaloids, flavonoids,

diterpenoid lactones, bile acids, anthraquinones,

naphthoquinones, and organic acids (Xie et al., 2019). Here,

Liu et al. demonstrate KFXYS remarkablely reduced the levels of

proinflammatory factors (IFN-31γ, IL-1β, IL-4) and adhesion

related factors (TNF-α) in the acute stage of pelvic inflammatory

disease (PID), and had protective effect of ultrastructure of

endometrial epithelial cells. In addition, KFXYS had been

exerted significant anti-inflammatory effect though inhibiting

the activation of the NF-κB pathway, and decreasing the TGF-β/
MMP-2 associated tissue adhesion. Gao et al. reported that

salvianolate (total polyphenols), a traditional Chinese

medicine extracted from Salvia miltiorrhiza, ameliorated

osteopenia and bone quality in glucocorticoid treated RA rats.

Combined treatment with prednisone and salvianolate for

ameliorating joint damage and improved bone quality in

collagen-induced arthritis rats via activation of the RANKL/

RANK/OPG signaling pathway and TRAIL-TRAF6-NFκB
signal axis, thus decreasing the risk of fracture. The study by

Tu et al. showed that the alleviating inflammatory responses and

cartilage degradation of Rhoifolin (a flavanone extracted from

Rhus succedanea) in rat chondrocytes is mediated by P38/JNK

and PI3K/AKT/mTOR signal pathways.

NLRP3, a sensor of innate immunity, mediates the activation

of caspase-1 and secretion of pro-inflammatory cytokine IL-1β/
IL-18 through the formation of a complex called inflammasome.

Abnormal activation of the NLRP3 inflammasome has been

associated with a variety of inflammatory disorders, including

metabolic disorders, gout, neurodegenerative diseases and

autoimmune diseases. Therefore, suppressing the activity of

NLRP3 inflammasome becomes a novel signaling pathway on

preventing and treating inflammatory diseases. Artemisia argyi

H. Lév. and Vaniot is a traditional herb medicine that has been

widely applied for treating inflammation-related diseases. Chen

et al. demonstrated that essential oil of Artemisia argyi H. Lév.

and Vaniot (EOAA) inhibited the activation of

NLRP3 inflammasome in THP-1 cells induced by

monosodium urate and nigericin. Feng et al. confirmed that

ethyl 2-succinate-anthraquinone (LHD) has better anti-

inflammatory and antibacterial activity than aloe emodin, a

novel compound has been chemically modified. It has been an

effect on anti-inflammatoion effects through reducing the

expression of NLRP3, IL-1β, and caspase-1 protein thus

mediating the NLRP3 inflammasome signaling pathway.

Many plants with autoimmune modulatory or anti-

inflammatory potential remain unexplored. It is high time

that these medicinal plants and natural products were

systematically studied using modern tools. For example, the

prediction and putative targets of traditional Chinese medicine

prescriptions on the mechanism of autoimmune regulation or

anti-inflammatory action were further analyzed based on

network pharmacology, and further enrichment analysed by

KEGG pathways and GO terms related with biological

processes, molecular functions, and cellular components. New

autoimmune modulatory or anti-inflammatory plant products

can also be discovered through high-throughput and high-

content screening. In the meanwhile, to develop an

immunocompetent 3D in vitro model allows screening of

potential plant derived therapeutic agents against inflammation.

Rheumatoid factor (RF) or anti-cyclic citrullinated peptide

antibodies (anti-CCP) are serological indicators for the diagnosis

of RA. Through meta-analysis and systematic review, Tang et al.

found that the treatment of RA by Chinese herbal compound

could effectively reduce the level of RF or anti-CCP, and the

clinical efficacy might be superior to western single drug therapy.

They summarized the active components and pharmacological

effects of five high-frequency representative Chinese herbal

medicines, including Angelica sinensis (Oliv.) Diels,

Glycyrrhiza glabra L., Neolitsea cassia (L.) Kosterm., Paeonia

lactiflora Pall., and Angelica dahurica (Hoffm.) Benth. and Hook.
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f. Ex Franch. and Sav., and found that Chinese herbal compound

may reduce RF and anti-CCP levels by regulating immune

response and inhibiting B lymphocyte proliferation. Through

network pharmacology, Huang et al. revealed that Cornus

officinalis Sieb. And Paeonia lactiflora Pall. Have been

identified as therapeutic candidates to treat RA, as well as

their main active compounds ursolic acid and paeoniflorin

could reduce synovial hyperplasia and inflammatory

infiltration of joint tissues while promoting synovial apoptosis

in the rat model of collagen-induced arthritis (CIA).

The “multi-target” feature of traditional Chinese medicine

has a paticular advantage in the treatment of inflammatory

diseases. The use of specific Chinese herbal medicine or plant

compounds can reduce symptoms and pathological damage and

play a synergistic healing effects when combined with western

medicine. Wang et al. selected five key targets, namely JAK3,

RORC, PRKCQ, ZAP70, and IL6, and their corresponding active

components and positive drugs as ligands through the network

pharmacology method. The interaction between the main active

components and potential targets of volatile oil from Matricaria

recutita L. was verified by molecular docking. Prunella vulgaris L.

is a traditional Chinese medicine, which has been used to thyroid

diseases in China. Xu et al. investigate the bio-active ingredients

and mechanisms against hashimoto’s thyroiditis via network

pharmacology and molecular docking technology. The key

targets of Prunella vulgaris L. were analyzed, and the main

targets were JUN, AKI, MAPK1, TP53. Molecular docking

results suggest that luteolin and kaolin may play an important

role in the treatment of hashimoto’s thyroiditis by regulating

multiple signaling pathways. Marescotti et al. focuse on the

development of an immunocompetent 3D in vitro triculture

intestinal model contain with a differentiated intestinal

epithelial layer and immune-competent macrophages. The

model imitated a healthy intestine with stable barrier integrity.

They evaluated the model with known anti-inflammatory

compounds and natural alkaloids of plant origin. By catching

the critical specialty of the intestinal mucosa, the

immunocompetent 3D in vitro model could select potential

plant derived of compounds or extract agents against

intestinal inflammation.

The clinical application of Traditional Chinese Medicine

(TCM) is one of the most effective complementary drugs for the

treatment of autoimmune diseases or inflammatory diseases.

However, the molecular therapeutic mechanism of TCM is still

unclear, which limits its application worldwide. Xiao-Yin-Fang

(XYF) has been used by Shanghai Changhai Hospital to treat

patients with psoriasis for more than 30 years, and its efficacy

has been proved by clinical studies. Zhang et al. demonstrated

that XYF relieved psoriasis-like skin inflammation chiefly by

inhibiting polarization of γδT17 cells in dermis and draining

lymph nodes. In addition, XYF can improve the recurrence of

psoriatic dermatitis and inhibit the activation of γδT cells.

Transcriptional analysis showed that XYF may regulate a

variety of inflammatory signal transduction and metabolic

processes. Here, Jantrapirom et al. reviewed phytochemicals

constituents of Triphala, a potential herbal candidate for the

treatment of allergic rhinitis. Though inhibiting the

phosphorylation of p38, c-Jun N-terminal kinase (JNK), and

ERK and activating the Akt/AMP-activated protein kinase/

nuclear factor erythoid 2-related factor (Akt/AMPK/Nrf)

signaling pathway to reduce NF-κB activation and nuclear

translocation. Traditional Chinese Medicine Xuanfei Baidu

Decoction (XFBD) has been successfully used in the

treatment of COVID-19 in China. Yang et al. evidenced that

XFBD has multiple positive effects on enhancing cellular

immunity via regulating the immune systems in

cyclophosphamide treated mice. Previously, network

strategies were used to predict the potential signaling

pathways that XFBD may participate in the anti-COVID-

19 effect (Wang et al., 2020). XFBD significantly inhibited

the expression of IL-6, IP-10, and TNF-α in LPS-induced

THP-1 cells, and inhibited the secretion of TNF-α, IL-6, and
IL-1β in RAW 264.7 cells, suggesting that XFBD had

bidirectional immune modulatory effects.

In summary, this Research Topic provided a platform for

medicinal plants researchers to present novel findings on

therapeutic targets for inflammation disease and to learn new

insights into modern tools between inflammation therapy and

medicinal plants. New therapeutic strategies are needed to reduce

the harmful effects of chronic inflammation disease. Further

research is necessary to understand autoimmune diseases, or

inflammatory diseases potential of medicinal plants.
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Combined Cornus Officinalis and
Paeonia Lactiflora Pall Therapy
Alleviates Rheumatoid Arthritis by
Regulating Synovial Apoptosis via
AMPK-Mediated Mitochondrial
Fission
Lichuang Huang1†, Shaoqi Hu1†, Meiyu Shao1†, Xin Wu1, Jida Zhang2* and Gang Cao1*

1School of Pharmacy, Zhejiang Chinese Medical University, Hangzhou, China, 2College of Basic Medical Science, Institute of
Basic Research in Clinical Medicine, Zhejiang Chinese Medical University, Hangzhou, China

Rheumatoid arthritis (RA) is a chronic autoimmune disease that leads to cartilage
destruction and bone erosion. In-depth exploration of the pathogenesis of RA and the
development of effective therapeutic drugs are of important clinical and social value.
Herein, we explored the medicinal value of Cornus officinalis Sieb. and Paeonia lactiflora
Pall. in RA treatment using a rat model of collagen-induced arthritis (CIA). We compared
the therapeutic effect of Cornus officinalis and Paeonia lactiflora with that of their main
active compounds, ursolic acid and paeoniflorin, respectively. We demonstrated that
the combination of Cornus officinalis and Paeonia lactiflora effectively inhibited the
release of factors associated with oxidative stress and inflammation during RA, therein
ameliorating the symptoms and suppressing the progression of RA. We further showed
that the underlying mechanisms may be related to the regulation of apoptosis in synovial
tissues, and we investigated the potential involvement of AMPK-mediated
mitochondrial dynamics in the therapeutic action of the two drugs and their active
components.

Keywords: ursolic acid, paeoniflorin, inflammation, oxidative stress, synovial tissue

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease that leads to cartilage destruction and
bone erosion (Gong et al., 2019; Tseng et al., 2020). It usually occurs in individuals aged 30–50, and
its incidence rate in women is approximately three times that in men (Intriago et al., 2019; Kohler
et al., 2019). RA exhibits an intricate pathological course and is difficult to manage, and the high
disability rate severely lowers the quality of life, bringing about heavy socioeconomic burdens. The
pathogenesis of RA is not completely clear and may be related to a variety of factors such as genetics,
environment, and immunity (Klareskog et al., 2006; Deane et al., 2017). Pathological features of RA
include joint inflammation, synovial hyperproliferation, and articular swelling (Guo et al., 2018). RA
progression may lead to a number of comorbid conditions such as coronary heart disease,
atherosclerosis, and interstitial pneumonia (Kaplan, 2010; Kakuwa et al., 2019), resulting in
significant life span shortening in some RA patients. Therefore, in-depth exploration of the
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pathogenesis of RA and the development of effective therapeutic
drugs are of important clinical and social value.

Oxidative stress has been heavily implicated in the
pathophysiology of inflammatory diseases such as RA (da
Fonseca et al., 2019). As the main organelle involved in
energy metabolism and a main source of intracellular
reactive oxygen species (ROS), mitochondria play an
indispensable role in homeostatic maintenance. Normal
mitochondrial function is critical in upholding redox balance
(Ippolito et al., 2020), and overproduction of ROS leads to a
disruption in redox equilibrium andmitochondrial dysfunction,
which may aggravate arthritic development (Valcarcel-Ares
et al., 2014). In addition, excessive ROS is associated with
immunopathogenesis and inflammation. For example,
macrophages are activated by pro-inflammatory factors such
as interleukin (IL)-1β and tumor necrosis factor (TNF)-α under
oxidative stress to produce superoxides (Filippin et al., 2008), in
turn accelerating the development of arthritis. The maintenance
of proper mitochondrial function is important in the regulation
of cell fate. In particular, mitochondrial fission has been shown
to be closely linked to cell apoptosis, and the balance between
mitochondrial fission and fusion is critical in determining cell
health (Wang and Youle, 2009). The involvement of ROS
regulation, apoptosis, and AMPK-mediated mitochondrial
dynamics in RA pathogenesis and treatment warrants further
investigation.

Cornus officinalis Sieb. et Zucc, also known as Corni Fructus,
is a plant traditionally used to treat tinnitus, impotence, and
excessive urination. It has exhibited anti-oxidant (Lee et al.,
2006), anti-diabetic (Yamahara et al., 1981), and anti-
tumorigenic (Chang et al., 2004) effects. The active
compounds of Cornus officinalis include malic acid, ursolic
acid, and loganin (Endo and Taguchi, 1973; Czerwinska and
Melzig, 2018; Dong et al., 2018). Among these, the relative
content of loganin and ursolic acid are often evaluated in
assessing the quality of Cornus officinalis. In particular, ursolic
acid inhibited the release of inflammatory factors, repaired the
balance between Th1/Th17, and suppressed matrix
metalloproteinase production in an in vivo model of type II
collagen-induced arthritis (Lee et al., 2017). Paeonia lactiflora
Pall. has also demonstrated effectiveness in RA treatment.
Paeoniflorin is one of the main active components of Paeonia
lactiflora and has shown a variety of anti-inflammatory and
immunomodulatory effects (Zhang and Wei, 2020). Taken
together, both Cornus officinalis and Paeonia lactiflora have
shown promising effects in RA treatment, but the specific
molecular mechanism behind their therapeutic action have not
been studied in-depth.

Herein, we explored the medicinal value of Cornus officinalis
and Paeonia lactiflora in RA treatment using a rat model of
collagen-induced arthritis (CIA). We hypothesized that the
combination of Cornus officinalis and Paeonia lactiflora can
effectively inhibit the release of oxidative stress-related and
inflammatory factors during RA, therein ameliorating the
symptoms and suppressing the progression of RA. We further
propose that the underlying mechanisms may be related to the
regulation of apoptosis in synovial tissues, and we investigated the

potential involvement of AMPK-mediated mitochondrial
dynamics in the therapeutic action of the two drugs.

MATERIALS AND METHODS

CIA Induction and Drug Treatment
Commercially available Cornus officinalis (200309) and Paeonia
lactiflora (200101) were purchased from Zhejiang Chinese
Medical University Medical Pieces Ltd. (Hangzhou, China),
ursolic acid (DX0019) and paeoniflorin (DS0070) were
purchased from Desite (Chengdu, China), and dexamethasone
(D1756) was purchased from Sigma-Aldrich (St. Louis, MO,
United Ststes). To prepare the drugs for gavaging, each
compound was dissolved in sterilized water at specified
concentrations, given that the drugs were administered at
10ml per kg of animal body weight. All animal experiments
were performed at Wuhan Myhalic Biotechnology Co., Ltd.
(Wuhan, China). The experimental protocol was approved by
the institutional review board of the Model Animal Research
Institute at Wuhan Myhalic Biotechnology Co., Ltd. and adhered
to the guidelines for animal care and use (approval number: HLK-
20190418–01). Male specific-pathogen-free Sprague-Dawley rats
weighing 200 ± 20 g were acquired from China Three Gorges
University. The rats were housed in a facility with 50–60% relative
humidity at 25°C. Before the experiment, the rats adaptively fed
for seven days, where they were allowed free access to food and
water. The CIA model was established following previously
reported methods (Jia et al., 2014; Xu et al., 2018), with three
rats in each group. Control rats were not treated in any way. To
induce CIA, 10mg of type II collagen (PAB43878, Bioswamp) was
mixed with 0.01M acetic acid and emulsified with an equal
volume of Freund’s complete adjuvant to a final collagen
concentration of 2mg/ml. On day 0, experimental rats were
intradermally injected with 0.1ml of emulsified collagen II in
the right hind toe. Boost immunization was induced after seven
days with an additional intradermal injection of 0.1ml of
emulsified collagen II in the right hind toe. Drug treatment
began after another seven days (14 days of CIA induction) by
gavaging the rats daily with the following drug doses: Cornus
officinalis (COR, low/L dose: 1.68 g of drug per kg of rat body
weight per day (g/kg/d); medium/M dose: 3.36 g/kg/d; high/H
dose: 6.27 g/kg/d), Paeonia lactiflora (PAE, L: 3.36 g/kg/d; M:
6.27 g/kg/d; H: 13.44 g/kg/d), combination of COR and PAE,
paeoniflorin (PF, 7.5 mg/kg/d) (Xu et al., 2018), ursolic acid (UA,
25 mg/kg/d) (Lee et al., 2017), or dexamethasone (DEX,
0.5 mg/kg/d) as a positive control. The doses of COR and PAE
were determined based on the clinically administered doses of
each drug, which range from 15 to 30 g/60 kg/d and 30–60 g/
60 kg/d, respectively (60 kg being the normal adult human
weight). The lower and higher ends of these ranges were taken
to be the low (COR-L and PAE-L) and medium (COR-M and
PAE-M) doses, respectively. The highest doses (COR-H and
PAE-H) were determined by multiplying the medium dose by
2.5. These doses were then converted into corresponding drug
doses for rats based on the literature (from human to rat:
multiplied by 6.2) (Nair and Jacob, 2016).
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Evaluation of Toe Swelling and Arthritic
Score
During the experimentation period, toe volume was measured by
water displacement plethysmometry (Obiri et al., 2014; Zhang
et al., 2016) on day 0, 4, 7, 12, 14, 24, 32, and 34. The degree of
swelling was calculated using the following equation:

% swelling � (Vx − V0)/V0 × 100%

Where Vx is the toe volume on day x and V0 is the initial toe
volume measured on day 0 in the same drug treatment group. On
the same days, the paw of the rats was observed macroscopically
and the severity of arthritis was assessed. An arthritic score was
given using the following scale (Wang et al., 2007): 0, no redness
or swelling; 1, redness and swelling at the toe joints; 2, redness and
swelling at the toes and toe joints; 3, redness and swelling in all
areas below the ankle; 4, redness and swelling in all areas below
the ankle, including the ankle joint.

Sample Preparation
After 20 days of drug administration (34 days after initial CIA
induction), the rats were sacrificed via an overdose of sodium
pentobarbital. Whole blood was collected from the abdominal
aorta of the rats and serum was separated by centrifugation. To
isolate synovial tissues, the knee joint was cut open to expose the
kneecap and separate the muscles. The synovial and fibrous layers
of the joint capsule were separated using surgical scalpels, and
synovial tissues were extracted. The right ankle joint was fixed in
4% paraformaldehyde, decalcified, and paraffin-embedded for
histological examination.

Hematoxylin and Eosin (HE) Staining
HE staining was performed to observe general joint tissue
morphology. Decalcified and paraffin-embedded samples were
frozen at −20°C and cut using a microtome at a thickness of 3 μm.
The sections were fixed on microscope slides and deparaffinized,
then washed with water for 2 min. The sections were stained with
hematoxylin (G1140, Solarbio) for 5 min and residual dye
solution was removed with running water. For differentiation,
1% hydrochloric alcohol was added to the sections for several
seconds, and the sections were washed again with water. A bluing
solution was added for 10 s and the sections were washed again
with water. Next, the sections were stained with 0.5% eosin
(E8090, Solarbio) for 3 min and washed briefly with distilled
water. The sections were dehydrated in a graded concentration
series of ethanol (80% for 30 s, 90% for 30 s, 100% for 2 s) and
immersed twice in xylene for several seconds. The sections were
then sealed and observed under an upright microscope (DM1000,
Leica). Images of joint and bone tissue were acquired using Leica
Application Suite. Each joint tissue and bone tissue section was
given an inflammation score and bone destruction score,
respectively, and the two scores were added to obtain the total
pathology score. Inflammation was scored based on the following
standards: 0, no inflammatory infiltration; 1, approximately 20
inflammatory infiltrates per field of view (400×); 2, 20 to 50
inflammatory infiltrates per field of view (400×); 3, more than 50
inflammatory infiltrates per field of view (400×). Bone

destruction was scored based on the following standards: 0,
normal; 1, small amount of cartilage loss and bone destruction
is limited to isolated regions; 2, large areas of cartilage destruction
and bone erosion caused by pannus; 3; complete destruction of
joint structure.

Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labeling (TUNEL) Staining
TUNEL staining was performed to evaluate tissue apoptosis in
ankle joint samples using an In Situ Cell Death Detection Kit
(11684817910, Roche). Decalcified and paraffin-embedded joint
tissue samples were frozen at −20°C and cut using a microtome at
a thickness of 3 μm. The sections were fixed on microscope slides
and heated at 65°C for 1 h, then immersed twice in xylene for
15 min each. The deparaffinized sections were rehydrated in a
graded concentration series of ethanol (100%, 95% s, 85%, and
75% for 5 min each) and washed with running tap water for
10 min. Then, the sections were incubated with proteinase K
solution (P1120, Solarbio) at 37°C for 15 min and washed twice
with PBS. TUNEL reaction solution was prepared by mixing 50 μl
of enzyme solution with 450 μl of solvent (both included in the
assay kit). After the PBS washes, the sections were incubated with
50 μl of TUNEL reaction solution in a humidified box in the dark
for 1 h at 37°C. After three washes with PBS, 50 μl of POD
solution (included in the assay kit) was added to each section,
which were then incubated in a humidified box for 30 min at
37°C. The sections were washed three times with PBS and
incubated with 50 μl of diaminobenzidine (DA1010–2,
Solarbio) at room temperature for 10 min, after which they
were washed again three times with PBS. Counterstaining was
performed using hematoxylin, and the sections were dehydrated,
transparentized, and sealed. Tissue apoptosis was observed under
an upright microscope (DM1000, Leica) and analyzed using Leica
Application Suite. Positive TUNEL staining representative of
apoptotic cells is shown in dark brown.

Biochemical Assays
The levels of cytokines in the serum of CIA-induced rats were
evaluated using enzyme-linked immunosorbent assay.
Commercial assay kits for TNF-α (RA30025), IL-1β
(RA20020), IL-6 (RA20607), and IL-10 (RA20090) were
obtained from Bioswamp and the assay was carried out by
following the protocols specified by the manufacturer.
Colorimetric assays were performed to detect the levels of
oxidative stress-related factors in the serum and synovial
tissues of CIA-induced rats. Commercial assay kits for
malondialdehyde (MDA, A003–1), superoxide dismutase
(SOD, A001–1), and nitric oxide (NO, A-013–2) were
obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) and the assay was carried out by
following the protocols specified by the manufacturers. All
required reagents were included in the ELISA and colorimetry
assay kits. For all biochemical assays, absorbance of the well
plates was measured using a microplate reader (MK3,
Finnpipette).
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Western Blot
Synovial tissues were homogenized and lysed using
radioimmunoprecipitation assay buffer (JC9610, Gelatins)
containing protease and phosphatase inhibitors. After
complete lysis, the samples were centrifuged for 15 min at
12000 × g at 4°C, and the concentration of proteins in the
supernatant was measured using a bicinchoninic acid assay kit
(PN0120, G-CLONE). For western blot, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was performed using 20 μg of
denatured proteins from each sample. After electrophoresis, the
proteins were transferred onto polyvinylidene fluoride
membranes (16220405, DocLab), which were then blocked in
5% skim milk overnight at 4°C. Primary antibody incubation was
performed for 1 h at room temperature with antibodies against
the following proteins: Bax (1:1000, PAB32583, Bioswamp), Bcl-2
(1:1000, PAB33482, Bioswamp), cleaved caspase-3 (1:1000,
9661S, Cell Signaling Technology), cytochrome-c (1:1000,
PAB30055, Bioswamp), dynamin-related protein 1 (Drp1, 1:
1000, PAB33409, Bioswamp), phosphorylated Drp1 at serine
616 (pDrp1-Ser616, 1:1000, 4867S, Cell Signaling Technology),
phosphorylated Drp1 at serine 637 (pDrp-Ser637, 1:1000, PA5-
64821, eBioscience), mitochondrial fission process protein 1
(MTFP1, 1:1000, PAB42161, Bioswamp), mitofusin 2 (MFN2,
1:1000, PAB37988, Bioswamp), AMPK (1:1000, PAB30970,
Bioswamp), and phosphorylated AMPK (pAMPK, 1:1000,
ab23875, Abcam), with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, 1:1000, PAB36296, Bioswamp) as a
housekeeping control. The membranes were washed three times
with PBS/Tween 20 for 5 min each and incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG
secondary antibodies (1:20000, SAB43714, Bioswamp) for 1 h
at room temperature. After three washes with PBS/Tween 20 for
5 min each, the membranes were immersed in enhanced
chemiluminescence solution and the protein bands were
exposed using an automatic analyzer (JP-K900, Jiapeng,
Shanghai, China). The gray values of the protein bands were
measured using Tanon GIS software.

Transmission Electron Microscopy
Synovial tissues were first fixed with 2.5% glutaraldehyde
(30092436, Sinopharm) at 4°C for 30 min. After three washes
with PBS for 10 min each, the tissues were fixed with 1% osmium
acid (18,456, TedPella) for 1 h and washed again three times with
PBS for 10 min each. To dehydrate the sample, the synovial
tissues were sequentially immersed in ethanol at increasing
concentrations (50, 70, 80, and 90%) for 5 min at each
concentration, then in 90% acetone for 5 min and twice in
100% acetone for 4 min each. For soaking, the tissues were
semi-immersed in a solution of acetone and epoxy resin 812
(1:1 ratio) at 40°C for 6 h and then fully immersed in pure epoxy
resin 612 at 40°C for 4 h. After fixation, dehydration, and soaking,
the tissues were embedded in a plastic plate and placed in an oven
for polymerization for 4 h at 40°C, 2 h at 50°C, and 12 h at 90°C.
The embedded samples were sectioned using an ultramicrotome
at 60 nm. The sectioned samples were dyed in uranyl acetate
(1005–25 g, Merck) in the dark for 20 min and washed three
times with double-distilled water. After drying, the samples were

stained with lead citrate (1101125, SPI) in the dark for 15 min.
Excess lead residue was washed away with double-distilled water.
The samples were blotted dry with filter paper and observed
under a transmission electron microscope (HT7700, Hitachi).

Statistical Analysis
Statistical analysis was performed using OriginPro 8.0. All data
are presented as the mean ± standard deviation (n � 3). The
significance of differences between means among more than two
groups was evaluated by the one-way analysis of variance with
Tukey’s post-hoc test. Statistical significance was defined as
p < 0.05.

RESULTS

Construction and Validation of CIA Model in
Sprague-Dawley Rats
The experimental scheme in Figure 1A demonstrates the method
of establishing the CIAmodel in Sprague-Dawley rats. Emulsified
type II collagen in Freund’s complete adjuvant was injected on
days 0 (initiation) and 7 (boost immunization), and drug
administration began on day 14 and continued for 20
consecutive days. CIA-induced rats were treated with
3.36 mg/kg/d Cornus officinalis (COR) or/and 6.27 mg/kg/d
Paeonia lactiflora (PAE), 7.5 mg/kg/d paeoniflorin (PF, active
compound in PAE), 25 mg/kg/d ursolic acid (UA, active
compound in COR), or 0.5 mg/kg/d dexamethasone (DEX,
positive control drug). Macroscopic observation of the paws of
the rats (Figure 1B) demonstrated intense redness and swelling of
the toes in all CIA-induced rats on day 14. By day 34, the toes of
untreated CIA-induced rats still showed redness and swelling, but
those of drug-treated rats recovered to a large extent. In
particular, the appearance of the toes of rats treated with
paeoniflorin, ursolic acid, and DEX seemed to closely resemble
that of Control rats, indicating the therapeutic efficacy of these
treatments. An arthritic score was assigned to each rat on
specified days during the experimental period as an indication
of the severity of arthritis based on the pre-defined criteria
(Table 1). Consistent with the macroscopic observations, CIA
induced severe redness and swelling by day 14, but drug
treatment alleviated these symptoms to varying degrees, with
paeoniflorin, ursolic acid, and DEX showing the best effect among
the tested drugs.

During the experimental period, the rats were monitored and
changes in toe volume, which were a sign of swelling, were
measured on specified days (Figure 1C). Evidently, the peak
of CIA induction, indicated by the greatest toe volume, appeared
on day 14 (except for the Control group, which did not receive
CIA induction), as drug treatment began thereafter. From day 14
to day 34 (end of experimental period), there was a gradual
decrease in toe volume in all drug-treated rats. By day 34, the toe
volume of all drug-treated rats was significantly lower than that of
non-treated CIA-induced rats, almost reaching the level of
Control rats. To further analyze the effect of CIA and drug
treatment on toe healing in CIA-induced rats, the swelling rate
was calculated (Figure 1D). All CIA-induced rats have achieved
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significant toe swelling compared to the beginning of the
experiment by day 14. Upon drug treatment, toe swelling was
gradually alleviated compared to that in non-treated rats (CIA),

and swelling was significantly relieved by all drug treatments by
day 34. Individual administration of COR seemed to be more
effect than PAE in alleviating toe swelling, while combined

FIGURE 1 | Validation of CIA model establishment. (A) To induce CIA, Sprague-Dawley rats were given an initial injection of CFA containing collagen II (day 0). After
7 days, boost immunization was induced via CFA injection. Drug administration began on day 14 and continued daily for 20 days. The rats were sacrificed on day 34. (B)
Macroscopic observation of toe swelling on day 0 (CIA initiation), day 14 (beginning of drug treatment), and day 34 (end of drug treatment). (C) Toe volumewasmeasured
on day 0, 4, 7, 12, 14, 24, 32, and 34. (D)Relative toe swelling was calculated using the following equation (Vx–V0)/V0 × 100%, where Vx is the toe volumemeasured
on day x and V0 is the initial toe volume of the respective drug treatment group measured on day 0. All data are expressed as the mean ± standard deviation (n � 3 rats).
#p < 0.05; Δ, ΔΔ, and ΔΔΔ denote p < 0.05 compared to day 4, 7, and 12, respectively, in the same drug treatment group; *, **, and *** denote p < 0.05 compared to day
14, 24, and 32, respectively, in the same drug treatment group. Low, medium, and high doses of COR and PAE were administered, but the medium doses (COR-M and
PAE-M) were selected as representatives for analysis. CIA: collagen-induced arthritis; COR: Cornus officinalis; PAE: Paeonia lactiflora; PF: paeoniflorin; UA: ursolic acid;
DEX: dexamethasone.

TABLE 1 | Evaluation of arthritic score in CIA-induced rats (n � 3). Arthritic score was assessed using the following scale: 0, no redness or swelling; 1, redness and swelling at
the toe joints; 2, redness and swelling at the toes and toe joints; 3, redness and swelling in all areas below the ankle; 4, redness and swelling at in all areas below the ankle,
including the ankle joint. COR: Cornus officinalis; PAE: Paeonia lactiflora Pall.; PF: paeoniflorin; UA: ursolic acid; DEX: dexamethasone.

Day 0 Day 4 Day 7 Day 12 Day 14 Day 24 Day 32 Day 34

Control 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
CIA + CIA 0 ± 0 3 ± 0 3 ± 0 4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 0
COR (3.36 mg/kg/d) 0 ± 0 3 ± 0 3 ± 0 4 ± 0 4 ± 0 3.33 ± 0.58 2.33 ± 0.58 2 ± 0
PAE (6.27 mg/kg/d) 0 ± 0 2.67 ± 0.58 3 ± 0 4 ± 0 4 ± 0 3 ± 0 3 ± 0 2 ± 1
COR + PAE 0 ± 0 2.67 ± 1.15 3 ± 0 4 ± 0 4 ± 0 3.67 ± 0.58 2.67 ± 0.58 1.67 ± 0.58
PF (7.5 mg/kg/d) 0 ± 0 3.33 ± 0.58 3.33 ± 0.58 4 ± 0 4 ± 0 3 ± 1 2 ± 1 1.33 ± 0.58
UA (25 mg/kg/d) 0 ± 0 2 ± 0 3 ± 0 4 ± 0 4 ± 0 3.33 ± 0.58 2 ± 0 1.33 ± 1.15
DEX (0.5 mg/kg/d) 0 ± 0 2.67 ± 0.58 2.67 ± 0.58 4 ± 0 4 ± 0 2.33 ± 0.58 2.67 ± 0.58 0.33 ± 0.58
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administration of the two did not accentuate the effect of
individual drug treatment. In addition, the effect of ursolic
acid and DEX was time-dependent up to day 34, whereas
that of COR, PAE, and paeoniflorin was time-dependent up
to day 32.

Cornus Officinalis and Paeonia Lactiflora
Restored Normal Joint Morphology and
Inhibited Joint Tissue Apoptosis in
CIA-Induced Rats
The morphology of joint tissues was observed by HE staining
after the animals were sacrificed on day 34 (Figure 2A). In the
control rats, joint tissues exhibited normal morphology and did
not show signs of inflammatory infiltration or fibrosis. In the
untreated CIA-induced rats, however, hyperproliferation of
synovial cells was observed. This was indicated by the filling
of voids in the joint tissues, leading to synovial hyperplasia and

thickening. In addition, we noticed areas of fibrous deposition
and inflammatory infiltration, pointed out by black and red
arrows (eosinophils and lymphocytes, respectively). Upon
treatment using COR or/and PAE, these conditions seemed
to be suppressed, as demonstrated by the reduction in synovial
proliferation and hyperplasia. The effect of the individual active
compounds paeoniflorin and ursolic acid appeared to be
superior to that of COR and PAE, as joint tissue
morphology most closely resembled those of control rats
after paeoniflorin and ursolic acid treatment. In particular,
inflammatory infiltration was cleared and synovial hyperplasia
was remarkably alleviated. The inflammation scores
(Figure 2B) are in agreement with the histological
observations (results of bone destruction score are not
shown), with CIA-induced rats showing the highest score.
With each treatment, the inflammation score was
significantly decreased (except for COR-M, where the
difference was not significant).

FIGURE 2 | Effect of drug treatment on joint tissue morphology and apoptosis. Sprague-Dawley rats were induced by CIA for 14 days and subjected to daily drug
administration at various doses for 20 consecutive days. (A) HE staining of the histopathology of joint tissues (scale bar, 50 μm). Eosinophils are indicated by black
arrows and lymphocytes are indicated by red arrows. (B) Evaluation of inflammation score from the images of HE staining. (C) TUNEL staining of joint tissue apoptosis.
Brown staining indicates apoptotic cells (scale bar, 50 μm). (D) Evaluation of the proportion of apoptotic cells from the images of TUNEL staining. All data are
expressed as themean ± standard deviation (n � 3 sections). *p < 0.05. Low,medium, and high doses of COR and PAEwere administered, but themedium doses (COR-
M and PAE-M) were selected as representatives for analysis. CIA: collagen-induced arthritis; COR: Cornus officinalis; PAE: Paeonia lactiflora; PF: paeoniflorin; UA: ursolic
acid; DEX: dexamethasone.
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Joint tissue apoptosis was examined by TUNEL staining after
the animals were sacrificed on day 34 (Figures 2C,D). In the
control rats, no apoptosis was detected in the joint tissues, but
untreated CIA-induced rats showed a substantial amount of joint
tissue apoptosis (approximately 70% of cells were apoptotic).
Upon treatment using COR or/and PAE, tissue apoptosis was
significantly suppressed compared to that in untreated CIA-
induced rats, but the difference between treatment groups was
not significantly. The individual active compounds paeoniflorin
and ursolic acid exhibited similar effects in suppressing the
apoptosis of joint tissues in CIA-induced rats, but the effect of
the positive drug DEX was the most evident among all drugs
tested.

Cornus Officinalis and Paeonia Lactiflora
Enhanced Anti-inflammatory Cytokine
Secretion and Anti-oxidant Defense in
CIA-Induced Rats
We then evaluated the effect of COR and PAE on the expression
of inflammatory and oxidative stress-related indicators in CIA-
induced rats. First, we examined the secretion of relevant
cytokines in the serum of CIA-induced rats (Figure 3A).
Compared to Control rats, CIA caused a significant increase in
the secretion of pro-inflammatory factors (TNF-α, IL-1β, and IL-
6) and a significant decrease in that of the anti-inflammatory
factor IL-10. Both COR and PAE exerted a dose-dependent effect

FIGURE 3 | Effect of drug treatment on inflammatory cytokine secretion and oxidative defense in CIA-induced rats. Sprague-Dawley rats were induced by CIA
for 14 days and subjected to daily drug administration at various doses for 20 consecutive days. (A) ELISA detection of the serum content of TNF-α, IL-1β, IL-6, and
IL-10. (B) Biochemical detection of the content of MDA, SOD, and NO in the serum and synovial tissues. All data are expressed as the mean ± standard deviation
(n � 3). *p < 0.05. Low, medium, and high doses of COR and PAE were administered, and dose response was analyzed. CIA: collagen-induced arthritis; COR:
Cornus officinalis; PAE: Paeonia lactiflora; PF: paeoniflorin; UA: ursolic acid; DEX: dexamethasone; MDA: malondialdehyde; SOD: superoxide dismutase; NO:
nitric oxide.
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on cytokine secretion, suppressing inflammation by
downregulating TNF-α, IL-1β, and IL-6 and upregulating IL-
10. The combination of COR and PAE also showed a dose-
dependent effect, but overall, the combined effect did not exceed
that of individual COR or PAE administration. The active
compounds paeoniflorin and ursolic acid seemed to exert
similar effects as that of the positive control drug DEX in
alleviating inflammatory response in CIA-induced rats. In
terms of oxidative stress, the levels of factors associated with
oxidative defense (MDA, SOD, and NO) were assessed in the
serum and synovial tissues of CIA-induced rats (Figure 3B). The
results showed that CIA induction led to a significant increase in
oxidative stress, as shown by the upregulation of MDA and NO
and the downregulation of the anti-oxidant SOD. Individual or
combined administration of COR and PAE exerted an anti-
oxidant effect, as demonstrated by the dose-dependent
decrease in the levels of MDA and NO and increase in the

level of SOD upon treatment. The active compounds
paeoniflorin and ursolic acid seemed to exert similar effects as
that of the positive control drug DEX in attenuating oxidative
stress.

Cornus Officinalis and Paeonia Lactiflora
Regulated Synovial Apoptosis in
CIA-Induced Rats
To evaluate the effect of COR and PAE in synovial apoptosis, we
examined the expression of relevant proteins in synovial tissues of
control and CIA-induced rats. In terms of apoptosis (Figure 4),
the expression of pro-apoptotic proteins Bax, cleaved caspase-3,
and cytochrome-c was significantly downregulated in synovial
tissues of CIA-induced rats compared to that in control rats.
Conversely, the expression of the anti-apoptotic Bcl-2 was
upregulated, collectively suggesting that synovial apoptosis was

FIGURE 4 | Effect of drug treatment on the expression of proteins associated with apoptosis in CIA-induced rats. Sprague-Dawley rats were induced by CIA for
14 days and subjected to daily drug administration at various doses for 20 consecutive days. Western blot detection and quantification of the expression of apoptosis-
related proteins (Bax, Bcl-2, cleaved caspase-3, and cytochrome-c) in synovial tissues. All protein expression was normalized to that of GAPDH as a housekeeping
control. All data are expressed as the mean ± standard deviation (n � 3). *p < 0.05. Low, medium, and high doses of COR and PAE were administered, and dose
response was analyzed. CIA: collagen-induced arthritis; COR: Cornus officinalis; PAE: Paeonia lactiflora; PF: paeoniflorin; UA: ursolic acid; DEX: dexamethasone;
GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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FIGURE 5 | Effect of drug treatment on the expression of proteins associated with mitochondrial function and AMPK signaling in CIA-induced rats. Sprague-
Dawley rats were induced by CIA for 14 days and subjected to daily drug administration at various doses for 20 consecutive days. (A) Western blot detection and
quantification of the expression of mitochondrial function-related proteins (Drp1, Drp1 phosphorylation at Ser616 and Ser637, MTFP1, andMFN2) in synovial tissues. (B)
Western blot detection and quantification of the expression of AMPK in its non-phosphorylated and phosphorylated form in synovial tissues. All protein expression
was normalized to that of GAPDH as a housekeeping control. All data are expressed as themean ± standard deviation (n � 3). *p < 0.05. Low, medium, and high doses of
COR and PAE were administered, and dose response was analyzed. CIA: collagen-induced arthritis; COR: Cornus officinalis; PAE: Paeonia lactiflora; PF: paeoniflorin;
UA: ursolic acid; DEX: dexamethasone; Drp1: dynamin-related protein 1; MTFN1: mitochondrial fission process protein 1; MFN2: mitofusin 2; AMPK: AMP-activated
protein kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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suppressed by CIA. Individual administration of COR or PAE in
CIA-induced rats appeared to promote synovial apoptosis in a
dose-dependent manner, and the combination of the two showed
the same trend. Ursolic acid exerted a greater effect than
paeoniflorin in affecting the expression of Bax and Bcl-2, but
there was no difference between their effect on cleaved caspase-3
and cytochrome-c expression. Taken together, the results suggest
that COR and PAE regulated apoptosis in synovial tissues of CIA-
induced rats in a dose-dependent manner, and combination
treatment exerted similar effects as those of individual treatment.

Cornus Officinalis and Paeonia Lactiflora
Promoted Mitochondrial Fission via AMPK
Pathway in CIA-Induced Rats
We next evaluated whether COR and PAE affected mitochondrial
dynamics in synovial tissues after CIA induction by examining
the expression of several mitochondria-related proteins
(Figure 5A). These proteins include MTFP1, which is
expressed as an indication of mitochondrial fission (Morita
et al., 2017), and MFN2, which is expressed as an indication
of mitochondrial fusion (Hu et al., 2020). We also looked at the
phosphorylation of Drp1 at serine 616 and serine 637 as
indications of mitochondrial fission activation and
deactivation, respectively (Ko et al., 2016; Roe and Qi, 2018).
Overall, the expression ofMTFP1 and the ratio of pDrp1 (Ser616/
Ser637) were significantly decreased in the synovial tissues of rats
with CIA compared to those in control rats, whereas the
expression of MFN2 was upregulated, signifying that
mitochondrial fission was inhibited and fusion was promoted
by CIA. This change was counteracted by drug treatment in CIA-
induced rats. Specifically, individual administration of COR or
PAE in CIA-induced rats promoted mitochondrial fission and
suppressed fusion, as demonstrated by the dose-dependent
increase in MTFP1 expression and pDrp1 (Ser616/Ser637)
ratio and the decrease in MFN2 expression. Furthermore, the
combination of the two showed the same trend, but the combined
effect did not seem to be much stronger than the individual effects
of the drugs. The active compounds ursolic acid and paeoniflorin
exerted stronger effects in promoting mitochondrial fission than
did individual or combined administration of COR and PAE, and
the effect of ursolic acid was overall stronger than that of
paeoniflorin at the administered doses.

The activation of AMPK is essential in facilitating
mitochondrial fission and maintaining mitochondrial function.
We examined the phosphorylation of AMPK in the synovial
tissue of CIA-induced rats and investigated the effect of COR and
PAE therein (Figure 5B). Both total and phosphorylated AMPK
expression were downregulated in synovial tissues after the rats
were induced by CIA. However, total AMPK expression and
AMPK phosphorylation were restored by COR and PAE, whether
administered individually or in combination, in a dose-
dependent manner. The respective active compounds ursolic
acid and paeoniflorin exerted even stronger effects in
promoting AMPK phosphorylation. The results indicate that
mitochondrial fission, which may contribute to mitochondrial
dysfunction and lead to synovial tissue apoptosis, was promoted

by drug administration. These findings are consistent with the
previous results on apoptosis and mitochondrial function.

To complement the results of western blot, we performed
transmission electron microscopy to observe mitochondrial
ultrastructure in synovial tissues (Figure 6). Mitochondria
were oval and showed normal morphology in the synovial
tissues of control animals, with clear and well-defined cristae.
In rats subjected to CIA, the synovial mitochondria were smaller,
their shape and structure were poorly defined, and cristae were
barely recognizable. Mitochondrial structure remained poorly
distinguishable upon COR-M treatment, but PAE-M seemed
to promote mitochondrial fission (marked with "Fi" pointing
to the junction where fission occurred) to a certain degree. When
the CIA-induced rats were treated with a combination of COR-M
and PAE-M, signs of mitochondrial fission became much clearer.
Paeoniflorin and the positive control drug DEX seemed to have
exerted the optimal effects in inducing mitochondrial fission, as
the shape and ultrastructure of the mitochondria most clearly
show a state of separation/division.

DISCUSSION

Traditional Chinese medicine has a history of treating
rheumatoid conditions for thousands of years. The "multi-
target" characteristics of traditional Chinese medicine have
unique advantages in the prevention and control of complex
diseases such as RA (Xia et al., 2020). The use of specific herbal or
plant-based compounds in traditional Chinese medicine can
alleviate symptoms and pathological damage and exert
synergistic healing effects when combined with western
medicine. Additionally, adverse reactions, drug resistance, and
recurrence rate are lowered. Through modern medical theories
and research methods (such as network pharmacology), Cornus
officinalis and Paeonia lactiflora Pall have been identified as
therapeutic candidates to treat RA. The findings of our study
revealed that Cornus officinalis and Paeonia lactiflora, as well as
their main active compounds ursolic acid and paeoniflorin,
respectively, reduced synovial hyperplasia and inflammatory
infiltration in joint tissues while promoting synovial apoptosis
in a rat model of CIA. Each treatment also exerted anti-
inflammatory and anti-oxidant defense by regulating the
secretion of relevant cytokines and protein indicators.
Furthermore, we demonstrated that the effects of the
abovementioned compounds were related to synovial
apoptosis, and that AMPK-mediated mitochondrial dynamics
was involved in this process. In particular, Cornus officinalis,
Paeonia lactiflora, ursolic acid, and paeoniflorin promoted
synovial apoptosis. We propose that this occurs as a result of
mitochondrial fission via enhanced activation of AMPK signaling
in CIA-induced rats.

Overall, the effects of the individual compounds ursolic acid
and paeoniflorin appeared to be stronger than those of Cornus
officinalis and Paeonia lactiflora, respectively. As mentioned
earlier, traditional Chinese medicine exerts multi-target
properties, meaning that each type of herb or prescription is
made up of a variety of biologically active compounds. Their role

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 63900910

Huang et al. Synovial Apoptosis in Rheumatoid Arthritis

18

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


and potency may differ and each active compound may target
different symptoms and biological anomalies. For example, some
compounds may be more effective in regulating energy
metabolism, while others may exert more potent effects
against oxidative stress. In our case, we focused on studying
ursolic acid and paeoniflorin, which are active compounds of
Cornus officinalis and Paeonia lactiflora, respectively, that have
previously shown strong anti-inflammatory and
immunomodulatory activity (Lee et al., 2017; Zhang and Wei,
2020). When administered alone, the anti-inflammatory and
immunomodulatory effects of ursolic acid and paeoniflorin are
accentuated compared to when they are administered as part of
an intricate complex of active compounds. In other words, their

anti-inflammatory and immunomodulatory effects are isolated
and concentrated, but as a component of Cornus officinalis and
Paeonia lactiflora, respectively, their therapeutic role may be
masked by other co-existing compounds. We suggest that this
is the reason why individual administration of ursolic acid or
paeoniflorin seemed to be more effective in alleviating RA than
Cornus officinalis and Paeonia lactiflora themselves in this study.
It is worth noting that we do not dismiss the utility and value of
other active compounds but only focused on inflammation and
immunomodulation here. The specific effects of other active
compounds of Cornus officinalis (such as malic acid and
loganin) and Paeonia lactiflora (such as albiflorin) will form
the basis of future studies.

FIGURE 6 | Transmission electron microscopy of mitochondrial morphology in synovial tissues. Sprague-Dawley rats were induced by CIA for 14 days and
subjected to daily drug administration at various doses for 20 consecutive days. Selected areas in the microscopic images were magnified to show details of
mitochondrial structure (scale bar, 500 nm). Arrows marked by “Fi” indicate areas where mitochondrial fission has occurred. Low, medium, and high doses of COR and
PAE were administered, but the medium doses (COR-M and PAE-M) were selected as representatives for analysis. CIA: collagen-induced arthritis; COR: Cornus
officinalis; PAE: Paeonia lactiflora; PF: paeoniflorin; UA: ursolic acid; DEX: dexamethasone.
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There is a delicate interplay between oxidative stress,
inflammation, and mitochondrial function that governs the
regulation of cellular apoptosis, which consequently affects a
host of other downstream cellular processes. In the course of
RA, fibroblast-like synoviocytes secrete a large number of pro-
inflammatory factors such as TNF-α, IL-1β, IL-6, IL-8, IL-17A,
and IL-23, which form a cytokine network to promote and
maintain inflammation of the synovial membrane (McInnes
and Liew, 2005). Neutrophils and activated macrophages
secrete ROS when they are stimulated by excessive production
of pro-inflammatory cytokines, making them a mediator of joint
damage (Seven et al., 2008; Wendt et al., 2015). The accumulation
of ROS may be one of the main causes of RA. Under oxidative
stress conditions, overgeneration of ROS leads to lipid
peroxidation and DNA fragmentation. This may cause
structural and functional modifications of cellular proteins and
extracellular components such as collagen and proteoglycans
through processes including oxidation and nitration (Nash and
Ahmed, 2015). In turn, the accumulation of oxidized cellular
components and degradation products may increase synovial
inflammation (Phull et al., 2018). In our study, Cornus officinalis
and Paeonia lactiflora, as well as their main active compounds,
inhibited inflammatory exacerbation and ROS generation in
CIA-induced rats. This is evidenced by the decreased secretion
of the pro-inflammatory factors TNF-α, IL-1β, and IL-6 and the
increase in the anti-inflammatory factor IL-10, as well as the
decreased secretion of pro-oxidative MDA and NO and the
increase in the anti-oxidative SOD. These results exhibited the
protective effects of the drugs against arthritic progression.

Mitochondria are the main source of cellular ROS and
impaired balance in mitochondrial dynamics may result in
cellular dysfunction, thereby leading to pathogenic
conditions. It has been shown that hypoxia-induced
mitochondrial dysfunction and oxidative damage cause
disruptions to cellular metabolism, in turn promoting
synovial invasiveness by exacerbating inflammatory response
(Fearon et al., 2016). Mutations in mitochondrial DNA have also
been identified as a pathological sign of RA (Da Sylva et al.,
2005). In the maintenance of mitochondrial homeostasis, the
AMPK signaling pathway plays an indispensable role by
facilitating mitochondrial fission and recycling (Rabinovitch
et al., 2017). Previously, ursolic acid has been shown to
exhibit anti-tumor effects against human bladder cancer by
activating AMPK signaling (Zheng et al., 2012), and
paeoniflorin demonstrated protective effects against ischemia/
reperfusion via AMPK activation (Wen et al., 2019). Herein, we
showed that Cornus officinalis and Paeonia lactiflora, as well as
their main active compounds, regulated apoptosis by
upregulating Bax, cleaved caspase-3, and cytochrome-c and
downregulating Bcl-2 via the activation of AMPK in CIA-
induced rats. These findings have critical implications in
elucidating the molecular basis of RA as they not only
establish the importance of apoptosis control in RA
development, but also point to AMPK as a potential
therapeutic target that could be applied in treatment schemes.

Our study is subject to several limitations that need to be
addressed in future research. Of primary interest are the specific

gene and protein targets of Cornus officinalis, Paeonia
lactiflora, ursolic acid, and paeoniflorin pertaining to RA,
which were not explored in this study. The identification of
such targets requires extensive investigation using tools such as
bioinformatics and network pharmacology, which will be
carried out as a follow-up. As the multi-target feature of
traditional Chinese medicine is one of its unique
characteristics, the effect of other active compounds of
Cornus officinalis and Paeonia lactiflora on RA may also
provide clues to their mechanisms of action. Bound by
restrictions in material acquisition and laboratory conditions,
we were unable to study compounds beyond ursolic acid
and paeoniflorin here, but other active compounds will form
the basis of future research. Additionally, the particular
involvement of the AMPK signaling pathway in RA
pathogenesis and the effect of ursolic acid and paeoniflorin
needs to be confirmed using inhibitors of AMPK. Finally, this
study lacks investigation on the effect of ROS and
mitochondrial dysfunction on energy metabolism in RA.
Future research will focus on this aspect and elucidate
whether Cornus officinalis and Paeonia lactiflora (as well as
their active compounds) also regulate energy metabolism to
ameliorate RA.

CONCLUSION

We showed here that Cornus officinalis, Paeonia lactiflora,
ursolic acid, and paeoniflorin exhibited clear therapeutic
effects against RA in an in vivo model of CIA. In particular,
the abovementioned drugs promoted synovial apoptosis,
favored mitochondrial fission, and enhanced the activation of
AMPK signaling in CIA-induced rats. Overall, the effects of
ursolic acid and paeoniflorin appeared to be stronger than those
of Cornus officinalis and Paeonia lactiflora, respectively. This
research highlights the potential of traditional Chinese medicine
in the discovery of new targets and development of treatment
strategies for RA, contributing to the advanced clinical
management of RA.
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Multicellular Intestinal Model for
Assessing Immunomodulatory
Properties of Anti-Inflammatory
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Intestinal inflammation is the collective term for immune system-mediated diseases of
unknown, multifactorial etiology, with often complex interactions between genetic and
environmental factors. To mechanistically investigate the effect of treatment with
compounds possessing immunomodulating properties in the context of intestinal
inflammation, we developed an immunocompetent in vitro triculture intestinal model
consisting of a differentiated intestinal epithelial layer (Caco-2/HT29-MTX) and
immunocompetent cells (differentiated THP-1). The triculture mimicked a healthy
intestine with stable barrier integrity. Lipopolysaccharide treatment triggered a
controlled and reversible inflammatory state, resulting in significant impairment of
barrier integrity and release of pro-inflammatory cytokines and chemokines, which are
known hallmarks of intestinal inflammation. Treatment with known anti-inflammatory
reference compounds (TPCA-1 and budenoside) prevented the induction of an
inflammatory state; the decreasing triculture responses to this treatment measured by
cytokine release, transepithelial electric resistance (TEER), and epithelial layer permeability
proved the suitability of the intestinal model for anti-inflammatory drug screening. Finally,
selected tobacco alkaloids (nicotine and anatabine (R/S and S forms)) were tested in the
in vitro triculture for their potential anti-inflammatory properties. Indeed, naturally occurring
alkaloids, such as tobacco-derived alkaloids, have shown substantial anti-inflammatory
effects in several in vitro and in vivo models of inflammation, gaining increasing interest.
Similar to the anti-inflammatory reference compounds, one of the tobacco alkaloids under
investigation partially prevented the decrease in the TEER and increase in permeability and
reduced the release of pro-inflammatory cytokines and chemokines. Taken together,
these data confirm that our in vitro model is suitable for screening potential anti-
inflammatory compounds in the context of intestinal inflammation.

Keywords: immune competent cells, inflamed intestine, nicotine, inflammatory bowel disease, intestinal
inflammation, in vitro co-culture, tobacco alkaloids, anatabine
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INTRODUCTION

The gastrointestinal tract is composed of an epithelial layer,
which is exposed to an overwhelming load of foreign antigens
arising from commensal microorganisms, dietary products, and
occasional pathogens (Tilg and Moschen, 2015). In the
physiological state, the gastrointestinal mucosa forms a unique
immunological environment in which tolerance to commensal
microbes and/or food antigens and specific immunity to
pathogens coexist in a fine-tuned immune equilibrium
(Schenk and Mueller, 2008; Honda and Littman, 2012; Tilg
and Moschen, 2015). When this tightly regulated immune
homeostasis becomes altered, pathological inflammation and
disruption of the epithelial barrier might occur (Peterson
et al., 2015). The resulting intestinal inflammation is becoming
increasingly relevant as one of the more commonly occurring
diseases in developed countries (Ng et al., 2017). The indications
range from irritable bowel syndrome to chronic inflammatory
conditions of the gut related to a combination of genetic,
environmental, and immunological factors that impact on
normal host–microbe interactions. (Abraham and Medzhitov,
2011; Kaistha and Levine, 2014; Atreya and Neurath, 2015;
Ramos and Papadakis, 2019). The etiology of intestinal
inflammation remains poorly understood; thus, development
of new approaches for predicting disease evolution and
personalized response to treatment are of primary clinical
relevance (Molodecky et al., 2012; Ponder and Long, 2013).
Although no unique cause has been determined for inflamed
intestine, environmental factors, including medication, stress,
diet, and smoking, are known to impact disease onset and
progression (Abraham et al., 2017).

Naturally occurring alkaloids derived from plants or medicinal
herbs gained much interest as a potential treatment against
inflamed intestine due to their significant antioxidant and
anti-inflammatory effect (Niu et al., 2015; Wu et al., 2018;
Peng et al., 2019). These natural derived bioactive compounds
can be sourced from living organisms, such as bacteria, fungi,
plants, and animals (Moreira et al., 2018). Plant-derived alkaloids
have been shown to possess anti-inflammatory properties as
demonstrated in animal models of disease, including
inflammatory bowel disease (IBD), a group of disorders
characterized by chronic inflammation of the gastrointestinal
tract (Niu et al., 2013; Chen et al., 2017; Ruiz Castro et al., 2020).
The positive effects of alkaloid have been linked to a modulation
of intestinal oxidative stress (Karatay et al., 2017; Rodrigues de
Carvalho et al., 2018), a strengthening of the epithelial barrier
function (Zhang et al., 2017), and a boost of gut microbiota
(Zhang et al., 2018).

Among the most studied plant-derived alkaloids are pyridine
alkaloids derived from the tobacco plant (Nicotiana tabacum)
(Saitoh et al., 1985). Nicotine—the major alkaloid in tobacco—as
well as all minor tobacco alkaloids have been shown to be
pharmacologically active (Clark et al., 1965). Nicotine is
addictive and not risk free. Minors, pregnant or breast-feeding
women, and people with heart disease, severe high blood pressure
or diabetes should not use tobacco or nicotine containing
products (McNeill et al., 2018). However, several in vitro and

in vivo studies that mimicked intestinal inflammation have
supported the notion of nicotine-dependent anti-inflammatory
effects (Cloëz-Tayarani and Changeux, 2007; McGilligan et al.,
2007; Verschuere et al., 2012; Hayashi et al., 2014), which might
be mediated by the activation of nicotinic acetylcholine receptors
(nAChR) and the consequent activation of cholinergic anti-
inflammatory pathways (Wang et al., 2003; Ulloa, 2005).
However, the contrasting results obtained by both in vivo and
clinical studies on the role of nicotine in the context of intestinal
inflammation (AlSharari et al., 2013; Gomes et al., 2018), as well
as the high frequency of nicotine-related adverse events observed
in those clinical studies (Lunney and Leong, 2012), triggered the
investigation of other minor tobacco-alkaloids (Olsson et al.,
1993; Bai et al., 2007; Paris et al., 2013a; Paris et al., 2013b).

To support the investigation of compounds with potential
anti-inflammatory properties in the gastrointestinal system, we
developed an immunocompetent in vitro intestinal model that
recapitulates the intestinal barrier and contains a functional
mucus layer and immunocompetent cells. Thus, we developed
a tri-culture model using the classical Transwell® configuration,
in which epithelial cells, such as Caco-2 and HT29-MTX, are
seeded in the apical compartment, while the immune cells, THP-
1, are added to the basolateral side.

The epithelial cell line Caco-2 has been the most widely used
intestinal cell line model for interrogating various endpoints,
including intestinal absorption, cell membrane permeability,
passive and active diffusion of drug molecules, and
inflammatory response (Hidalgo et al., 1989; Hillgren et al.,
1995; Cheng et al., 2008). Upon reaching full confluence,
Caco-2 cells spontaneously differentiate over the following 3 to
4 weeks of culture and form a polarized cell monolayer, which is
characterized by apical and basolateral membranes, tight
junctions, and a brush border with microvilli on the apical
side typical of human enterocytes (Chantret et al., 1988;
Hidalgo et al., 1989). To better replicate the in vivo physiology
of the intestine, we decided to coculture Caco-2 cells with a
mucus-producing cell line, the stable clone HT29-MTX
(Lesuffleur et al., 1990; Chen et al., 2010). Finally, to further
complete the model and increase its relevance for anti-
inflammatory compound assessment, we included the
monocytic cell line THP-1 because of its potential for
differentiation into macrophage- or dendritic cell-like cells.
Finally, we established the triculture by using the classical
Transwell® configuration, in which epithelial cells are seeded
in the apical compartment, while immune cells are added to the
basolateral side.

Although similar models have already been established
(Leonard et al., 2010; Kaulmann et al., 2016; Susewind et al.,
2016; Kampfer et al., 2017), we intended to design and obtain an
in vitro model characterized by i) less laborious cell culture
handling, ii) immune-to-epithelial cell pro-inflammatory
crosstalk, and iii) functional readouts. As a proof of concept,
after establishing and assessing the model with known anti-
inflammatory drugs, we evaluated the putative anti-
inflammatory effects of two well-known tobacco alkaloids,
namely nicotine and anatabine. Therefore, using our model,
we were able to investigate the crosstalk between intestinal
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epithelial cells and immune cells in the context of intestinal
inflammation and its response to natural derived compounds.

MATERIALS AND METHODS

Cell Lines
The human colon adenocarcinoma cell line Caco-2 (86010202,
Sigma, St. Louis, MO, United States) was cultured in Eagle’s
minimum essential medium (EMEM; 30-2003, ATCC, Manassas,
VI, United States)) supplemented with 10% fetal bovine serum
(FBS; 16140-071, Gibco, Gaithersburg, MD, United States), 1%
non-essential amino acids (NEAA; 11140-050, Life Tech,
Carlsbad, CA, United States), and 1% penicillin/streptomycin
(P4333, Sigma). The human colon cell line HT29-MTX-E16
(86010202, Sigma) was cultured in Dulbecco’s modified Eagle’s
medium (DMEM; D6546, Sigma) supplemented with 10% FBS
(16140-071, Gibco), 1% NEAA (11140-050, Life Tech), 1%
Glutamax (35050-061, Gibco), and 1% penicillin/streptomycin
(P4333, Sigma). The human acute monocytic leukemia cell line
THP-1 (Tib-202, ATCC) was cultured in Roswell Park Memorial
Institute (RPMI) 1640 (R0883, Sigma) supplemented with 10%
FBS (16140-071, Gibco), 1% Glutamax (35050-061, Gibco), and
1% penicillin/streptomycin (P4333, Sigma). The cells were tested
for mycoplasma contamination and found negative.

Triculture Assembly
Human Caco-2 and HT29-MTX cells (2 × 104 in total) were
seeded at a 9:1 ratio in 6.5-mm Transwell® with 0.4-µm pore
polyester membrane inserts (Costar #3470) and allowed to grow
and differentiate for 14 or 21 (depending on the aim of the
experiment) days after full confluence in DMEM (Earle’s
balanced salt solution) (M2279, Sigma) containing 2 mM
glutamine (G7513, Sigma), 1% NEAA, 10% heat-inactivated
FBS, and 1% penicillin/streptomycin. The culture medium
(200 μL in the apical and 700 μl in the basolateral
compartments) was replaced every 2 days. A day before the
Transwell® containing epithelial cells was moved into the well
containing THP-1 cells, the basolateral medium was replaced
with 400 µL of RPMI. THP-1 cells (2.4 × 105) were seeded in
600 µL of RPMI in 24-well plates and differentiated with 10, 20, or
40 ng/ml PMA (phorbol-12-myristate-13-acetate; P1585, Sigma)
for ∼65 h. The PMA was removed after differentiation, and the
cells were rested for 24 h. Then, the Caco-2/HT29-MTX-
containing Transwell® insert was added into the well, with a
basolateral medium volume of 400 µL. After assembly the
triculture was rested for 24 h in preparation for pro-
inflammatory induction and compound assessment.

Histological Analysis
Histological sections were obtained from cultures harvested on
day 12 of culture after the cells reached full confluence. The
cultures were processed in accordance with previously published
protocols (Iskandar et al., 2018; Zanetti et al., 2018). Briefly, the
cultures were washed three times with PBS (phosphate-buffered
saline; Merck, Darmstadt, Germany) and fixed for 2 h in 4% (w/v)
paraformaldehyde solution in PBS (Thermo Fisher Scientific).

After fixation, the cultures were washed three times in PBS and
bisected; the resulting two pieces were placed in cassettes and
processed with the Leica ASP300 S Tissue Processor (Leica
Biosystems Nussloch GmbH, Nussloch, Germany). The
processed cultures were embedded vertically and in parallel by
using the MEDITE TES Valida Tissue Embedding System
(MEDITE GmbH, Burgdorf, Germany), and 5-μm-thick
sections were cut by using a Leica RM2255 microtome (Leica
Biosystems Nussloch GmbH). The cut sections were mounted on
Superfrost™ Plus slides (Thermo Fisher Scientific) and
transferred to the Leica ST5020 automated stainer (Leica
Biosystems Nussloch GmbH) for staining with hematoxylin,
eosin, and Alcian blue. The stained slides were covered with
coverslips automatically by using the Leica CV5030 automated
coverslipper (Leica Biosystems Nussloch GmbH). Digital images
of the stained slides were generated by using the NanoZoomer 2.0
slide scanner (Hamamatsu Photonics, Hamamatsu, Japan) at ×40
magnification.

Immunofluorescence Staining
To detect goblet cells and tight junctions, we used antibodies
targeting Muc5Ac and ZO-1, respectively. The cultures were first
fixed with 4% (w/v) paraformaldehyde (Sigma, Saint Louis,
United States) for 15 min and then blocked for 1 h in a
blocking solution (0.5% Triton X-100, 5% normal goat serum,
and 2% bovine serum albumin; all reagents from Thermo Fisher
Scientific, Waltham, MA, United States) in 1× Dulbecco’s
phosphate-buffered saline (D-PBS; without calcium,
magnesium, or Phenol red; STEMCELL Technologies). The
cultures were stained with a Muc5AC antibody conjugated to
Alexa 550 (1:250, ab218714, Abcam) or a ZO-1 antibody (1:250,
339194, Thermofisher), diluted in D-PBS with 2% normal goat
serum (Thermo Fisher Scientific, Waltham, MA, United States)
and 1% bovine serum albumin (Thermo Fisher Scientific). Nuclei
were counterstained by using ProLong™ Diamond Antifade
Mountant with DAPI (4′,6-diamidino-2-phenylindole; Thermo
Fisher Scientific). Images were acquired with the CellInsight™
CX7 HCS platform (Thermo Fisher).

Chemicals
All compounds, including reference compounds, test
compounds, and pro-inflammatory inducers, used in the study
are reported in Supplementary Table S5.

TEER
Cellular transepithelial electric resistance (TEER) was measured
by using chopstick electrodes (STX-2) connected to an
EVOM_Epithelial Voltohmmeter (World Precision
Instruments, Berlin, Germany) after addition of 200 ml
medium to the apical side of the tissues.

WST-8 Cell Viability Assay
WST-8 bioreduction in single cell lines was measured by using
Cell Counting Kit-8 (CCK-8, Sigma #96992). WST-8 is
bioreduced by cellular dehydrogenases to an orange formazan
product that is soluble in tissue culture medium; the amount of
formazan produced is directly proportional to the number of
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living cells. WST-8 was added to the cells by diluting it 1:10 in the
volume of medium present in the wells (i.e., 10–100 µL medium
present in the 96-well plates for single cell lines, 20–200 µL
medium present in the apical compartment of Transwell®
inserts containing epithelial cocultures, or 40–400 µL medium
present in the basolateral compartment containing the THP-1 cell
part of the triculture). After 1 h of incubation at 37°C, 100 µL the
medium was transferred to a 96-well plate and measured for
absorbance at 450 nm by using a FluoStar Omega reader (BMG
Labtech GmbH, Ortenberg, Germany). A blank consisting of
WST-8 incubated with medium only was also added to the plate
and subtracted from the measured absorbance values recorded
from the samples.

Permeability
Permeability was assessed by using FITC (fluorescein
isothiocyanate)–dextran 4 kDa (FD4, Sigma-Aldrich) by
adding 200 µL of growth medium (MEM) containing 1 mg/ml
FD4 to the apical compartment. After a 1-h incubation at 37°C,
100 µl of basolateral medium was transferred to a 96-well plate
(Sterilin black microtiter plates, 611F96BK, Thermo Fisher).
Fluorescence intensity was measured at excitation and
emission wavelengths of 400 and 535 nm, respectively, by
using a FluoStar Omega reader. Fluorescence values from
known serial dilutions of FD4 (0–5 μg/ml) were used to
generate a standard curve. FD4 translocation from the apical
to basolateral compartments was quantified by interpolation of
fluorescence intensity values on the 4-parameter fit standard
curve obtained. A blank consisting of cell culture medium was
also added to the plate, and the corresponding values were
subtracted from the measured concentrations of all samples.
FD4 passage (in µg) was calculated by multiplying the values
obtained with the volume present in the basolateral compartment
(700 µl). Additionally, apparent permeability coefficient was
calculated by using the following equation:

Papp � (
dQ
dt

) × (
1

A × C0
)

defined as:
Papp � apparent permeability coefficient (cm/s)
dQ/dt [μg/s] � rate of appearance of FD4 on the

basolateral side
A � surface area of the monolayers
C0 [μg/ml] � initial FD4 concentration in the apical

compartment.
Fold change was calculated over the untreated control used as

reference. Subsequently, data were normalized by setting the fold-
change values of samples treated with only the inflammation
inducer as 100% (reference). A t-test was performed for
comparing cell cultures treated with the reference/test items as
well as the inflammation inducer with those treated with only the
inflammation inducer.

Cytokine Measurement
Secreted cytokines were measured in medium collected from cell
cultures treated with inflammation inducers or reference/test

items along with inflammation inducers at various time
points. Specific ELISA kits (interleukin (IL)-6, IL-8, tumor
necrosis factor (TNF) α, and IL-1β) from R&D systems were
used in accordance with the manufacturers’ instructions.

Statistical Analysis
This study consisted of an exploratory phase and a confirmation
phase, with the latter illustrated in Figures 4 and 5. Several
independent experiments were performed only for the
confirmation phase. For the exploratory phase, the technical
replicates, generally different wells in a culture plate, were
considered independently. Statistical differences between
conditions were determined by two-tailed t-tests. Statistical
equivalences between conditions were determined by two-one-
sided t-tests (TOST) with a magnitude of region of similarity of
±20%. Statistical trends were determined by a fitting linear model.
The p value for the linear model, t-test, and TOST were reported
with asterisks: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; not significant
(ns), p > 0.05. The t-test, linear model, and equivalence test were
performed in R 3.5.1 with the t.test and lm functions from the
stats package and the tost function from the equivalence package,
respectively.

Datasets, detailed protocols, and additional data visualizations
are available on the INTERVALS platform.

RESULTS

Establishment of Caco-2/HT29-MTX
Coculture and Evaluation of
Pro-Inflammatory Response
Caco-2 and HT29-MTX, seeded at a 9:1 ratio (Hilgendorf et al.,
2000; Chen et al., 2010), were cocultured over a period of 32 days
and monitored for barrier integrity by evaluating the increase in
TEER. TEER values reached a maximum of ∼900Ω*cm2 12 days
after the cells reached full confluence (approximately 3 days after
seeding), after which they remained stable in the range of
700–900Ω*cm2 up to day 26 (Supplementary Figure S1A).
Muc5AC and ZO-1 staining confirmed the presence of
functional mucus-secreting HT29-MTX cells and
establishment of tight junctions, respectively (Supplementary
Figure S1B). Additionally, longitudinal slices were stained with
hematoxylin, eosin, and Alcian blue for histological examination
(Supplementary Figure S1C).

We first evaluated the effects of different pro-inflammatory
inducers and the route of administration over 24 h after 21 days
of maturation of the coculture. In particular, single
concentrations of TNFα, IL-1β, and lipopolysaccharide (LPS)
were added either apically or basolaterally on day 22, and TEER,
membrane permeability, and basolateral IL-8 release were
measured as pro-inflammatory readouts. Interestingly, none of
the apical treatments affected membrane integrity, as no changes
were observed in TEER (Supplementary Figure S2A) or
membrane permeability (Supplementary Figure S2B) relative
to the untreated control. IL-8 release, however, was increased
when TNFα or IL-1β was applied apically (Supplementary
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Figure S2C). On the other hand, a marked decrease in
TEER (Supplementary Figure S2D) together with an increase
in membrane permeability (Supplementary Figure S2E)
and IL-8 release (Supplementary Figure S2F) were observed
when the coculture was treated basolaterally with TNFα.
In contrast, basolateral IL-1β treatment showed only a weak
effect on TEER and IL-8 release and no effect on
membrane permeability (Supplementary Figures S2D,F,E,
respectively). Of note, as previously documented, LPS
treatment had no effect on any of the three readouts in the
cells (Abreu et al., 2001).

Although the generally accepted Caco-2 differentiation period
is 21 days (Sambuy et al., 2005; Leonard et al., 2010; Pereira et al.,
2015; Susewind et al., 2016), we evaluated the possibility of
shortening the coculture incubation period from 21 to 14 days
(Antunes et al., 2013) and still maintain an equivalent pro-
inflammatory response. Differentiated Caco-2/HT29-MTX
cocultures on day 14 or 21 were basolaterally treated with

different concentrations of TNFα (5, 25, or 100 ng/ml) for
24 h. TNFα cause a dose-dependent decrease in TEER
(Figures 1A,B) and increase in permeability (Figure 1C) and
IL-8 release (Figures 1D,E), independent of the age of the
coculture/duration of coculture maturation (Figures 1A,B).
Upon removal of the pro-inflammatory stimulus, we also
observed a time-dependent increase in TEER over the
following 5 days.

We also tested a protocol involving two consecutive cycles
of inflammatory induction and recovery on days 14 and 21.
Thus, the Caco-2/HT29-MTX coculture treated on day 14 was
further treated on day 21 with the same TNFα concentrations
for an additional 24 h (Figure 1B). The dose–response
outcomes of inflammatory induction on days 14 and 21
were similar in terms of TEER and permeability. However,
the coculture appeared to be more resistant to the second
stimulus, as the magnitude of effects on TEER and
permeability was lower (Figures 1B–E).

FIGURE 1 | Single and repeated Caco-2/HT29-MTX pro-inflammatory induction after days 14 and 21. TEER (A,B), permeability (C), and IL-8 release (D,F) in a
differentiated Caco-2/HT29-MTX coculture basolaterally treated with different concentrations of TNFα (0–100 ng/ml) on day 21 (single) or days 14 and 21 (repeated).
Each inflammatory stimulus (red dashed line) was left for up to 24 h; this was followed by a recovery period of up to 120 h without an inflammatory inducer. TEER values
are represented in percentage; zero-hour treatment was used as reference (100%). Permeability is expressed as fold change over the untreated control (CTL). Data
are presented as the average of three technical replicates with the corresponding standard deviations (n � 1; m > 3). On the day at the end of the simulation and the last
day recorded, statistical differences between the control without TNFα and each of the three concentrations of TNFα were determined by a two-tailed t-test, *p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001; ns, p > 0.05. Equivalence comparisons and linear regression analysis are provided inSupplementary Tables S1 and S2. Abbreviations: TEER,
transepithelial electrical resistance; TNF, tumor necrosis factor; CTL, control.
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Finally, a medium compatibility test was performed with a
view toward assembly of the final triculture with THP-1 cells. The
coculture medium (DMEM) in the basolateral compartment was
fully replaced with THP-1 cell culture medium (RPMI) on day 12,
and the effects on coculture monolayer integrity were evaluated
by TEER measurement over the following 72 h. The medium
switch did not cause any significant difference in TEER
(Supplementary Figure S3).

Taken together, these results suggest that shortening the Caco-
2/HT29-MTX coculture differentiation period from 21 to 14 days
enables repeated pro-inflammatory treatment without affecting
epithelium integrity or inflammatory response. Finally, in
contrast to previous suggestions (Kampfer et al., 2017), the
epithelial coculture can be fully switched to RPMI medium
without any effect on coculture physiology in terms of tissue
barrier integrity.

THP-1 Differentiation Protocol
Previous studies have described several different THP-1
differentiation protocols, with great variation in PMA
concentration, treatment duration, and inclusion or omission of
resting period (Daigneault et al., 2010; Maess et al., 2014; Lund
et al., 2016). To optimize laboratory timing and workload, we
optimized a THP-1 differentiation protocol for over-the-weekend
induction (∼65 h), thereby creating awider timewindow for triculture
assembly and compound assessment. Cells were seeded in a 24-well
plate by adapting previous internally established 96-well plate format
conditions (20,000 cells/well in 100 µl). In particular, 12 × 104 cells
were seeded in 600 µl of cell culture medium. Before stimulation of
differentiated THP-1 cells with a pro-inflammatory inducer for an
additional 24 h, a combination of different concentrations of PMA

(10, 20, and 40 ng/ml) and post-differentiation resting times (24 and
48 h) were evaluated to assess the release of IL-8 and TNFα. LPS
(10 ng/ml) was chosen as the pro-inflammatory inducer because LPS
treatment had no effect on Caco-2/HT29-MTX cocultures
(Supplementary Figures S2D–F), and, therefore, any effect on the
epithelial coculture would be due to activation of the immune cells.

Increasing PMA concentrations caused a dose-dependent
increase in both IL-8 and TNFα release by THP-1 cells (Figures
2A,B). PMA removal and 24 h of resting were required to obtain a
significant decrease in the levels of both mediators; an additional 24-
h rest did not result in any further decrease in IL-8 or TNFα levels.
LPS treatment after 24 or 48 h of resting induced increased levels of
IL-8 and TNFα release relative to untreated rested controls (Figures
2C,D). Interestingly, TNFα release was higher when a 48-h resting
time was applied after stimulation with PMA (Figure 2D).

Taking into account the results of the LPS dose–response
analysis, it was interesting to see that 48 h of resting was beneficial
for achieving a greater pro-inflammatory response (Figure 2D).
This aspect fitted well the concept of allowing 24 h of stabilization
upon triculture assembly. In addition, we decided to exclude the
differentiation with 40 ng/ml, as we observed no further increase
in cytokines release relative to 10 or 20 ng/ml.

In order to choose the most appropriate condition for THP-1
maturation, differentiation with both 10 and 20 ng/ml PMA was
further assessed in the context of the assembled triculture response.

Coculture Assembly and Pro-Inflammatory
Induction
THP-1 cells (12 × 104) differentiated with 10 or 20 ng/ml PMA
and rested for 24 h were assembled in a triculture with the Caco-

FIGURE 2 | Effects of different PMA concentrations on THP-1 post-differentiation cytokine release. (A) IL-8 and (B) TNFα release by THP-1 cells differentiated for
65 h with increasing concentrations of PMA (10, 20, and 40 ng/ml) and rested for 24 or 48 h after PMA removal. (C) IL-8 and (D) TNFα release by THP-1 cells
differentiated with increasing concentrations of PMA (10, 20, and 40 ng/ml) for 65 h, rested for 24 or 48 h after PMA removal, and treated with 10 ng/ml LPS for 24 h.
Data are presented as the average of three technical replicates with corresponding standard deviation. Statistical differences were calculated between the 65-h
induced sample and the rested samples (A,B) or between LPS-treated and untreated cultures (C,D) by means of two-tailed t-tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;
ns, p > 0.05 (A,B). Equivalence comparisons and linear regression analysis are provided in Supplementary Tables S3 and S4. R24h � cells rested for 24 h; R48h �
cells rested for 48 h. Abbreviations: PMA, phorbol 12-myristate.
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2/HT29-MTX coculture on day 13, and the stability of the
triculture was evaluated by TEER and permeability
measurement. Neither endpoint decreased over the following
72 h (Supplementary Figures S4A,B). Following addition of a
single concentration of LPS (10 ng/ml) to the basolateral side 24 h
after triculture assembly, only small changes in TEER were
observed in the subsequent 24 or 48 h (Supplementary Figure
S5A), with no sign of increased permeability (Supplementary
Figure S5B). These results confirmed that both concentrations of
PMA were suitable for obtaining a stable triculture under pro-
inflammatory induction.

However, they also suggested that the pro-inflammatory
induction was not sufficient to affect the epithelial monolayer,
thus reducing the applicability of these conditions for anti-
inflammatory compound screening. This weak effect could be
related to the levels of the released cytokines (Supplementary
Figure S5B), especially TNFα, which is known to be the main
factor responsible for the pro-inflammatory effects on the
epithelial layer. To overcome these limitations and obtain a
higher concentration of secreted TNFα, we first decided to
decrease the cell culture medium volume in the basolateral
compartment from 600 to 400 μl. Then, while assessing both
concentrations of PMA (10 and 20 ng/ml), we also evaluated a
higher number of THP-1 cells (24 × 104). All selected conditions
were assessed in the presence of the same previously tested pro-
inflammatory stimulus (10 ng/ml LPS). Decreasing cell culture
medium volume alone was not sufficient to induce an increase in

epithelial layer permeability, because it only caused a decrease in
TEER, as in the previous evaluation (Figures 3A,B).
Differentiation of 2.4 × 105 THP-1 cells in combination with
20 ng/ml PMA treatment appeared to be the most effective
condition, as it caused the greatest decrease in TEER
(Figure 3E) and increase in membrane permeability
(Figure 3F). This combination also showed the highest level
of cytokine release (Figures 3G,H).

With the conditions for triculture assembly (Figure 4) and
proinflammatory induction defined, we continued by evaluating
the suitability of the assay protocol for assessing anti-
inflammatory properties by using known reference
compounds. To this end, we chose budesonide and TPCA-1,
because the former represents an effective drug that leads to
remission in a subset of UC patients, while the latter is a known
nuclear factor (NF)-κB pathway inhibitor.

Reference Compound Assessment
The triculture was pretreated on the basolateral side for 6 h with
different concentrations of selected reference
compounds—TPCA-1 (0–10 µM) and budesonide
(0–10 nM)—before addition of the pro-inflammatory stimulus
(10 ng/ml LPS). After an additional 18 h (24-h time point) of
incubation, TEER and monolayer permeability were assessed to
evaluate epithelial monolayer integrity. In addition, IL-8 and
TNFα release into the basolateral compartment was quantified,
and cell viability was evaluated byWST-8 bioreduction separately

FIGURE 3 | Effect of pro-inflammatory stimulation on optimized triculture. Pro-inflammatory effect of 10 ng/ml LPS added basolaterally to a triculture containing
(A–D) 12 × 104 and (E–H) 24 × 104 THP-1 cells in 400 µl of cell culture medium in the basolateral compartment. (A,E) TEER (B,F) membrane permeability, and
(C,D,G,H) cytokine release (IL-8 and TNFα, respectively) of the triculture. For each THP-1 seeding condition, different PMA concentrations (10 and 20 ng/ml) were tested
for optimizing the triculture response. TEER values are represented in percentage; zero-hour treatment was used as the reference (100%). Permeability is
expressed as fold change over the untreated control without LPS. Data are presented as the average of three technical replicates with the corresponding standard
deviations. Statistical differences between the LPS- and PMA-treated cultures and the control culture without the compounds (with 12 × 104 THP-1 cells) were
determined by a two-tailed t-test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, p > 0.05. Abbreviations: PMA, phorbol 12-myristate; TNF, tumor necrosis factor; IL, interleukin;
CTL, control.
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in Caco-2-HT29-MTX cocultures and THP-1 cells
(Supplementary Figure S6).

Both TPCA-1 and budesonide, when compared against the
LPS-treated-only control, induced dose–response changes in the
investigated inflammation-related endpoints—that is, TEER and
permeability—in the context of the epithelial monolayer.
Pretreatment with these anti-inflammatory compounds
prevented the LPS-induced effects on both TEER and
membrane permeability (Figures 5A,B). The effects in the
immune cell compartment appeared to be stronger upon pre-
exposure to budesonide. In fact, the levels of both investigated
cytokines were decreased in a dose-dependent manner
(Figure 5D). On the other hand, treatment with TCPA-1
resulted in a decrease in TNFα levels only (Figure 5C).
Finally, the absence of cytotoxicity in both cell compartments
(apical: Figures 5A,B; basolateral: Figures 5C,D) proved the
suitability of the established anti-inflammatory protocol for
measuring the efficacy of anti-inflammatory compounds in a
specific way.

Alkaloid Assessment
Using the approach developed and verified with the reference
compounds (Supplementary Figure S4), we assessed the anti-
inflammatory properties of known tobacco alkaloids such as
nicotine and anatabine. Of note, anatabine was tested as a
citrate salts in both racemic (R/S) and S forms. Although the
anti-inflammatory effects of nicotine have been previously
described (Wang et al., 2003; de Jonge et al., 2005; Cloëz-
Tayarani and Changeux, 2007), we observed no such effect
within the concentration range tested in this study (Figures
6A,D). Unlike nicotine, racemic anatabine showed
concentration-dependent effects on both epithelial membrane
integrity and TEER (Figure 6B). The observed effect is most
likely due to an anti-inflammatory effect exerted on THP-1 cells,
as evident from the decrease in cytokine release (Figure 6E). The
S form exhibited comparable anti-inflammatory effects to those

of the racemate. Nonetheless, S form-mediated effects appeared
to be unspecific because the S form also induced greater
cytotoxicity in the immune cells (Figures 6C,F). It is, in fact,
reasonable to believe that the observed phenotype was caused by
the decreased viability and functionality of the THP-1 cells.
Comparison of the results of the racemic (R/S) and S forms of
anatabine suggests that the R form is most likely less toxic and
more specific with regard to anti-inflammatory effects.

DISCUSSION

In the present study, we established a biologically relevant
intestinal in vitro system for assessing the potential anti-
inflammatory effects of immunomodulating natural
compounds. We leveraged previously established and
published in vitro models (Ponce de León-Rodríguez et al.,
2018) in which different intestinal epithelial cells were cultured
in the presence or absence of immunocompetent cells. Although
most features of the adaptive immune response are beyond the
scope of current in vitro models, the features of innate immune
response can be mimicked.

Although not fully representative of the true physiology of
cells in their original tissues, immortalized cell lines still represent
an adequate solution for profiling therapeutically active
compounds. In fact, compared to primary cells, cell lines are
characterized by an extended lifespan while still retaining some of
their key functional features. The use of cell lines also offers the
advantage of decreased experimental variability in screening
approaches. For these reasons we selected the most commonly
used epithelial cells, namely Caco-2 cells, complemented with
mucus-secreting HT29-MTX cells (Huet et al., 1987; Lesuffleur
et al., 1990) to better resemble the in vivo tissue counterpart.
Caco-2 cells can respond to various cytokines or chemokines
secreted by immune cells by modulating their membrane
permeability, thus further amplifying or attenuating the

FIGURE 4 | Schematic representation of the triculture assembly protocol.
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inflammatory process (Jung et al., 1995; Panja et al., 1998;
Bruewer et al., 2005; Weglarz et al., 2007; Hollebeeck et al.,
2012; Rodriguez-Ramiro et al., 2013). Altogether, these
features make Caco-2 cells one of the most accepted in vitro
models of human enterocytes currently available.

Furthermore, the presence of mucus—secreted by HT29-
MTX—in the cell system is essential for estimating intestinal
permeability and adsorption (Mahler et al., 2009). In fact, it acts
as a barrier against certain compounds, particularly those that are
lipophilic (Behrens et al., 2001), preventing easy access of highly
diffusible small molecules (Artursson et al., 2001). In the
intestinal mucosa, the close localization of epithelial cells with
immune cells with the ability to differentiate into macrophages or
dendritic cells has prompted the hypothesis that their interactions
are paramount for tissue homeostasis and, in some instances,
might promote inflammation (Vitale et al., 2016). Consequently,
we selected the monocyte-like cell line THP-1 for the immune

component because of its capacity to be differentiated into
macrophage- or dendritic cell-like cells.

Of note, the above-described characteristics do not allow us to
exactly define which part of the intestine, small or large, this in vitro
intestinal system may represent. In fact, although the differentiated
Caco-2 cells form a polarized epithelial cellmonolayer that resembles
the enterocytes lining the small intestine, they have been shown to
express both enterocyte and colonocyte genes (Grasset et al., 1984;
Engle et al., 1998). Moreover, the presence of HT29-MTX cells
further complicates the search for a definition, which may ultimately
be considered forced. In fact, on the one hand, the HT29-MTX cells
decrease the overall tightness of the monolayer, again pushing the
model toward a small intestinal system (Hilgendorf et al., 2000); on
the other hand, acting as goblet cells and being present at a fairly
abundant level (9:1 ratio) (Hilgendorf et al., 2000; Chen et al., 2010),
the HT29-MTX cells may better represent a condition closer to that
in the large intestine. Thus, a more accurate and deeper

FIGURE 5 | Reference item assessment and verification of the anti-inflammatory protocol. Tricultures were treated basolaterally with increasing concentrations of
(A,C) TPCA-1 and (B,D) budesonide for 6 h and subsequently stimulated with 10 ng/ml LPS for 18 h. TEER, epithelial layer permeability, cell viability of differentiated
Caco-2/HT29-MTX cells (A,B) and cytokine release and cell viability of differentiated THP-1 cells (C,D) were measured. TEER values are normalized to control (CTL;
100%) and LPS treatment (0%). Permeability is normalized by using LPS treatment as reference (100%). Basolateral IL-8 and TNFα release are expressed as
percentage of control (cells treated with LPS only; CTL; 100%). Cell viability values of Caco-2-HT29-MTX cocultures and THP-1 cells are expressed as percentage of
control (cells treated with LPS only, CTL; 100%). n � 3 independent experiments. Statistical differences between reference compound-treated vs. LPS-treated-only
cultures were determined by a two-tailed t-test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, p > 0.05. Abbreviations: LPS, lipopolysaccharide; TEER, transepithelial electrical
resistance; TNF, tumor necrosis factor; IL, interleukin.
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characterization of the model at both molecular and physiological
levels is necessary to clearly define it.

The triculture was generated with a dual-compartment geometry
by using a Transwell® system, where the epithelial compartment is
cultured on the apical side, and the immunocompetent cells are
seeded on the basolateral side. The triculture assembly and stimulus
protocol developed in this study allowed us to produce an in vitro
model characterized by several advantages: i) less laborious cell culture
handling, which did not require adaptation of cell culturemedium, use
of extracellular matrix, or pro-inflammatory cell priming; ii) direct
immune-to-epithelial cell pro-inflammatory activation, as the selected
pro-inflammatory stimulus selectively activated the immune cells,
which further extended the effect to the epithelial component; iii) a set
of functional readouts that well recapitulate the in vivo phenotype; and
iv) feasibility for multiple cycles of pro-inflammatory stimulus for
assessing repeated treatment.

We also proved the suitability of the model for use as a screening
tool for anti-inflammatory compounds by assessing two known anti-
inflammatory drugs, both of which successfully prevented LPS-
induced pro-inflammatory effects in a dose-dependent manner.
The model also allowed further characterization of known tobacco

alkaloids, such as nicotine and anatabine, which have previously been
shown to have anti-inflammatory abilities in animal models of
intestinal diseases (Paris et al., 2013b; Zabrodskii et al., 2015;
Maruta et al., 2018). Several studies have reported nicotine-
dependent anti-inflammatory effects in animal models of IBD
(Maruta et al., 2018). In Caco-2 cells, nicotine has been shown to
up-regulate the expression of the tight junction proteins occludin and
claudin-1, and improve barrier function, followed by anatabine and
the primary metabolite of nicotine cotinine, although to a lower
extend (McGilligan et al., 2007). Conversely, nicotine showed no such
effects in our in vitro intestinal model, highlighting the importance of
using in vitro models that replicate key features of the intestinal
mucosa for compound testing. On the other hand, the administration
route of nicotine in vivo models (i.e., oral administration,
subcutaneous injection) plays a crucial role in the potential anti-
inflammatory effects of nicotine in intestinal inflammation (AlSharari
et al., 2013) therefore we might have not been able to capture the full
potential of nicotine with our model as nicotine dissemination
through the blood stream, intestinal absorption, or gastrointestinal
metabolism might play a crucial role in nicotine bioavailability and
anti-inflammatory effects in the gut.

FIGURE 6 | Test item assessment. Tricultures were treated basolaterally with increasing concentrations of (A,D) nicotine (B,E) (R/S)-anatabine, or (C,F) (S)-
anatabine for 6 h and subsequently stimulated with 10 ng/ml LPS for 18 h. TEER, epithelial layer permeability, cell viability of differentiated Caco-2/HT29-MTX cells (A–C)
and cytokine release and cell viability of differentiated THP-1 cells (D–F) were measured. TEER values are normalized to control (CTL; 100%) and LPS treatment (0%).
Permeability is normalized by using LPS treatment as the reference (100%). Basolateral IL-8 and TNFα release are expressed as percentage of control (cells treated
with LPS only; CTL; 100%). Cell viability values of Caco-2–HT29-MTX cocultures and THP-1 cells are expressed as percentage of control (cells treated with LPS only;
CTL; 100%). n � 3 independent experiments. Statistical differences between the reference compound-treated vs. LPS-treated-only cultures were determined by a two-
tailed t-test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, p > 0.05. Abbreviations: LPS, lipopolysaccharide; TEER, transepithelial electrical resistance; TNF, tumor necrosis
factor; IL, interleukin; CTL, control.
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Of note, other minor tobacco alkaloids, nAChR agonists
as well, were also suggested as having potential anti-
inflammatory effects (Olsson et al., 1993; Bai et al., 2007;
Alijevic et al., 2020; Ruiz Castro et al., 2020). Among these,
the alkaloids anatabine and cotinine have displayed protective
effects in animal models of inflammatory conditions, including
Alzheimer’s disease (Paris et al., 2011), Parkinson’s disease
(Barreto et al., 2014), sepsis (Zabrodskii et al., 2015), and IBD
(Bai et al., 2007; Ruiz Castro et al., 2020). Our results on
anatabine are thus substantiated by the findings of previous
studies that have demonstrated the anti-inflammatory effects
of anatabine in in vivo disease models, indicating that this
pyridine alkaloid might be a potential candidate for
development of anti-inflammatory therapies (Paris et al.,
2011; Paris et al., 2013b).

In summary, our results show that our in vitro triculture intestinal
model exhibits mucosal immune responses and stable barrier
function analogous to those in vivo and is suitable for screening
compounds with anti-inflammatory properties. By capturing the key
features of intestinal inflammation, this in vitro tool provides a
means to investigate immunomodulating therapeutic intervention of
the inflamed intestine.
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Xiao-Yin-Fang Therapy Alleviates
Psoriasis-like Skin Inflammation
Through Suppressing γδT17 Cell
Polarization
Xilin Zhang1,2,3†, Xiaorui Li 4†, Youdong Chen2,5†, Bingjie Li 1,2, Chunyuan Guo1,2, Peng Xu2,5,
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1Department of Dermatology, Shanghai Skin Disease Hospital, School of Medicine, Tongji University, Shanghai, China, 2Institute
of Psoriasis, School of Medicine, Tongji University, Shanghai, China, 3Department of Dermatology, Changhai Hospital, Second
Military Medical University, Shanghai, China, 4Department of Dermatology, Longhua Hospital, Shanghai University of Traditional
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Psoriasis is an immune-mediated chronic inflammatory skin disease primarily mediated by
the activation of interleukin (IL)-17-producing T cells. Traditional Chinese Medicine (TCM)
represents one of the most effective complementary and alternative medicine (CAM)
agents for psoriasis, which provides treasured sources for the development of anti-
psoriasis medications. Xiao-Yin-Fang (XYF) is an empirically developed TCM formula
that has been used to treat psoriasis patients in Shanghai Changhai Hospital for over
three decades. Imiquimod (IMQ)-induced psoriasis-like dermatitis mouse model was
utilized to investigate the therapeutic effects of XYF by the assessment of disease
severity and skin thickness. Flow cytometric assay was performed to explore the
influence of XYF on skin-related immunocytes, primarily T cells. And, RNA sequencing
analysis was employed to determine the alternation in gene expression upon XYF therapy.
We discovered that XYF alleviated psoriasis-like skin inflammation mainly through
suppressing dermal and draining lymph-node IL-17-producing γδT (γδT17) cell
polarization. Moreover, XYF therapy ameliorated the relapse of psoriasis-like dermatitis
and prohibited dermal γδT cell reactivation. Transcriptional analysis suggested that XYF
might regulate various inflammatory signaling pathways and metabolic processes. In
conclusion, our results clarified the therapeutic efficacy and inner mechanism of XYF
therapy in psoriasis, which might promote its clinical application in psoriasis patients and
facilitate the development of novel anti-psoriasis drugs based on the bioactive
components of XYF.
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INTRODUCTION

Psoriasis is a common, recurrent inflammatory skin disease, which
can be triggered in genetically susceptible individuals by diverse
etiological factors, including infection, stress, trauma, medication,
tobacco, and alcohol consumption (Schleicher, 2016). Men and
women are evenly affected at all ages with an estimated prevalence
of psoriasis in adults and children ranging between 0.51 to 11.43%
and 0–1.37%, respectively, (Michalek et al., 2017). Psoriasis and its
associated comorbidities massively influence the physical and
mental health of psoriasis patients, which bring about heavy
socioeconomic burdens (Pilon et al., 2019).

Psoriasis is clinically characterized by erythematous plagues
covered with lamellar silver scales, which pathological features
involve abnormal keratinocyte proliferation and immune cell
infiltration. The interplay between T lymphocytes, dendritic
cells (DC) and keratinocytes, forming a self-perpetuating loop
to amplify cutaneous inflammation, has been well described in
psoriasis formation (Diani et al., 2015). During the process, the
activation of interleukin (IL)-17-producing T cells, mainly
including T helper 17 (Th17) cells and IL-17-producing γδT
(γδT17) cells, play an essential role in the pathogenesis of
psoriasis (Cai et al., 2013; Casciano et al., 2018).

The management of psoriasis comprises a variety of local and
systemic therapies, involving phototherapy, retinoids,
corticosteroids, vitamin D3 analogues, immunosuppressants, and
recently emerged biologics targeting inflammatory factors, especially
IL-17 (Kim and Krueger, 2017). Nevertheless, anti-psoriasis
treatments are inevitably accompanied by adverse effects, such as
irritation, skin atrophy, impaired hematopoiesis, visceral dysfunction
and compromised immune function (Rapalli et al., 2018). A recent
survey discovered that around half of the patients treated with oral
therapy or biologics discontinued medication due to lack or loss of
efficacy, tolerability reasons and safety issues, which signified that
treatment dissatisfaction hindered the optimal care of psoriasis
patients (Lebwohl et al., 2014). Hence, there is an urgent need to
develop novel strategies and medicines for psoriasis management.

Complementary and alternative medicine (CAM) represents a
group of various medical systems, practices, and products beyond
conventional Western medication. Up to 62% of patients with
psoriasis replaced or supplemented conventional therapies with
CAM owing to their fewer side effects (Magin et al., 2006;
Damevska et al., 2014; Murphy et al., 2019). The commonly
utilized CAM for psoriasis includes Traditional Chinese Medicine
(TCM), botanical therapy, vitamin supplement, dietary change, and
behavioral intervention. Despite limited published evidence, TCM
appeared to be the most effective CAM agent (Farahnik et al., 2017).
TCM generally exploits topical or oral formulations, which are the
mixtures of herbal, animal and/or mineral substances, and physical
therapeutics, primarily including acupuncture and massage.
Psoriasis was firstly recorded in the Treatise on the Causes and
Manifestations of Diseases of Chinese Sui dynasty (581-618 CE) and
has been efficaciously handled with TCM in China for over a
thousand years. Therefore, TCM provides treasured sources for
the development of anti-psoriasis medications.

Xiao-Yin-Fang (XYF), which is composed of Isatis tinctoria L.,
Scutellaria baicalensis Georgi, Salvia miltiorrhiza Bunge, Sophora

flavescens Aiton, and Rheum officinale Baill., represents an
empirically developed formula that originates from Doctor
Ming Chen and Doctor Jun Gu. XYF has been prescribed to
treat psoriasis patients for over three decades in Shanghai
Changhai Hospital, which therapeutic efficacy has been proven
by clinical research (Zhang et al., 2008; Wang et al., 2012b). Our
previous research has shown that XYF decoction combined with
calcipotriol ointment repressed peripheral T cell secretion of IL-
17 in patients with psoriasis (Wang et al., 2012a). However, the
pharmacological effect and underlying mechanism of XYF in the
treatment of psoriasis remained unclear.

In this study, we utilized imiquimod (IMQ)-induced psoriasis-
like dermatitis mouse model to explore the therapeutic effect of
XYF and its impact on the immune functions of conventional Th
and γδT cells. We discovered that XYF alleviated psoriasis-like
skin inflammation mainly through suppressing dermal and
draining lymph-node (LN) γδT17 cell polarization. Moreover,
XYF therapy ameliorated the relapse of psoriasis-like dermatitis
and prohibited dermal γδT cell reactivation.

MATERIALS AND METHODS

Mice
C57BL/6J mice were purchased from LINGCHANG Biotech
(Shanghai, China), which were bred and maintained in specific
pathogen-free (SPF) units with controlled temperature (22 ±
2°C), relative humidity (50 ± 5%), artificial light (12 h light/
dark cycle) and free access to food/water in the animal facilities of
Tongji University, Shanghai, China. Age-matched male mice
(6–8 weeks of age; 18–22 g) were randomly used for all
experiments in a non-blind manner. Handling of mice and
experimental procedures were approved by the Animal Care
and Use Committee of Shanghai Tongji University.

Preparation of Xiao-Yin-Fang
Xiao-Yin-Fang (XYF) is an empirically developed Chinese
medicine formula summarized and optimized by Chinese
famous dermatologists Doctor Ming Chen and Doctor Jun Gu,
which has been used to treat psoriasis in Shanghai Changhai
Hospital. Its formula primarily includes five Chinese herbs: Isatis
tinctoria L., Scutellaria baicalensis Georgi, Salvia miltiorrhiza
Bunge, Sophora flavescens Aiton, and Rheum officinale Baill.
with a weight ratio of 30:15:30:10:3 (Table 1). The
standardized powder of each herb, which was extracted under
optimum condition and corresponded to a standard dosage of
raw herb, was purchased from LongHua Hospital, University of

TABLE 1 | Constituents of Xiao-Yin-Fang (XYF).

Herb Taxonomic nomenclature Used parts Weight (g)

Banlangen Isatis tinctoria L. Root 30
Huangqin Scutellaria baicalensis Georgi Root 15
Danshen Salvia miltiorrhiza Bunge Root 30
Kushen Sophora flavescens Aiton Root 10
Dahuang Rheum officinale Baill. Root 3
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Traditional Chinese Medicine, Shanghai, China. Voucher
specimen of herb powder was deposited in Shanghai Skin
Disease Hospital with reference No. XYF01-05, respectively.
XYF powder was dissolved in double-distilled H2O, filtered
through a 0.45 μm filter and stored at −20°C for subsequent
application. All the procedures were in accordance with the rules
and regulations of the 2015 Edition of China Pharmacopoeia.

Qualitative and Quantitative Analysis of
Xiao-Yin-Fang by UPLC-Q/TOF-MS
Chemical profiling of XYF was performed on an Agilent 1290UPLC
System (Agilent Technologies Co., Santa Clara, CA, United States)
coupled with AB SCIEX Triple TOF 4600® quadrupole time-of-
flight mass spectrometry (AB SCIEX, Foster City, CA,
United States). Chromatographic separation was conducted on an
Acquity UPLC® HSS T3 Column (2.1 × 100mm i.d., 1.8 μm;
Waters, Milford, MA, United States) at 30°C, using a mixed
mobile phase consisting of 0.1 formic acid in water (mobile
phase A) and 0.1 formic acid in acetonitrile (mobile phase B).
The gradient elution programwas used as follows: 0–5min, 0–0% B;
5–7min, 0–3% B; 7–15min, 3–5% B; 15–17min, 5–16% B;
17–19min, 16–17% B; 19–30min, 17% B; 30–34min, 17–20%
B; 34–42min, 20% B; 42–44min, 20–22% B; 44–49min, 22% B;
49–54min, 22–60% B; 54–58min; 60–95% B; 58–60min, 95% B;
60–60.1 min, 95–0%B; 60.1–63min, 0%B. The flow rate was 0.3 ml/
min, and the sample injection volume was 1 μl. Data acquisition was
performed on AB SCIEX Triple TOF 4600® system equipped with
an electrospray ionization (ESI) source in the negative and positive
ion modes. The mass spectrometry was operated in full-scan TOF-
MS (m/z 50-1700) and information-dependent acquisition (IDA)
MS/MS modes. The parameters of mass spectrometry were as
follows: ion source gas 1 and 2 were 50 psi; curtain gas was 35
psi; ion source temperature was 500°C; ion spray voltage floating was
5000 V (positive)/4500 V (negative). In the tandem mass
spectrometry (MS/MS) experiments, mass range was 50–1250,
collision energy was 40 ± 20 eV, ion release delay was 30 ms and
ion release width was 15ms. All data acquisition and processing
were validated using Analyst TF 1.7.1 software (AB SCIEX).

For content determination, seven standards of representative
components from five constitutive herbs of XYF, including (R,
S)-goitrin (#8508), baicalin (#5719), salvianolic acid B (#4065),
tanshinone II a (#7503), matrine (#844), oxymatrine (#8678), and
emodin (#8171), were purchased from Standard Technology Co.,
Shanghai, China (http://www.nature-standard.com/). Quantitative
analysis of these components in XYF byUPLC-DADwas performed
on a Waters H-Class UPLC system (Waters, Milford, MA,
United States) as previously reported (Xiang et al., 2018). UV
detector was monitored at 225 nm (matrine/oxymatrine), 245 nm
((R, S)-goitrin), 254 nm (emodin), 270 nm (tanshinone II a), 280 nm
(baicalin) and 286 nm (salvianolic acid B).

Imiquimod-Induced Psoriasis-like Skin
Inflammation
Mice received a daily topical dose of 50 mg of imiquimod (IMQ)
cream (5%; #H20030128, Sichuan Med-Shine Pharmaceutical) or

control Vaseline (VAS; #180102, ShandongMint) on shaved back
(an approximate size of 2 × 3 cm2) or bilateral ears for five
consecutive days. For the induction of disease relapse, 25 mg of
IMQwas applied onmouse left ear once daily from day 0 to day 4,
and 25 mg of IMQ was reapplied on mouse right ear once daily
from day 12 to day 16.Mouse skin inflammation was evaluated by
cumulative psoriasis area and severity index (PASI) score,
calculated by the adding up of erythema score (0–4),
infiltration score (0–4), and desquamation score (0–4). The
severity of each symptom was assessed comparing with
reference pictures. Skin thickness was recorded as the average
value of three measurements by vernier calipers at the center of
mouse dorsal or ear lesion before topical treatment.

Experiment Design andDrug Administration
Mice were randomly allocated into the following groups: control
group, model group, low-dose XYF group, medium-dose XYF
group, high-dose XYF group, and multi-glycoside of
Tripterygium wilfordii Hook. f (GTW) group. GTW tablets
(#Z42021212, Hubei Huangshi Yunfei Pharmaceutical
Company) were ground down and dissolved in ddH2O, which
were filtered and stored at −20 °C. Based on drug-dose conversion
between human and mouse, 200 μl of XYF decoction (low-dose:
5.8 mg/g; medium-dose: 11.6 mg/g; high-dose: 23.3 mg/g), GTW
(7.89 μg/g) or ddH2O was administered once daily by gavage for
10 successive days, and VAS or IMQ was topically applied from
day 6 to day 10.

Immunohistochemical Analysis
Paraffin-embedded skin specimens were prepared by routine
methods, and the sections were stained by hematoxylin-eosin
(H&E) with additional immunostaining for Ki-67. The sections
were deparaffinized with xylene and rehydrated through the
incubation with graded alcohol into water. For H&E staining,
the sections were then stained with hematoxylin, washed with
PBS, differentiated with hydrochloric acid ethanol, and stained
with eosin. Pathological change was examined under the
Olympus CX33/BX53 optical microscope (Olympus,
Southborough, MA, United States). Epidermal hyperplasia
(acanthosis) was measured as the average length between the
basement membrane and the stratum corneum. Papillomatosis
index is the ratio of the length of the dermal-epidermal junction
to the surface length of the epidermis. For Ki-67 staining, heat-
induced epitope retrieval was performed in EDTA buffer
(#RC016, RecordBio) at pH 8.3% hydrogen peroxide was
utilized to block endogenous peroxidase activity. The sections
were then incubated with anti-Ki-67 antibody (#ab16667,
Abcam) overnight at 4°C, followed by incubation with REAL
EnVision and visualized by DAB+ (#K5007, DAKO). Ki-67
staining was evaluated semi-quantitatively according to the
expression level of cytoplasmic brown staining in five random
epidermal fields under 400x magnification performed
independently by two researchers. The intensity of staining
(IS, intensity score) was assessed as: absent (0), weak (1),
moderate (2), and strong (3). The percentage of stained cells
(PS, proportion score) was scored: 0–5% (0), 6–25% (1), 26–50%
(2), 51–75% (3), and 75–100% (4). H-score was computed as the
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average value of the multiplication of IS and PS and interpreted
by the following way: 0 as negative staining, 1 to 4 as weak positive
staining, 5 to 8 as medium positive staining and 9 to 12 as strong
positive staining.

Enzyme-Linked Immunosorbent Assay
IL-17 levels in the serum samples collected from experimental
mice were measured using mouse IL-17A ELISA kit (RayBio,
Norcross, GA, United States) according to the manufacturers’
instructions.

Dermal Single-Cell Suspension Preparation
Mouse ears were harvested and incubated in dispase II (5 mg/ml;
#D4693, Sigma) for 1 h at 37°C. Dermal sheet was peeled from
epidermal sheet, cut into little pieces, and digested at 37°C in
DMEM (#SH30022.01, Hyclone) containing collagenase IV
(1 mg/ml; #SH30256.01B, Hyclone) and DNase (0.015 mg/ml;
#B002004, Diamond) for one and a half hour. Dermal single-cell
suspension was harvested by passing through a 40 μm cell strainer
(#CSS-010-040, Biofil).

In Vitro PMA and Ionomycin Activation
Assay
T cell culture medium was RPMI 1640 (#11875119, Gibco)
supplemented with heat-inactivated fetal bovine serum (10%;
#SH30084.03, Hyclone), penicillin G (100U/ml; #B540733,
Sangon), streptomycin sulfate (100 μg/ml; #B540733, Sangon)
and amphotericin B (2.5 μg/ml; #B540733, Sangon). Mouse skin-
draining axillary, brachial and inguinal lymph nodes (LN) were
harvested. LN single-cell suspensions were prepared through
grinding by glass slides and filtering through a 40 μm cell
strainer. LN and dermal cells were cultured in T cell culture
medium in the presence of phorbol-12-myristate-13-acetate
(PMA; 50 ng/ml; #P1585, Sigma), ionomycin (1mM;
#abs42019871, Absin) and brefeldin A (1:1000; #347688, BD)
for 4 h.

Flow Cytometric Analysis
Single-cell suspensions were preincubated with anti-CD16/CD32
antibodies (Ab; clone 2.4G2; #553141, BD Biosciences) for 15 min
at 4°C. To discriminate viable cells from dead cells, cells were
stained with fixable viability stain (#564406, BD Biosciences) for
10 min at room temperature. For the analysis of surface markers,
cells were stained with anti-CD3Ab (clone 145-2C1; #553061, BD
Biosciences), anti-CD4 Ab (clone GK1.5; #562891, BD
Biosciences), anti-CD25 Ab (clone 3C7; #101904, Biolegend),
anti-CD45 Ab (clone 30-F11; #103134, Biolegend), anti-CD11b
Ab (clone M1/70; #553310/#564455, BD Biosciences), anti-TCRβ
Ab (clone H57–597; #560657, BD Biosciences), anti-γδTCR Ab
(clone GL3; #118115, Biolegend), anti-MHC-II Ab (clone M5/
114.15.2; #563414, BD Biosciences), anti-F4/80 Ab (clone T45-
2342; #565410, BD Biosciences), anti-CD11c Ab (clone HL3;
#566505, BD Biosciences), anti-Ly6C Ab (clone AL-21; #553104,
BD Biosciences), and anti-Ly6G Ab (clone 1A8; #560599, BD
Biosciences) for 30 min at 4°C protected from light. For
cytoplasmic staining, cells were fixed and permeabilized with

BD Cytofix/Cytoperm (#51-2090KZ, BD Biosciences) and were
stained with anti-mouse IFN-γ Ab (clone XMG1.2; #505810,
Biolegend), anti-mouse IL-4 Ab (clone 11B11; #560699, BD
Biosciences), anti-mouse IL-17 Ab (clone TC11-18H10;
#559502, BD Biosciences) and incubated for 30 min at 4°C.
For intranuclear staining, cells were fixed and permeabilized
with Foxp3/Transcription Factor Fixation/Permeabilization
Concentrate and Diluent (#00-5521-00, eBioscience), and were
then stained with anti-mouse Foxp3 Ab (clone MF-14; #126408,
Biolegend), anti-Ki-67 Ab (clone B56; #556027, BD Biosciences)
and anti-ROR-γt Ab (clone Q31-378; #564723, BD Biosciences).
For Annexin-V staining, cells were resuspended in 1x annexin-
binding buffer (#556454, BD Biosciences) and stained with
Annexin-V (#640908, Biolegend) for 15 min at room
temperature. Finally, cells were assayed with BD LSRFortessa
Cytometer, and analyzed with FlowJo software (Treestar). Gate
strategy of LN CD4+ T cells, LN γδT cells, dermal neutrophils,
dermal inflammatory monocytes, dermal CD4+ T cells, and
dermal γδT cells were demonstrated in Supplementary
Figure S3.

RNA Sequencing Analysis
Total RNA samples were prepared from intact epidermal or
dermal ear sheets of mouse ear skin from two mice. Double-
strand cDNA was generated from equal amounts of total RNA by
following TruSeq8 RNA Library Prep Kit v2 (#RS-122-2001/
2002, Illumina). The cDNA libraries were sequenced using
Illumina Hi-seq2500. STAR software was utilized for sequence
alignment between the preprocessing sequence and reference
genome sequence of mice downloaded from the Ensembl
database (Mus_musculus.GRCm38.90,ftp://ftp.ensembl.org/
pub/release-90/gtf/mus_musculus/Mus_musculus.GRCm38.90.
chr.gtf.gz). Transcript assembly of mRNA sequencing data was
performed by StringTie software. DESeq 2 was applied to conduct
the analysis of differentially expressed genes (DEG). The cutoffs
of DEG were determined as the adjusted P value ≤0.05 and the |
log2FC| ≥ 1. Functional annotations of the DEGs were conducted
using Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways analysis and Gene Set Enrichment Analysis (GSEA).

Statistical Analysis
GraphPad Prism 6.0 software was utilized for statistical analysis.
Student’s t-test or one-way ANOVA were utilized to analyze the
differences between the groups following Gaussian distributions
with homogeneity of variance. Data that did not follow Gaussian
distributions were analyzed using the Kruskal-Wallis test.
Differences were statistically significant when P < 0.05.

RESULTS

UPLC-Q/TOF-MS Analysis of Xiao-Yin-Fang
A UPLC-Q/TOF-MS method in both negative and positive ion
modes was employed to rapidly characterize the major
constituents in XYF. A total of 57 compounds were
unambiguously or tentatively characterized by comparing their
retention times and MS data with reference standards or with
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data reported in the literature (Supplementary Figure S1). These
compounds were all derived from five medicinal materials that
composed XYF, and did not contain any conventional
immunosuppressants. Seven representative chemical
compounds were chosen as chemical markers and quantified
to evaluate the quality of relevant medicinal materials, including
(R, S)-goitrin (1, Rt 9.928 min), baicalin (2, Rt 35.44 min),
salvianolic acid B (3, Rt 38.63 min), tanshinone II a (7, Rt
58.63 min), matrine (5, Rt 11.03 min), oxymatrine (6, Rt
13.75 min), and emodin (4, Rt 56.12 min) (Figure 1).
Quantitative determination of these seven compounds by
UPLC-DAD was performed on a Waters H-Class UPLC
system at different wavelengths. As a result, the contents of
these seven compounds in XYF were 0.132 mg/g, 12.626 mg/g,
6.154 mg/g, 0.014 mg/g, 2.514 mg/g, 1.757 mg/g, and 0.007 mg/g,
respectively.

Xiao-Yin-Fang Alleviates
Imiquimod-Induced Psoriasis-like Skin
Inflammation
To explore the potential mechanism of XYF in psoriasis, we
utilized IMQ-induced psoriasis-like dermatitis mouse model.
Mice were divided into six groups and treated as depicted in
Figure 2A. Multi-glycoside of Tripterygium wilfordii Hook. f
(GTW), also termed as Tripterygium glycosides, is a widely
acknowledged efficacious psoriasis-treating TCM agent and
has been proven to ameliorate murine psoriasis-like dermatitis,
which was therefore chosen as positive drug in our study (Han
et al., 2012; Wu et al., 2015a; Zhao et al., 2016; Lv et al., 2018;

Nguyen et al., 2020a; Ru et al., 2020). As modeling with IMQ
generated skin lesions resembling human plaque psoriasis, mice
pretreated with XYF displayed lighter erythema, smoother skin,
and thinner scales than mice treated with IMQ alone (Figure 2B).
Moreover, XYF exerted therapeutic effects in a dose-dependent
manner that high-dose XYF was as potent as GTW in alleviating
psoriasis-like dermatitis (Figure 2B). These findings were verified
by the evaluation of PASI score (Figure 2C) and back skin
thickness (Figure 2D). Besides, the application of XYF did not
cause any behavioral abnormality or extra weight loss in mice
(Figure 2E). Subcutaneous vessel dilation was also less prominent
in the mice from high-dose XYF group than model group
(Supplementary Figure S2). In accordance, the histological
examination showed that both high-dose XYF and GTW
significantly reduced epidermal acanthosis and elevated
papillomatosis index in an equal manner (Figures 2F–H). As
the expression of Ki-67 in keratinocytes was upregulated inmodel
mice, high-dose XYF group considerably decreased Ki-67+

H-score to a similar degree as GTW (Figures 2I,J). Overall,
XYF therapy substantially alleviated IMQ-induced psoriasis-like
skin inflammation when administered at the high dosage, which
demonstrated a comparable efficacy as GTW. Therefore, high-
dose XYF was employed in the following study.

Xiao-Yin-Fang Prevents Lymphnode
γδT Cell Secretion of IL-17
Since T lymphocytes play a vital role in the pathogenesis of
psoriasis, we next sought to investigate the impact of XYF on
T cell subsets within skin-draining lymph nodes (LN). Compared
with control mice, we detected a decreased ratio of LN CD4+

FIGURE 1 | UPLC-Q/TOF-MS analysis of Xiao-Yin-Fang. Base Peak Chromatograms of Xiao-Yin-Fang (XYF) in ESI-negative mode (A) and ESI-positive mode (B)
together with the chemical structures and ultraviolet (UV) chromatograms of seven components (1, (R, S)-goitrin; 2, baicalin; 3, salvianolic acid B; 4, emodin; 5, matrine; 6,
oxymatrine; 7, tanshinone II a).
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T cells with greater IL-17 production in model mice
(Supplementary Figure S4A–D). The proportion of regulatory
T (Treg; CD25+Foxp3+) cells in CD4+ T cells was also increased
(Supplementary Figure S4E). However, neither XYF nor GTW
disturb the balance in Th and Treg cells (Supplementary Figure
S4). While serum IL-17 levels were upregulated in model mice,
the application of XYF reduced the serum contents of IL-17
(Supplementary Figure S5). Previous research demonstrated
that γδT cells are the main source of IL-17 in psoriasis-like

dermatitis (Cai et al., 2011). Accordantly, the percentage and
number of LN γδT cells were substantially elevated in model mice
(Figure 3A), and their secretion of IL-17 was raised
approximately threefold (Figure 3B). Although XYF failed to
suppress the expansion of LN γδT cells (Figure 3A), it drastically
hindered their polarization into γδT17 cells to a comparable
extent as GTW (Figure 3B). Hence, XYF therapy might exert its
anti-inflammatory role in psoriasis-like dermatitis mainly
through its inhibition of γδT17 polarization.

FIGURE 2 | High-dose Xiao-Yin-Fang alleviated imiquimod-induced psoriasis-like skin inflammation on mouse back. (A) Schematic of the experimental
procedures. Mice were given different-dose Xiao-Yin-Fang (XYF), multi-glycoside of Tripterygium wilfordii Hook. f. (GTW) solution or distilled water (H2O) by gavage twice
daily from day 0 to day 9, and received imiquimod (IMQ) or Vaseline (VAS) application on shaved back skin once a day from day 5 to day 9. (B) Representative pictures of
mouse skin lesions (XYF-L, low-dose XYL; XYF-M, medium-dose XYF; XYF-H, high-dose XYF). (C–E) Evaluation of PASI score (C), skin thickness (D) and body
weight (E) of mice. The statistic differences between IMQ + XYF-H group and IMQ + H2O group were annotated (n � 54, three independent experiments). (F) H&E
staining and calculated epidermal acanthosis (G) and papillomatosis index (H) (x200; bar � 100 μm; n � 36, three independent experiments). (I) Ki-67 staining and
assessment of its H-score of epidermal fields (J) (x200; bar � 100 μm; n � 36, three independent experiments). The data were presented as mean ± s.e.m.
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FIGURE 3 | Xiao-Yin-Fang therapy prevented lymphnode γδT cell secretion of IL-17. Mice were treated as in Figure 2. Skin-draining axillary, brachial and inguinal
lymph nodes (LN) were harvested on day 10. Freshly isolated LN cells were in vitro cultured in the presence of PMA, ionomycin and Brefeldin A for 4 h. LN cells were then
stained with anti-CD45, TCRβ, γδTCR, CD11b, and IL-17 antibodies, which were analyzed by flow cytometry. Representative scatter plots, the ratios, and numbers of
LN γδT cells (A) and IL-17+ γδT cells (B). n � 31, three independent experiments. The data were presented as mean ± s.e.m.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6295137

Zhang et al. XYF Therapy Suppresses γδT17 Cells

42

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


Xiao-Yin-Fang Suppresses Dermal γδT17
Cell Polarization
Given that skin-resident γδT cells elicited direct action in local
inflammation, we established the model of psoriasis-like
dermatitis on mouse ears to assess the role of dermal γδT cells
in the curative effects of XYF (Figure 4A). As depicted in Figures
4B–H, XYF significantly reduced the disease severity of psoriasis-
like dermatitis on mouse ears. While neutrophils (Ly6C+Ly6G+)
and inflammatory monocytes (Ly6C+Ly6G−) gathered in the

dermis following IMQ application, XYF considerably lowered
their cell numbers rather than their percentages (Figures 4I–K),
corroborating the anti-psoriasis effect of XYF. In line with the
findings of LNs, XYF did not affect the homeostasis and function
of dermal conventional T cells (Supplementary Figure S6).

Previous studies have uncovered that dermal γδT cells were
predominantly γδint T cells with a minor population being γδhigh
T cells (Cai et al., 2011). And, dermal γδint T cells were the main
source of IL-17 in psoriasis-like dermatitis, whereas γδhigh T cells

FIGURE 4 | Xiao-Yin-Fang lessened imiquimod-induced psoriasis-like dermatitis on mouse ears. (A) Schematic of the experimental procedures. Mice were given
XYF or H2O by gavage twice daily from day 0 to day 9, and received IMQ or VAS application onmouse ears once a day from day 5 to day 9 (B) Representative pictures of
mouse ear lesions. (C, D) Evaluation of PASI score (C) and skin swelling (D) of mouse ears (n � 27, three independent experiments) (E) H&E staining and calculated
epidermal acanthosis (F) (x200; bar � 50 μm; n � 18, three independent experiments). (G) Ki-67 staining and assessment of its H-score of epidermal fields (H)
(x200; bar � 50 μm; n � 18, three independent experiments). (I–K) Freshly isolated dermal cells were obtained and stained with anti-CD45, MHC-II, CD11b, F4/80,
CD11c, Ly6C, and Ly6G antibodies, which were analyzed by flow cytometry. (I) Representative scatter plots of dermal neutrophils and inflammatory monocytes. The
ratios and cell numbers of dermal neutrophils (J) and inflammatory monocytes (K) (n � 16, three independent experiments). The data were presented as mean ± s.e.m.
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barely produced IL-17 (Cai et al., 2011; Riol-Blanco et al., 2014).
Hence, we focused on dermal γδint T cells in the following
research. While dermal γδint T cells were expanded in model
mice, XYF diminished the quantity of γδint T cells (Figures

5A,B). The expressions of Ki-67 and Annexin-V in γδint
T cells were comparable between model and XYF group
(Figures 5C,D), suggesting that XYF did not influence γδint
T cell survival. Thus, the decrease in γδint T cells triggered by

FIGURE 5 | Xiao-Yin-Fang suppressed dermal γδT17 cell polarization. Mice were treated as in Figure 4, and the dermal cells of mouse ears were harvested. (A–C)
Freshly isolated dermal cells were in vitro cultured in the presence of PMA, ionomycin and Brefeldin A for 4 h. Cultured dermal cells were stained with anti-CD45, TCRβ,
γδTCR, and CD11b antibodies (n � 24, four independent experiments) (A) Representative scatter plots of dermal γδint T cells and γδhigh T cells. (B) The ratios and
numbers of dermal γδint T cells. (C) Uncultured dermal cells were stained with anti-CD45, TCRβ, γδTCR, CD11b and Ki-67 antibodies. Representative scatter plots
and the ratios of dermal Ki-67+ γδint T cells (n � 17, three independent experiments). (D)Uncultured dermal cells were stained with anti-CD45, TCRβ, γδTCR, CD11b and
Annexin-V antibodies. Representative scatter plots and the ratios of dermal Annexin-V+ γδint T cells (n � 18, three independent experiments). (F) Cultured dermal cells
were stained with anti-CD45, TCRβ, γδTCR, CD11b, and IL-17 antibodies. Representative scatter plots, the ratios and numbers of dermal IL-17+ γδint T cells (n � 24,
three independent experiments). (G) Uncultured dermal cells were stained with anti-CD45, TCRβ, γδTCR, CD11b, and ROR-γt antibodies. Representative scatter plots
and the ratios of dermal ROR-γt+ γδint T cells (n � 17, three independent experiments). The data were presented as mean ± s.e.m.
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FIGURE 6 | Xiao-Yin-Fang alleviated the relapse of psoriasis-like dermatitis and prohibited dermal γδint T cell reactivation. Mice were treated as in Supplementary
Figure S7. (A) Representative pictures of mouse right ear lesions (1st: the initial occurrence of psoriasis-like dermatitis; 2nd: the recurrence of psoriasis-like dermatitis).
(B, C) Evaluation of PASI score (B) and skin swelling (C) of mouse right ears (n � 36, two independent experiments). (D) H&E staining and calculated epidermal
acanthosis (E) (x200; bar � 50 μm; n � 30, two independent experiments). (F) Ki-67 staining and assessment of its H-score of epidermal fields (G) (x200; bar �
50 μm; n � 30, two independent experiments). (H-K) Freshly isolated dermal cells were in vitro cultured in the presence of PMA, ionomycin and Brefeldin A for 4 h.
Cultured dermal cells were stained with anti-CD45, TCRβ, γδTCR, CD11b, and IL-17 antibodies (n � 30, two independent experiments). (H) Representative scatter plots
of dermal γδint T cells and γδhigh T cells. (I) The ratios and numbers of dermal γδint T cells. (J) Representative scatter plots of dermal IL-17+ γδint T cells. (K) The ratios and
numbers of dermal IL-17+ γδint T cells. The data were presented as mean ± s.e.m.
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XYF might result from its impact on cell trafficking. Remarkably,
while IL-17 secretion by γδint T cells tripled in model mice versus
control mice, XYF significantly repressed γδint T cell production
of IL-17 (Figure 5E). In accordance, the expression of ROR-γt,
which was a house-keeping transcription factor of γδT17 cells,
was enhanced in γδint T cells from model mice, whereas XYF
considerably downregulated its expression (Figure 5F). In total,
XYF might ameliorate psoriasis-like skin inflammation mainly
through hampering dermal γδint T cell trafficking and
suppressing their polarization into γδT17 cells.

Xiao-Yin-Fang Alleviates The Relapse of
Psoriasis-Like Dermatitis and Prohibits
Dermal γδint T Cell Reactivation.
As psoriasis has a notable propensity for recurrence, we exploited
a relapsing model of psoriasis-like dermatitis to examine the
therapeutic effects of XYF in psoriasis recurrence by applying
IMQ cream on left ear and reapplying them on right ear one week
later (Supplementary Figure S7) (Ramirez-Valle et al., 2015). As
expected, the restimulation with IMQ exacerbated the severity of
psoriasis-like dermatitis, which was successfully lessened by the
treatment with XYF (Figure 6A). Evaluations of PASI score, ear
swelling, epidermal acanthosis and Ki-67 H-score confirmed the
therapeutic effects of XYF (Figures 6B–G). Consistently, the
secondary application of IMQ further augmented γδint T cells
and increased their IL-17 production, whereas XYF decreased
γδint T cells and suppressed their secretion of IL-17 (Figures
6H–J). In sum, XYF might be beneficial to prevent the relapse of
psoriasis through impeding γδint T cell reactivation and their
polarization into γδT17 cells.

Transcriptional Analysis of Therapeutic
Effects of Xiao-Yin-Fang
To further explore the potential mechanisms of XYF therapy,
RNA sequencing analysis was performed (Supplementary Table
S1). Heatmap analysis of differentially expressed genes (DEG)
revealed distinct transcriptomes between different groups
(Figures 7A,B). And, XYF partially reversed the pathological
transcriptional alternations in psoriasis-like dermatitis (Figures
7A,B). Detailed comparison identified the overlapping genes of
DEGs between control/model group and DEGs between model/
XYF group (Figure 7C, Supplementary Table S2, S3). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
uncovered that epidermis from model group was enriched in
cytokine-cytokine receptor interaction, PI3K-Akt signaling
pathway, IL-17 signaling pathway, and cGMP-PKG signaling
pathway whereas the dermis from model group was enriched
in cytokine-cytokine receptor interaction, chemokine signaling
pathway, IL-17 signaling pathway, TNF signaling pathway, Wnt
signaling pathway, and PI3K-Akt signaling pathway when
compared with control group (Figures 7D,F). XYF therapy
modulated PI3K-Akt signaling pathway, Calcium signaling,
Hippo signaling pathway and cGMP-PKG signaling pathway
in the epidermis, whereas it affected several metabolic
pathways, Calcium signaling, cAMP signaling pathway and

cGMP-PKG signaling pathway in the dermis (Figures 7E,G).
Further Gene Set Enrichment Analysis (GSEA) uncovered XYF
downregulated focal adhesion and ECM receptor interaction in
the epidermis, whereas disturbed arachidonic acid metabolism in
the dermis (Supplementary Figure S8). Altogether, these results
suggested that XYF might regulate multiple inflammatory
signaling pathways and metabolic processes, which impact on
γδT17 cell biology awaits future study.

DISCUSSION

As one major population of skin-located innate immunocytes,
dermal γδT cells might fundamentally contribute to the
immunopathogenesis of psoriasis. Enrichment of γδT17 cells
was observed in the dermis of psoriatic skin lesions (Cai et al.,
2011). A subclass of Vγ9Vδ2+ T cells, which expressed IL-17 and
tumor necrosis factor α (TNF-α), was distributed in normal skin
fromhealthy individuals, non-lesional and lesional skin of psoriatic
patients in increasing order (Laggner et al., 2011). In addition, the
ratio of Vγ9Vδ2+ γδT cells were negatively correlated with the
disease severity, indicating that Vγ9Vδ2+ γδT cell population
might be recruited from the blood circulation to the cutaneous
tissue when disease flares (Laggner et al., 2011). In line with the
findings in psoriasis patients, γδT17 cells also played a dominant
role in psoriasis-like dermatitis mouse model. The IL-17-secreting
dermal cells were substantially decreased in TCRδ−/− mice
accompanied with lessened psoriasiform symptoms, whereas
TCRα−/− mice normally develop dermatitis (Cai et al., 2011).
Previous studies have uncovered that IL-17 was mostly limited
to dermal γδint T cells (Cai et al., 2011; Riol-Blanco et al., 2014).
The IL-17-producing γδint T cells in the mouse dermis was
primarily composed of Vγ4+ and Vγ6+ subsets (Cai et al., 2014;
O’Brien and Born, 2015; Akitsu and Iwakura, 2018). Amongst,
Vγ4+ T cells produced more IL-17 than Vγ6+ T cells, indicating
that Vγ4+ T cells might play a more essential role in psoriasis-like
dermatitis than Vγ6+ T cells (Cai et al., 2014). Moreover,
pathogenic Vγ4+ T cells expanded and persisted within the
dermis for a long time after initial exposure to IMQ, and these
experienced γδT cells demonstrated heightened effector functions
and aggravated secondary inflammation (Hartwig et al., 2015).
Furthermore, Vγ4+ T cells traveled to noninflamed skin and
peripheral LNs whey they exacerbated psoriasiform dermatitis
at distant sites (Ramirez-Valle et al., 2015). The quasi-innate
memory capacity of γδT cells might provide a novel
mechanistic insight into psoriasis relapse. In summary, although
multiple cellular sources of IL-17 have been identified in psoriasis,
γδT cells might represent a potent contributor in the pathogenesis
of psoriasis (Keijsers et al., 2014; Durham et al., 2015; Blauvelt and
Chiricozzi, 2018). Therefore, the investigation of γδT17-targeted
medication is of great importance in the management of psoriasis.

Xiao-Yin-Fang (XYF) is comprised of five Chinese herb
medicines, involving Isatis tinctoria L. (Banlangen), Scutellaria
baicalensis Georgi (Huangqin), Salvia miltiorrhiza Bunge
(Danshen), Sophora flavescens Aiton. (Kushen), and Rheum
officinale Baill (Dahuang). As bacterial infection has been
reported to trigger and aggravate psoriasis, Banlangen
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contained multiple organic acids with potent antimicrobial
activities, which included syringic acid, 2-amino-benzoic acid,
salicylic acid and benzoic acid (Kong et al., 2008a; Kong et al.,
2008b). Besides, N, N′-dicyclohexyl-N-arachidonic acylurea, a
highly unsaturated fatty acid from Balangen, could inhibit TCR-
mediated PI3K-Akt signaling pathway, resulting in arrested cell
cycle transition from G1 to S phase and lymphocyte
hypoproliferation (An et al., 2020). Erucic acid, an active
component of Banlangen, markedly reduced CD8+ cytotoxic T
lymphocyte recruitment (Liang et al., 2020). It is possible that the

chemical constituents of Banlangen might affect the immune
function of γδT cells.

Former research on Huangqin centered on its major bioactive
flavonoid baicalin, which is also the highest-level chemical
compound in XYF. Previous studies suggest that baicalin has
the advantage of multi-target actions in treating psoriasis (Kim
et al., 2013; Liu et al., 2015; Wu et al., 2015b; Bae et al., 2016;
Huang et al., 2016; Hung et al., 2018). Stimulation with baicalein
in vitro hindered HaCaT cell growth and augmented their
expressions of keratin 1 and 10 via the inhibition of ERK

FIGURE 7 | Transcriptional analysis of Xiao-Yin-Fang therapeutic effects. Epidermal and dermal sheets of mouse ears were freshly obtained from VAS + H2O,
IMQ + H2O and IMQ + XYF group (n � 3 for each group), which underwent RNA sequencing analysis. (A, B) Heatmap clustering analysis of epidermal and dermal
differentially expressed genes (DEG). (C) Venn diagrams showed the numbers of overlapping epidermal DEGs (upper panel) and dermal DEGs (lower panel) between
VAS + H2O vs. IMQ + H2O and IMQ + H2O vs. IMQ + XYF. (D-G) KEGG pathway analysis of DEGs.
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phosphorylation (Huang et al., 2016). Consistently, the topical
application of baicalin cream dose-dependently promoted the
orthokeratosis of granular layers (Wu et al., 2015b). Moreover,
baicalin suppressed the expressions of MHC class I/II and
costimulatory molecules as well as inhibited IL-12 production
from lipopolysaccharide-activated DCs, which repressed Th1/
Th2/Th17 but promoted Treg cell differentiation (Kim et al.,
2013; Liu et al., 2015; Bae et al., 2016). It has been reported that
baicalin cream lessened IMQ-induced psoriasis-like dermatitis,
which was accompanied with less infiltration of γδT cells into the
skin lesions (Hung et al., 2018).Whether baicalin directly regulate
the immune activity of γδT17 cells remained unexplored.

Danshen exhibited anti-inflammatory and anti-proliferative
functions in psoriasis studies (Zhang et al., 2014;May et al., 2015).
In silico screening revealed that Danshen contained compounds
modulating apoptosis regulator Bcl-2, Bcl-2-Associated X,
Caspase-3 along with TNF-α and Prostaglandin G/H synthase
2 (May et al., 2015). Salvianolic acid B reduced psoriatic changes
by inhibiting psoriatic inflammatory and keratin markers by
abolishing PI3K/Akt signaling pathway (Wang et al., 2020).
Tanshinone IIA hindered keratinocyte growth via cell cycle
arrest and apoptosis (Li et al., 2012). Cryptotanshinone (CTS),
an active component of Danshen with antibacterial and
antineoplastic effects, considerably relieved IMQ-induced
epidermal hyperplasia through inhibiting STAT3-induced
keratinocyte growth (Tang et al., 2018). Danshensu, the most
abundant water-soluble component of Danshen, prevented
abnormal keratinocyte proliferation in psoriasis by modulating
YAP expression (Jia et al., 2020). The impact of Danshen on the
immunofunctions of T lymphocytes require further investigation.

Matrine and oxymatrine, two main active phytocomponents
of Kushen, have therapeutic potentials for psoriasis. Matrine
lessened IMQ-induced psoriasiform cutaneous lesions by
decreasing keratinocyte proliferation and MyD88 expression
on the surface of DCs derived from bone marrow (Li et al.,
2018). Matrine synergized with acitretin to induce cell cycle arrest
and autophagy in keratinocytes by regulating PI3K/Akt/mTOR
pathway (Jiang et al., 2019). Oxymatrine ameliorated skin
inflammation in the patients with psoriasis and psoriasis-like
mouse model via inhibiting keratinocyte proliferation probably
through MAPK signaling pathway (Chen et al., 2017; Zhou et al.,
2017; Shi et al., 2019; Xiang et al., 2020). Whether Kushen or its
active components influence T cell biology remains unclear.

Emodin, which is a natural anthraquinone derivative of
Dahuang, possesses broad-spectrum pharmacological
properties, including antineoplastic, hepatoprotective, anti-
inflammatory, antioxidant, and antimicrobial functions. The
topical application of a natural compound mixture (PSM) of
herbs, containing emodin, genipin, chlorogenic acid,
cimigenoside, and ginsenoside Rb1, alleviated IMQ-induced
psoriasis-like dermatitis and reduced the proliferation rate of
IL-22-stimulated keratinocytes (Nguyen et al., 2020b). The
therapeutic effects of Dahuang and its chemical compounds in
psoriasis requires further study.

The RNA sequencing analysis revealed that XYF might
regulate multiple inflammatory signaling pathways and
metabolic processes. Amongst, PI3K-Akt, Calcium, and cAMP

signaling pathways have been reported to influence γδT cell
biology (Takano et al., 1998; Chen et al., 2005; Chen et al.,
2020). Selective inhibition of PI3Kδ by Seletalisib hampered
the production of IL-17 from peripheral blood γδT cells
(Chen et al., 2020). Vitamin D, which profoundly regulates
calcium metabolism, hindered the proinflammatory activity of
γδT cells in a dose-dependent fashion (Chen et al., 2005).
Prostaglandin E2 inhibited γδT cell cytotoxicity triggered by
TCR receptors Vγ9Vδ2, NKG2D, and CD16 through a cAMP-
mediated PKA type I-dependent signaling (Takano et al., 1998).
Whether XYF suppress γδT17 cell polarization through these
signaling pathways awaits future exploration.

In conclusion, XYF alleviated psoriasis-like skin inflammation
mainly through suppressing dermal and draining lymph-node
γδT17 cell polarization. Moreover, XYF therapy ameliorated the
relapse of psoriasis-like dermatitis and prohibited dermal γδT cell
reactivation. Transcriptional analysis suggested that XYF might
regulate various inflammatory signaling and metabolic processes.
Our results clarified the therapeutic efficacy and inner
mechanisms of XYF therapy in psoriasis, which might
promote its clinical application in psoriasis patients and
facilitate the development of novel anti-psoriasis drugs based
on the bioactive components of XYF.
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Allergic rhinitis (AR) is considered a major nasal condition impacting a large number of
people around the world, and it is now becoming a global health problem. Because the
underlying mechanisms of AR are complex, the development of single-drug treatment
might not be enough to treat a wide spectrum of the disease. Although the standard
guidelines classify and provide suitable diagnosis and treatment, the vast majority of
people with AR are still without any means of controlling it. Moreover, the benefits of AR
drugs are sometimes accompanied by undesirable side effects. Thus, it is becoming a
significant challenge to find effective therapies with limited undesirable side effects for a
majority of patients suffering from uncontrolled AR. Aller-7/NR-A2, a polyherbal
formulation, has revealed promising results in patients by reducing nasal symptoms
and eosinophil counts without serious adverse effects. Interestingly, three out of seven
of the herbals in the Aller-7/NR-A2 formulation are also found in an Ayurvedic polyherbal
formulation known as “Triphala,” which is a potential candidate for the treatment of AR.
However, there are no current studies that have examined the effects of Triphala on the
disease. This review aims to describe the complexity of AR pathophysiology, currently
available treatments, and the effects of Triphala on AR in order to help develop it as a
promising alternative treatment in the future.

Keywords: allergic rhinitis, triphala, antioxidant effect, anti-inflamamtion, immunomodulaion

INTRODUCTION

Although allergic rhinitis (AR), commonly known as hay fever, is not considered a serious condition
or one with the potential for mortality, it might become a clinical burden if it were to become
uncontrollable in a majority of patients. Epidemiological studies have revealed that patients with AR
have a high probability of subsequently developing asthma, and a large proportion of asthmatic
patients also have AR as a concomitant condition (Simons, 1999; Thomas, 2006; Vujnovic and
Domuz, 2018). Moreover, prolonged AR symptoms, particularly nasal congestion, can lead to the
development of obstructive sleep apnea (Young et al., 1997). Currently, three acceptable strategies for
managing AR are employed: 1) avoiding sensitized allergenic exposure, 2) starting pharmacotherapy,
and 3) starting immunotherapy (Klimek et al., 2019). However, to achieve final outcomes, it is often
suggested to patients that they use long-term multiple therapies, which sometimes come with
problems of compliance, leading to failures in treatment (Small et al., 2018). Therefore, combinations
of two drugs in one device, such as antihistamine/steroid or anticholinergic/steroid, are becoming
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novel strategic treatments that have been found to be more
effective than using a monotherapy (Seresirikachorn et al., 2018).

Several studies have highlighted the beneficial effects of
phytochemicals in attenuating allergic responses and the
overall symptoms of AR. Curcumin, ginger, ginseng,
resveratrol, and quercetin compounds have all shown effective
results in relieving nasal symptoms and suppressing AR-related
mediators in animal models by controlling the main anti-
inflammatory mitogen-activated protein kinase/nuclear factor
κB (MAPK/NF-κB) pathway (Jung et al., 2011, 2013; Zhang
et al., 2015; Kashiwabara et al., 2016; Kawamoto et al., 2016;
Lv et al., 2018). A major component of ginger, 6-gingerol,
possesses the ability to suppress T helper 2 (Th2) cytokines by
attenuating the activation of MAPK/NF-κB signaling in
ovalbumin (OVA)-sensitized spleen cells (Kawamoto et al.,
2016). In addition, resveratrol nasal spray has recently been
developed to overcome the problem of drug absorption, and
specifically to retain bioactive activities in the affected area, such
as the nasal mucosa. An intranasal resveratrol formulation has
been shown to be successful in alleviating allergic symptoms and
reducing eosinophils and mast cell infiltration in the nasal
mucosa of both animals and AR patients (Lv et al., 2018).
Moreover, children with AR have significantly reduced nasal
symptoms following administration of a combined resveratrol
and carboxymethyl β-glucan nasal spray (Miraglia Del Giudice
et al., 2014).

Triphala possesses several activities that could be beneficial for
respiratory and immune systems. However, there is no study
directly evidencing the potential benefits of Triphala on AR, even
though its constituent phytochemicals have been suggested to
serve many aspects of AR therapeutic strategies. Therefore, it is
important to review and clarify the possible mechanism of action
of Triphala and its active constituents on AR. This review focuses

mainly on the antioxidative, anti-inflammatory,
immunomodulatory, and other effects of Triphala on the AR-
affected respiratory system. The quality of the articles relevant to
the scope of AR has been evaluated according to the guideline
reported by Heinrich et al. (2020) and the Good Research for
Comparative Effectiveness (GRACE) tool (Dreyer et al., 2016)
(Supplementary Table S1).

ALLERGIC RHINITIS

AR is a condition of nasal hypersensitivity caused by an
immunologically mediated inflammation by non-infectious
stimulants or environmental allergens, such as pollen, dust,
fungi, cockroaches, etc. AR is becoming a global health
problem affecting approximately 10–40% of the global
population (Björkstén et al., 2008; World Allergy
Organization, 2013; Bernstein et al., 2016). Although it is not
a condition that is associated with high morbidity and mortality,
it generates a heavy burden and has a negative impact on the
patients’ quality of life (QoL) by reducing performance at work
and disturbing sleep. In some cases, the condition can persist
throughout the patient’s life. The common symptoms of AR
include nasal congestion, rhinorrhea, nasal itchiness and/or itchy
eyes, sneezing, and postnasal drip (Klimek et al., 2019).
Uncontrolled moderate or severe AR may also impact the
control of asthma (Thomas, 2006).

Currently, AR is classified according to the duration
(intermittent or persistent) and severity (mild, moderate/
severe) of symptoms. Intermittent AR is diagnosed if the
frequency of symptoms is fewer than four times per week or a
month per year. A frequency greater than this is classified as
persistent. Moreover, the impact of the disease on a patient’s QoL

TABLE 1 | The medications for allergic rhinitis.

Treatment Mechanism of action Adverse effects

Antihistamines (oral) Block H1 receptor on effector cells to reduce histamine-
mediated symptoms such as rhinorrhea, sneezing, nasal itching,
and eye symptoms

1st generation: Sedation, dry mouth, decrease cognitive
function, orthostatic hypotention etc.
2nd generation: Bitter taste (azelastine), rare cardiac arrhythmia
in some drugs etc.

Antihistamines (intranasal, intraocular) Block H1 receptor on effector cells located in nasal and ocular
area to reduce histaminic effects as mentioned above

Nasal irritation and epistaxis, septal perforation, bitter taste
(azelastine) etc.

Intranasal corticosteroids Bind to glucocorticoid receptor leading to nasal inflammatory
cells flux reduction

Nasal irritation, nasal dryness, epistaxis etc.

Oral/IM corticosteroids Bind to glucocorticoid receptor leading to systematic
inflammatory cells flux reduction

Adrenocortical insufficiency, infection, peptic ulcer,
glaucoma etc.
Depot injections may cause local tissue atrophy

Oral decongestants
(sympathomimetic decongestants)

Stimulate systematic α adrenergic receptor to constrict dilated
blood vessels

Hypertension, palpitations, restlessness, agitation, tremor,
insomnia, headache, dry mucous membrane, urinary retention

Intranasal decongestants
(sympathomimetic decongestants)

Stimulate nasal α adrenergic receptor to constrict dilated blood
vessels located in nasal mucosa

Nasal irritation, nasal dryness, hypertension in some cases etc.
Long term used may cause rebound congestion

Intranasal anticholinergics Block muscarinic receptor leading to reduction of nasal mucosa
gland activation

Nasal irritation, nasal dryness, epistaxis etc.

Leukotriene receptor antagonists (oral) Block cysteinyl leukotriene receptor on effector cells to reduce
vascular permeability and inflammatory cell recruitment

Urticaria, diarrhea, abdominal pain, agitation, suicidal thinking,
hallucination etc.

Immunotherapies (subcutaneous,
SCIT) (sublingual, SLIT)

Induce specific allergen tolerance and help restoration of
immune system

Scit: Local irritation, swelling at the site of injection,
anaphylaxis etc.
Slit: Lip, mouth, and tongue irritation etc.
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TABLE 2 | Plant’s constituents in Triphala exhibiting potential benefits in alleviating AR symptoms.

Compound Mechanism of action Potential
benefits in AR

Quercetin Suppresses pro-inflammatory cytokines and inflammatory inducers such as COX-2,
VIP, substance P, CGRP, NGF, and HIR gene upregulation in animal models of
antigen-induced AR (Mlcek et al., 2016)

Reduction of the release of histamine, inflammatory cytokines, and
chemokines
Reduction of nasal symptoms

Reduces periostin production from IL-4-induced HNEpC through inhibition of signal
transducer and activator of STAT6 activation and reduces RANTES and eotaxin
production in periostin-stimulated HNEpC through suppression of activation of NF-κB
p65 (Irie et al., 2016)
Reduces NO production from nasal epithelial cells after IL-4 stimulation (Ebihara et al.,
2018)
Reduces neuropeptide production in nasal lavage fluids induced by TDI nasal
challenge in rat model (Kashiwabara et al., 2016)
Reduces eosinophil count in nasal mucosa in rat model of AR (Sagit et al., 2017)
Inhibits expression of inflammatory cytokines in stimulated human mast cell line (Min
et al., 2007)
Inhibits the release of histamine, LTs, PGD2, and GM-CSF from human cultured mast
cell (Kimata et al., 2000)
Inhibits the production of IL-5 and IL-13 and increases IFN-γ production from CD4+

T cells induced by IL-4 stimulation (modulate Th1/Th2 balance) (Tanaka et al., 2020)
Increases thioredoxin levels in H2O2-induced nasal epithelial cells and in nasal lavage
fluid of OVA-sensitized mice and decreases nasal symptoms (Edo et al., 2018)
Reduces histamine- and PMA-induced up-regulation of H1R gene expression in HeLa
cells (Hattori et al., 2013)
Reduces secretion of allergic mediators in RBL-2H3 cells, decreases CD23 mRNA
expression and p38 MAPK activation in IL-4 stimulated Caco-2 cells, and suppresses
IgE-OVA-induced ERK activation and chemokine release (Lee et al., 2010)

Kaempferol Moderates several kinds of cytokines and inflammatory markers in both the eosinophil
cell line and the OVA-induced AR mouse model (Oh et al., 2013)

Reduction of the release of histamine, inflammatory cytokines, and
chemokines

Inhibits IgE-mediated anaphylaxis in vivo and in human mast cells, reduces serum
concentrations of histamine, TNF-α, IL-8, and monocyte chemo-attractant protein-1
(Cao et al., 2020)

Reduction of allergic reaction

Reduces serum histamine and COX-2 protein expression in lung tissues in OVA-
sensitized mice (Kang et al., 2018)
Reduces inflammatory cells in blood sample of BSA-challenged asthmatic mice and
inhibits airway wall thickening through disturbing Syk-PLCγ signaling and PKCμ-ERK-
cPLA2-COX2 signaling in antigen-exposed mast cells (Shin et al., 2015)
Reduces LPS-induced epithelial eotaxin-1 expression, decreases TNF-α-induced
eosinophil recruitment, reduces epithelial inflammation, and reduces allergic and
inflammatory airway in OVA-challenged mice through disturbing NF-κB signaling
(Gong et al., 2012)
Inhibits IL-4 activation of STAT6 through type I receptors expressing JAK3 (Cortes
et al., 2007)
Reduces fibrotic airway remodeling via bronchial epithelial-to-mesenchymal transition
by modulating PAR1 activation (Gong et al., 2014)
Reduces secretion histamine in IgE-stimulated RBL-2H3 cells and suppressed mast-
cell-dependent PCA in IgE-sensitized mice (Kim et al., 2014)
Suppresses LPS-induced Th1, Th2, and neutrophil-related chemokines in THP-1
cells (Huang et al., 2010)
Reduces secretion of allergic mediators in RBL-2H3 cells, decreases CD23 mRNA
expression and p38 MAPK activation in IL-4 stimulated Caco-2 cells, and suppresses
IgE-OVA-induced ERK activation and chemokine release (Lee et al., 2010)

Ellagic acid Accelerates the resolution of allergic airways inflammation in mouse model of
ovalbumin-induced asthma and reduces total leukocytes and eosinophils numbers in
the BALF, the mucus production, and lung inflammation in part by reducing IL-5
concentration, EPO activity, and P-selectin expression (De Freitas Alves et al., 2013)

Clearance of allergic airways inflammation and asthma

Reduces the vascular permeability changes, reduces IL-6, increases levels of IL-10,
reduces neutrophil recruitment to the BALF, and reduces COX-2-induced
exacerbation of inflammation (Cornélio Favarin et al., 2013)
Inhibits anti-DNP IgE-mediated passive cutaneous anaphylaxis, reduces histamine
release and the expression and secretion of pro-inflammatory cytokines, such as
TNF-α and IL-6, and reduces activation of NF-κB (Choi and Yan, 2009)
Antioxidant (free radical scavenging activity) (Ríos et al., 2018)

(Continued on following page)
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is also used to evaluate the severity of the symptoms. Symptoms
are considered to be mild if normal daily activities, such as sleep,
study, and work, can be undertaken without troublesome or
interfering symptoms. On the other hand, if a patient presents at
least one symptomatic difficulty, then the symptoms are defined
as moderate/severe (Figure 1) (Klimek et al., 2019). Therefore,
consideration of both duration and severity is an important guide
to choosing the most suitable treatment for each patient.

The key elements for AR management are as follows: 1)
avoidance of suspected allergens in sensitized individuals, 2)
providing appropriate therapeutic agents to reduce nasal
symptoms and improve patients’ QoL, and/or 3) considering
allergen-specific immunotherapy (AIT) (Varshney and
Varshney, 2015). The list of medications used for AR, their
mechanism of action, and their known adverse effects are
listed in Table 1 (Bousquet et al., 2008; Klimek et al., 2019;

Hossenbaccus et al., 2020). Although these treatments alleviate
many AR-causing symptoms effectively, their use may also cause
additional adverse effects.

The pathophysiology of AR is quite complex (Figure 2),
beginning with sensitization and early and late-phase responses
(Min, 2010; Sin and Togias, 2011). Allergens can enter the
submucosal area guided by antigen-presenting cells (APCs),
which are mainly dendritic cells and macrophages, or pass
through disturbed epithelial cells (Bharadwaj et al., 2007;
Lambrecht and Hammad, 2010). Some allergens may have an
additional protease-related activity to help them cleave the tight
junctions between epithelial cells (Reithofer and Jahn-Schmid,
2017). After recognizing the antigen, the activated APCs then
undergo maturation, migrate to regional lymph nodes, and present
allergen peptides to naïve T cells (Th0). The presentation of
peptides requires the involvement of major histocompatibility

TABLE 2 | (Continued) Plant’s constituents in Triphala exhibiting potential benefits in alleviating AR symptoms.

Compound Mechanism of action Potential
benefits in AR

Gallic acid Alleviates nasal inflammation in a mouse model of OVA-induced AR
(Fan et al., 2019)

Alleviation of nasal symptoms caused by inflammatory cytokines
and autacoids

Inhibits of pro-inflammatory cytokines and histamine release
(Kim et al., 2006)

Reduction of oxidative stress in AR and may suppress
exacerbation of AR-related symptoms

Suppresses AR-related mediators both in vitro and in vivo (Ebihara et al., 2018;
Edo et al., 2018)
Suppresses pro-inflammatory cytokines and inflammatory inducers
(Mlcek et al., 2016)
Reduces markers of respiratory inflammation (Irie et al., 2016; Edo et al., 2018)
Inhibits IL-33-mediated ILC2 activation and subsequent Th2 cytokine release via
downregulation of theMyD88/NF-κB signaling pathway in ovalbumin-induced asthma
in mice (Wang et al., 2018)
Antioxidant (Roidoung et al., 2016)

Vitamin C Reduces MDA, an important oxidative stress marker (Seo et al., 2013;
Tongtako et al., 2018)

Reduction of oxidative stress in AR and may suppress
exacerbation of AR-related symptoms

Combined with exercise helps increase PNIF, reduce rhinitis symptoms, nasal blood
flow, and MDA levels, decreases nasal secretion IL-4, and increase nasal secretion IL-
2 levels (Tongtako et al., 2018)

Reduce rhinitis symptoms and other nasal symptoms

Less decline in pulmonary function when compared to placebo in crossover RCT
(Forte et al., 2018)
Reduces eosinophil infiltration and increases ratio of IFN-γ/IL-5 cytokines in
bronchoalveolar lavage fluid in OVA-challenged mouse model (Chang et al., 2009)

Chebulinic
acid

A strong antioxidant (Lee et al., 2007)
Inhibits influenza viral neuraminidase (Li et al., 2020)

Reduction of oxidative stress in AR and may suppress
exacerbation of AR-related symptoms

DNA gyrase inhibitors (Khan et al., 2018) Alleviation of symptoms resulted from viral and bacterial infection in
AR patients

Chebulagic
acid

Inhibits enterovirus 71 replication, inhibits influenza viral neuraminidase (Yang et al.,
2013)

Alleviation of symptoms resulted from viral infection in
AR patients

Reduces onset and progression of collagen-induced arthritis in mice (reduces serum
levels of total and anti-collagen IgG, IL-10, and IL-6 but increases TGF-β) (Lee et al.,
2005)

Reduction of inflammatory signaling in the airway

Inhibits the LPS-induced expression of TNF-α and IL-1β in endothelial cells (Liu et al.,
2015)
Inhibits COX-2 and 5-LOX enzymes (Reddy et al., 2009; Athira et al., 2013)

Emblicanin Possesses strong free radical-scavenging activity (>gallic acid > ellagic acid >
ascorbic acid) (Pozharitskaya et al., 2007)

Reduction of oxidative stress in AR and may suppress
exacerbation of AR-related symptoms

BALF, bronchoalveolar lavage fluid; cPLA2, cytosolic phospholipase A2; DNA, deoxyribonucleic acid; DNP, dinitrophenyl; EPO, eosinophil peroxidase; ERK, extra signal-regulated protein
kinase; GM-CSF, granulocyte-macrophage colony-stimulating factor; H1R, histamine H1 receptor; THP-1, human monocyte cell line; H2O2, hydrogen peroxide; LTs, leukotrienes; LPS,
lipopolysaccharide; LOX, lipoxygenases; PAC, passive cutaneous anaphylaxis; PNIF, peak nasal inspiratory flow; PMA, phorbol-12-myristate-13-acetate; PLCc, phospholipase Cc; PAR-
1, protease-activated receptor-1; PKCμ, protein kinase Cμ; RCT, randomized clinical trial; RANTES, regulated on activation; normal T-cell expressed and secreted; TGF-β, transforming
growth factor-β; TBI, toluene 2,4-diisocyanate.
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complex (MHC) class II molecules expressed on the APC surface,
together with T cell receptors located on naïve T lymphocyte (Th0)
surfaces (Bharadwaj et al., 2007). Depending on the cytokine-
stimulated pattern, the Th0 cells can be differentiated into T helper
type 1 (Th1) and T helper type 2 (Th2) cells (Zhu et al., 2010).
Recognition of the antigenic peptides, together with activation by
interleukin-4 (IL-4) derived from various resident cells, drives the
Th0 cells to preferentially acquire the differentiated form of Th2
cells (Zhu et al., 2010). Furthermore, the release of IL-4, IL-5, and
IL-13 by Th2 cells induces B-cell immunoglobulin class-switch
recombination (Poulsen and Hummelshoj, 2007). The gene
segments responsible for encoding the immunoglobulin heavy

chain are rearranged in order to produce allergen-specific IgE
antibodies (Gadermaier et al., 2014).

The early phase occurs in sensitized individuals within
minutes of exposure to allergens. Soluble IgE antibodies,
which are produced by B cells in the sensitization phase,
locally diffuse and systematically enter the body fluids via
lymphatic vessels (Burton and Oettgen, 2011). IgE can
strongly bind to the tetrameric (αβγ2) high-affinity surface
receptors for IgE (FcεRI) on tissue mast cells and basophils
(Turner and Kinet, 1999). Any cells with surface-bound IgE
antibodies are called sensitized cells, and they are prompted to
respond to specific antigens through the membrane-bound IgE

TABLE 3 | Triphala and its constituents with anti-oxidative properties.

Herbs Extracts Models Results References

In vitro In vivo

Triphala 50% ethanol Bleomycin and
paraquat- induced ROS
in HeLa cells

↓ROS levels in bleomycin induction
(Triphala > T3 > T2 > T1), in paraquat
induction (T1 > Triphala > T2 > T3) (dose
� diluted at 3 × 10–5)

(Takauji et al., 2016)
P. emblica
L. (T1)
T. chebula
retz. (T2)
T. bellirica
(gaertn.)
roxb. (T3)
Triphala n/a (powder

mixed with
diet)

Mice
DMH-induced ER stress in mouse liver.
(5% w/w mixed with diet for 14 days;
negative control: normal diet)

↓Hepatic oxidative stress (↓MDA and
LDH)
↑Anti-oxidative enzymes (↑GSH
and GST)

(Sharma and Sharma,
2011)

Triphala Mixed with
normal saline

Rat
LPO, SOD, CAT, and GPx levels in noise-
induced stress rats (extract � 1 g/kg,
p.o. for 48 days; negative control: Saline)

↓MDA and corticosterone while ↑SOD,
GPx, and vitamin C level in plasma and
spleen (MAC � 1 g/kg)

(Srikumar et al., 2006)

↑CAT in spleen (MAC � 1 g/kg)
P. emblica
L. (T1)

70%
methanol

Mice
SOD, CAT, GST, GSH in liver (extract �
10, 50, and100 mg/kg, p.o. for 7 days)
negative control: normal saline

↑SOD, CAT, GST, and GSH content in
liver (MAC � 10 mg/kg)

(Hazra et al., 2010)

T. chebula
retz. (T2)
T. bellirica
(gaertn.)
Roxb.(T3)
P. emblica L Water H2O2- induced U937

human myeloleukemic
model

↓ROS production in H2O2-induced
human myeloleukemic U937 cells (IC50
� 295.0 μg/ml)

(Charoenteeraboon
et al., 2010)

Positive control: Gallic
acid, trolox

T. chebula
retz

Distilled water Young and aged rats (extract �
200 mg/kg, p.o. for 4 weeks; negative
control: sterile water)

↑Enzymatic (MnSOD, CAT, GR, GST,
GSH, G6PDH) and non-enzymatic
antioxidants (GPx, vitamin E, and vitamin
C levels) in liver and kidney of aged rats

(Mahesh et al., 2009)

↓Oxidative stress markers (MDA, PCO,
LF, XO) in liver and kidney of aged rats
↑Enzymatic (GST, G6PD) and non-
enzymatic antioxidants (GST) as well as
↓Oxidative stress marker (MDA, PCO,
XO) in liver of young rats

DMH, 1,2-dimethylhydrazinedihydrochloride; ABTS·−, 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid); IC50, 50% inhibitory concentration; ER, endoplasmic reticulum; EDTA,
ethylenediaminetetraacetic acid; FRAP, ferric reducing ability of plasma; G6PD, glucose-6-phosphate dehydrogenase; GR, glutathione reductase; HDF, human dermal fibroblast; H2O2-,
hydrogen peroxide; ·OH, hydroxyl radical; HOCl, hypochlorous acid; LPO, lipid peroxidation; LF, lipofusin; Mn-SOD, manganese superoxide dismutase; MAC, minimal active
concentration; ·NO, nitric oxide; ONOO·−, peroxynitrite; PCO, protein carbonyl; RBC, red blood cell; Roxb.; GSH, reduced glutathione; TEAC, Trolox equivalent antioxidant concentration;
1O2, singlet oxygen; O2

·−, superoxide anion radical; XO, xanthine oxidase.
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TABLE 4 | Triphala and its constituents with anti-inflammatory properties.

Herbs Extracts Models Results References

In vitro In vivo

Triphala Water Mice ↓paw edema (Rasool and Sabina,
2007)CFA-induced arthritis (extract �

1 g/kg, p.o. for 8 days)
↓lysosomal enzymes (acid
phosphatase, E-glucuronidase,
N-acetyl glucosaminidase, and
E-galactosidase) in plasma, liver,
and spleen

Positive control: indomethacin
(3 mg/kg, p.o. for 8 days)

↓protein-bound carbohydrates
(hexose, hexosamine, hexuronic
acid, fucose, and sialic acid) in liver
and spleen
↓marker enzymes (AST, ALT, and
ALP) in plasma, liver, and spleen

Triphala Methanol Rats ↓paw edema (MAC � 100 mg/kg) (Prabu et al., 2008)
Carrageenan-induced edema
(extract � 100 and 200 mg/kg,
p.o. single dose)

↓wet and dried weight of cotton
pellet (MAC � 200 mg/kg)

Cotton pellet induced
granuloma (extract � 100 and
200 mg/kg, p.o. for 7 days;
negative control: 1% tween 80;
positive control: indomethacin �
10 mg/kg, p.o. for 7 days)

Triphala Water Rats ↓EPP-induced ear edema (Sireeratawong et al.,
2013)EPP and AA-induced ear edema

(extract � 4 mg/ear, topical
application; negative control:
Mixture of dimethysulfoxide and
acetone, 1:1; positive control:
phenylbutazone � 1 mg/ear,
phenidone � 2 mg/ear)

↔ AA-induced ear edema

Carrageenan-induced paw
edema (extract �
300–200 mg/kg, p.o.; negative
control: distilled water; positive
control: aspirin � 300 mg/kg)

↓carrageenan-induced paw
edema (MAC � 300 mg/kg)

Cotton pellet-induced
granuloma formation (extract �
1,200 mg/kg, p.o. for 7 days;
negative control: distilled water;
positive control: aspirin �
300 mg/kg, prednisolone �
5 mg/kg)

↔ granuloma formation

Triphala Water Rats ↓lipid peroxidation, glycoproteins
(hexose, hexosamine, and sialic
acid), and lysosomal enzymes
(acid phosphatase,
β-galactosidase, N-acetyl
β-glucosaminidase, and
cathepsin-D) in paw tissues

(Kalaiselvan and
Rasool, 2015)CFA-induced arthritis (extract �

100 mg/kg, i.p. for 7 days;
negative control: saline; positive
control: indomethacin �
3 mg/kg, i.p.)

↑SOD, CAT, GPx, GST, and GSH
in paw tissues
↓TNF-α, IL-1β, VEGF, MCP-1, and
PGE2 levels in serum and paw
tissues

(Continued on following page)
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TABLE 4 | (Continued) Triphala and its constituents with anti-inflammatory properties.

Herbs Extracts Models Results References

In vitro In vivo

Triphala Distilled water LPS stimulated RAW 246.7
macrophage (extract �
100–300 μg/ml)

Rats

↓TNF-α, IL-1β, IL-6, MCP-1,
VEGF, NO, PGE2 levels (MAC �
200 μg/ml)

(Kalaiselvan and
Rasool, 2016)

CFA-induced arthritis extract �
100 mg/kg, i.p. for 7 days;
negative control: Saline; positive
control: indomethacin �
3 mg/kg, i.p. for 7 days)

↓lysosomal enzymes
[β-galactosidase, N-acetyl
β-glucosaminidase, cathepsin-D
(MAC � 100 μg/ml), and acid
phosphatase (MAC � 300 μg/ml)]
↓TNF-α, IL-1β, IL-6, MCP-1, NF-
kBp65, COX-2 and ↑HO mRNA
expression (MAC � 200 μg/ml)
↓NF-kBp65 and pNF-kBp65
protein expression (MAC �
200 μg/ml)
↓overexpressed TNF-α, IL-17,
iNOS, COX-2 (MAC � 200 μg/ml)
↓free radical formation (MAC �
100 μg/ml)
↓p-NF kB p65, IL-17, COX-2 and
RANKL protein expression in paw
tissues

Triphala (AIE) Ethanol TNF-α induced inflammation in
retinal choroid microvascular
endothelial cells (RF/6 A) (AIE �
1–50 μg/ml, CA, CI and GA �
1–100 μg/ml)

Ex vivo: TNF-α induced
angiogenesis in chick
chorioallantoic membrane (AlE �
25 μg, CA � 25 μM, CI � 25 μM,
GA � 100 μM)

↓MMP-9 expression (MAC of AIE,
CA and CI � 10 μg/ml, GA �
50 μg/ml)

(Shanmuganathan and
Angayarkanni, 2018)

Chebulagic
acid (CA)

In silico docking study: binding to
TNF-α-receptor-1

↓tube formation, chemotaxis,
endothelial cell proliferation (MAC
of AIE, CA and CI � 10 μg/ml, GA �
100 μg/ml)

Chebulinic
acid (CI)

↓IL-6, IL-8, and MCP-1 expression
(MAC of AIE � 100 μg/ml, CA and
CI � 10 μg/ml, GA � 50 μg/ml)

Gallic
acid (GA)

↓phosphorylation of p38, ERK and
NF-kB (MAC of AIE, CA and CI �
10 μg/ml, GA � 100 μg/ml)
Binding energy of CA � 6.4 kcal/
mol, CI � 7.7 kcal/mol, GA �
6.3 kcal/mol
↓angiogenesis (MAC of AIE, CA
and CI � 25 μg/ml, GA �
100 μg/ml)

P. emblica L 80% methanol Rats ↓serum LDH (MAC � 100 mg/kg) (Deshmukh et al.,
2010)Acetic acid induced colitis

(extract � 100 and 200 mg/kg,
p.o. for 7 days; positive control:
sulfasalazine � 500 mg/kg, p.o
for 3 days)

↓macroscopic inflammation
scores and wet weight of colonic
segments (MAC � 200 mg/kg)

P. emblica L Hydroalcohol Rats ↓lipid peroxidation in brain (MAC �
300 mg/kg)

(Golechha et al., 2011)
KA-induced seizures (extract �
300, 500, and 700 mg/kg, i.p.
for 7 days; negative control:
Normal saline, i.p.)

↑brain GSH levels (MAC �
500 mg/kg)

↓TNF-α in brain (MAC �
300 mg/kg)

(Continued on following page)
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TABLE 4 | (Continued) Triphala and its constituents with anti-inflammatory properties.

Herbs Extracts Models Results References

In vitro In vivo

P. emblica L 70% ethanol Rats Both FPEO and BREO (Muthuraman et al.,
2011)free (FPEO) and

bounded (BREO)
phenolic
compounds

Carrageenan-induced paw
edema (FPEO and BREO � 20
and 40 mg/kg, p.o.; positive
control: diclofenac sodium �
12.5 mg/kg, p.o.; negative
control: 1% of carboxy methyl
cellulose � 1 ml, p.o.)

↓paw edema (MAC � 40 mg/kg)

Cotton pellet-induced
granuloma formation (extract �
20 and 40 mg/kg, p.o. for 16
days; negative control: 1% of
carboxy methyl cellulose � 1 ml,
p.o.; positive control: diclofenac
� 12.5 mg/kg, p.o.)

↓granulomatous tissue mass
(MAC � 40 mg/kg)
↓lipid peroxidation,
myeloperoxidase activity, plasma
extravasaion levels and ↑GSH level
(MAC � 40 mg/kg)

P. emblica L Commercial fruit
extract (patented
enzymatic process)

LPS-induced inflammation in
HUVEC (extract � 0–100 μg/ml)

Rats

↓adhesion of THP-1 cells (MAC �
1 μg/ml)

(Pradyumna Rao et al.,
2013)

LPS-induced endotoxemia
(50 mg/kg, p.o.; negative
control: PBS � 50 mg/kg, p.o.)

↓E-selectin mRNA expression
(MAC � 30 μg/ml)

↓serum TNF-α and IL-6 levels
(MAC � 50 mg/kg)

P. emblica L Hydro-alcohol Rats ↓paw edema (MAC � 300 mg/kg) (Golechha et al., 2014)
Carrageenan (positive control:
indomethacin 10 mg/kg, p.o.),
histamine (positive control: CPM
3 mg/kg, p.o.), serotonin
(positive control: CPH 3 mg/kg,
p.o.), and PGE2 (positive
control: PBZ 100 mg/kg, p.o.)-
induced hind paw edema
(extract � 300, 500, and
700 mg/kg, i.p.; negative
control: saline � 1 ml/kg, i.p.)

↑GSH, catalase, and SOD level in
paw tissues (MAC � 500 mg/kg)

Cotton pellet-induced
granuloma formation (extract �
300, 500, and 700 mg/kg, i.p.
for 7 days; negative control:
Saline � 1 ml/kg, i.p.; positive
control: indomethacin �
10 mg/kg, p.o.)

↓MDA level in paw tissues (MAC �
300 mg/kg)

↓granulomatous tissue mass
(MAC � 300 mg/kg)

P. emblica L Methanol Rats ↓paw edema (MAC � 200 mg/kg) (Middha et al., 2015)
Carrageenan-induced paw
edema (extract � 200 and
400 mg/kg; positive control:
diclofenac � 10 mg/kg)

↓IL-1β, TNF-α levels (MAC �
200 mg/kg)

P. emblica L Ethyl acetate
fraction

Mice ↓serum TNF-α, IL-1β, IL-6 (MAC �
500 mg/kg)

(Singh et al., 2015)
Arsenic-induced inflammation
(extract � 500 mg/kg, p.o. for 30
days; negative control: 2% gum
acacia)

Restore T cells and B cells
Reverse thymus and spleen weight

(Continued on following page)
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TABLE 4 | (Continued) Triphala and its constituents with anti-inflammatory properties.

Herbs Extracts Models Results References

In vitro In vivo

T. chebula
retz

50% methanol Rats ↓joint swelling (MAC � 40 mg/kg) (Nair et al., 2010)
Formaldehyde-induced arthritis
(extract � 20, 40, and 80 mg/kg,
p.o. for 10 days)

↓serum TNF-α (MAC � 40 mg/kg)

CFA-induced arthritis (extract �
20, 40, and 80 mg/kg, p.o. for
21 days; positive control:
indomethacin � 3 mg/kg)

↓synovial expression of IL-1β, IL-6,
and TNFR1 (maximum at
80 mg/kg)

↓joint swelling (MAC � 20 mg/kg)

T. chebula
retz

50% methanol Rats ↓paw edema (MAC � 80 mg/kg) (Nair et al., 2012)
Carrageenan-induced paw
edema (extract � 20, 40, and
80 mg/kg, p.o.)

↓dry granuloma weight (MAC �
40 mg/kg)

Cotton pellet-induced
granuloma formation (extract �
20, 40, and 80 mg/kg, p.o. for 6
days)

↓TNF-α, IL-6 and IL-β levels (MAC
� 80 mg/kg)

CFA-stimulated peritoneal
macrophages (extract �
80 mg/kg, p.o. for 6 days;
negative control; 1% gum
acacia; positive control:
indomethacin � 3 mg/kg)

↓TNF-Rl expression on peritoneal
macropharge (MAC � 80 mg/kg)

T. chebula
retz

95% ethanol Mice ↓ear thickness (MAC � 100 mg/kg) (Sukakul et al., 2013)
Croton oil-induced ear
dermatitis (extract � 100 mg/ml,
topical application)

↓ear plug weight (MAC �
100 mg/kg)

T. chebula
retz

70% ethanol Human RBC stablization method
(extract � 50, 100, 250,
500 μg/ml)

Rats ↓MDA formation (MAC �
50 mg/kg)

(Bag et al., 2013)
Carrageenan-induced high paw
edema (extract � 50, 100, 250,
and 500 mg/kg p.o.; negative
control: normal saline; positive
control: indomethacin
5 mg/kg, p.o.)

↓paw edema (MAC � 50 mg/kg)
↑human RBC membrane stability
(MAC � 50 μg/ml)

T. chebula
retz

80% ethanol Rats ↓paw edema (MAC � 300 mg/kg) (Ibne Jami et al., 2014)
Carrageenan-induced paw
edema (extract � 300 mg/kg;
negative control: normal saline;
positive control: diclofenac
100 mg/kg)

T. chebula
retz

100% methanol LPS-stimulated mouse
macrophage cells (RAW 264.7)
(compounds � 10, 50 μM;
positive control: parthenolide
10 μM, indomethacin 10 μM)

↓NO production (Yang et al., 2014)
chebulinic acid (MAC � 50 μM)
2,3,6-tri-O-galloyl-B-D-glucose
(MAC � 50 μM)
arjunuc acid (MAC � 50 μM)
arjulonic acid (MAC � 50 μM)
↓expression of iNOS (MAC �
10 μM) and COX-2 (MAC � 50 μM)

(Continued on following page)
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TABLE 4 | (Continued) Triphala and its constituents with anti-inflammatory properties.

Herbs Extracts Models Results References

In vitro In vivo

T. chebula
retz

Water Rats ↓EPP-induced ear edema (MAC �
1 mg/ear)

(Sireeratawong et al.,
2014)EPP- and AA-induced ear

edema (extract � 1, 2, 4 mg/20
μL/ear; positive control:
phenylbutazone, phenidone 1
and 2 mg/ear)

↔ AA-induced ear edema

Carrageenan-induced paw
edema (extract � 150, 300, and
600 mg/kg; negative control:
normal saline; positive control:
Aspirin 300 mg/kg)

↓paw edema (MAC � 1 mg/kg)

Cotton pellet-induced
granuloma formation (extract �
600 mg/kg, p.o. for 7 days;
positive control: Aspirin
300 mg/kg, prednisolone
5 mg/kg)

↔ granulomatous tissue mass

T. chebula
retz

Methanol Rats ↓paw edema (MAC � 100 mg/kg) (Kirubanandan et al.,
2015)Carrageenan-induced paw

edema (extract � 100 and
200 mg/kg, p.o.)

↓granulomatous tissue (MAC �
200 mg/kg)

Cotton pellet-induced
granuloma formation in rats
(extract � 100 and 200 mg/kg,
p.o. for 7 days; negative control:
1% Tween80 2 ml/kg, p.o;
positive control: indomethacin”
10 mg/kg, p.o.)

T. chebula
retz

Terminalia
chebulanin
(polyphenolic
compound from
fruit)

M5 (a cocktail of IL-1α, IL-17A,
IL-22, oncostatin M, and TNFα)-
induced HaCaT cells proliferation
(extractt � 10 μg/ml)

Mice

↓TBARS content, ROS production (An et al., 2016)

IMQ-induced psoriatic skin
lesion (extract � 50 mg/kg,
intragastric; negative control:
vehicle vaseline cream)

↑GSH level (MAC � 10 μg/ml)

↓TNFα, IL-17A, IL-23b, MMP-9,
cyclinD, cyclinE mRNA expression
(MAC � 10 μg/ml)
↓overexpressed p65 NF-κB
expression in tissues and cells
(MAC � 10 μg/ml)

↓skin leison through heme
oxygenase-I (MAC � 50 mg/kg)
↓TNFα, IL-17 A and IL-23 b levels
in serum and skin (MAC �
50 mg/kg)
↑HO-1 expression (MAC �
50 mg/kg)

T. chebula
retz

Water Osteoarthritic dogs (extract �
500 mg p.o. bid for 150 days;
negative control: placebo
capsule)

↓pain upon limb manipulation
significance at 90 days
↓ESR significance at 120 days

(Murdock, 2015)

T. chebula
retz

70% ethanol LPS-induced primary microglia
cells isolated frommice (extract �
5,10,20,40.80 μg/ml)

↓TNF-α, IL-1β, IL-6, COX-2, PGE-
2, NO concentration (MAC �
20 μg/ml)

(Rahimi et al., 2018)

↓TNF-α, IL-1β, IL-6, COX-2, iNOS
mRNA expression (MAC �
20 μg/ml)
↑Arg-1 mRNA expression (dose
dependence) (MAC � 20 μg/ml)
↑urea production (MAC �
40 μg/ml)

(Continued on following page)
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antibodies. The crosslinking of adjacent IgE antibodies by
allergens induces aggregation of FcεRI and then triggers a
rapid degranulation and secretion of various mediators,
including histamine and tryptase (Turner and Kinet, 1999).
Mast cells also release newly synthesized lipid mediators,
including leukotrienes (LTC4, LTD4, and LTE4) and
prostaglandins (PGD2) to help sustain inflammation by
neutrophil and eosinophil infiltration (Fanning and Boyce, 2013).

There are many signs and symptoms associated with the early
phase of AR, such as nasal pruritus, sneezing, and coughing
caused by the histamine-stimulated sensory nerve endings of the
trigeminal nerves (Taylor-Clark et al., 2005; Rosa and Fantozzi,
2013). The activation of sympathetics and parasymphathetics by
histamines can also stimulate the mucous glands to produce a
watery discharge that is presented as rhinorrhea (Al Suleimani
and Walker, 2007). Histamines, together with leukotrienes and

prostaglandins, act on blood vessels, causing vasodilation and
nasal congestion (White, 1990).

The late phase response is characterized by recruitment of
T cells, eosinophils, basophils, and neutrophils following a release
of their various mediators, which leads to a continuation of the
symptoms and inflammatory induction. This phase usually
begins around 4–5 h following exposure to allergens and can
last for 24 h. Some cytokines, such as IL-4, IL-13, and tumor
necrosis factor-α (TNF-α) released from mast cells, have the
ability to upregulate two adhesion molecules, which are vascular
cell adhesion molecule-1 (VCAM-1) and intracellular cell
adhesion molecule-1 (ICAM-1) (Lee et al., 1994). These
adhesion molecules subsequently induce migration of
basophils, eosinophils, neutrophils, and T cells to the nasal
mucosa. Moreover, an activated form of group 2 innate
lymphoid cells (ILC2), which are induced by mast cell-related

TABLE 4 | (Continued) Triphala and its constituents with anti-inflammatory properties.

Herbs Extracts Models Results References

In vitro In vivo

T. bellirica
(gaertn.) roxb

70% aqueous
acetone

Radical scavenging activity ↓ROS generation in LPS
stimulated RAW 264.7
macrophage cells (MAC �
100 μg/ml)

(Jayesh et al., 2018)

LPS-induced macrophage RAW
264.7 cells (extract � 25, 50,
100 μg/ml; positive control:
diclofenac sodium)

↓total COX activity, MPO, total 5-
LOX activity (MAC � 25 μg/ml)
↓TNF-α, IL-6 and COX-2 mRNA
expression (MAC � 25 μg/ml)

↓ROS production (MAC �
100 μg/ml)

T. bellirica
(gaertn.) roxb

Water LPS- or palmitic acid-induced
macrophage RAW 264.7 cell
(extract � 100, 200, 400 μg/ml;
negative control: Distilled water;
positive control: GA � 46 μg/kg,
EA � 1.6 μg/kg)

LPS-shock model mice (extract
� 400 mg/kg, p.o.; negative
control: Distilled water)

↓TNF-α, IL-1β, IL-6, MCP-1, CCL-
2, MSR, NOS2 mRNA expression
(MAC � 400 μg/ml)

(Tanaka et al., 2018)

↓SR-A protein expression
↓ROS production (MAC �
100 μg/ml)
↓NF-κB nuclear translocation,
↓phosphorylation of NF-κB p65,
p38, JNK, and ERK (MAC �
400 μg/ml)
Activate Akt/AMPK/Nrf2 pathway
(MAC � 100 μg/ml)
↑mRNA expression of antioxidant
enzymes (catalase, NQO1, and
GCLM)
↓TNF-α and IL-6 mRNA
expression
Prevent oxidative stress and
inflammation in endotoxemic mice

T. bellirica
(gaertn.) roxb

Ethanol Rats ↓paw edema (MAC � 100 mg/kg) (Chauhan et al., 2018)
Carrageenan-induced paw
edema (extract � 100, 200, and
400 mg/kg; negative control:
distilled water, positive control:
Indomethacin 3 mg/kg)

ALP, alanine aminotransferase; ALT, alkaline phosphatase; AA, arachidonic acid; AST, aspartate aminotransferase; CCL-2, C-C motif chemokine ligand 2 gene; CPM, chlorpheniramine;
SR-A, class A scavenger receptor A; CFA, complete Freund’s adjuvant; CPH, cyproheptadine; ESR, erythrocyte sedimentation rate; GCLM, glutamate-cysteine ligase modifier subunit;
HUVEC, human umbilical vein endothelial cells; IMQ, imiquimod; KA, kainic acid; MSR, macrophage scavenger receptor gene; MPO, myeloperoxidase; NQO1, NADPH quinone
oxidoreductase 1; PBZ, phenylbutazone; RANKL, receptor activator of nuclear kappa-B ligand; TBARS, thiobarbituric acid reactive substances; vWF, von Willebrand factor.
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cytokines (leukotrienes, prostaglandins, and platelet-activating
factor (PAF)) play a role in continuing the inflammation by
releasing large amounts of Th2 cytokines (Li and Hendriks,
2013). Neutrophils that are recruited into the nasal mucosa
can harm the epithelium by inducing reactive oxygen species
(ROS) and enzyme (protease, matrix metallopeptidase 9 (MMP-
9), and myeloperoxidase) production (Lacy, 2006; Ventura et al.,
2014). Persistent inflammation in the late phase is associated with
tissue remodeling, which might also lead to alteration of organ
function and nasal hyperresponsiveness (Galli et al., 2008).

TRIPHALA

Triphala, one of the polyherbal formulations used in Ayurvedic
medicine, comprises the dried fruits of three plants, namely,
Terminalia chebula Retz (Family Combretaceae R. Br),
Terminalia bellirica (Gaertn.) Roxb (Family Combretaceae R.
Br), and Phyllanthus emblica L (Family Phyllanthaceae
Martinov). The composition of Triphala is derived from a
rational combination of T. chebula Retz., T. bellirica (Gaertn.)
Roxb., and P. emblica L., which are combined to balance the three
pillars of life or elemental substances, known in Sanskrit as the
three doshas, namely, Vata (elements of space and air), Kappha
(elements of earth and water), and Pitta (elements of fire and
water) (Peterson et al., 2017). Normally, the herbs are mixed in
equal proportions (1:1:1), but sometimes the ratios can be
modified to be one part T. chebula Retz., two parts T. bellirica
(Gaertn.) Roxb., and three parts P. emblica L (1:2:3) (Gajendra
et al., 2016) or one part each of T. chebula Retz. and T. bellirica
(Gaertn.) Roxb. and two parts P. emblica L (1:1:2) (Ginsburg
et al., 2009). According to a traditional Thai medicine textbook,
Triphala is used to provide relief for different disease conditions
related to the imbalance of water element (Kappha); specifically,

the difficulty of breathing caused by excessive water-soluble
element and mucus retention in the lungs. Although there is
no specific definition of AR in Traditional Thai medicine,
Triphala is used to reduce runny nose, cough, the viscosity of
phlegm, sore and dry throat, and thirst. These symptoms are
somehow related to AR symptoms.

Several phytochemicals have been detected in the fruits of
these three plants. These include phenolic compounds (gallic
acid, ellagic acid, chebulinic acid, chebulagic acid, and emblicanin
A and B), flavonoids (quercetin and kaempferol), alkaloids
(phyllantidine and phyllantin), ascorbic acid, carbohydrates,
proteins, etc. (Parveen et al., 2018). The amount of each
phytochemical varies depending on the methods used to
extract it, the solvents used, and the region in which the
parent plant was grown (Parveen et al., 2018). One study by
Liu et al. found that samples collected from different regions in
China contained a range of phenolic contents in P. emblica L.
methanolic extracts (Liu et al., 2008). Moreover, methanolic
extraction appeared to yield more phytochemicals than
aqueous extraction (Parveen et al., 2018). Therefore,
characterization of the compound to be extracted should be a
mandatory procedure before undertaking extraction
experiments.

The phytochemicals contained in Triphala may be beneficial
for the treatment of AR. Gallic acid and quercetin are prominent
phenolic compounds and are well-known antioxidants in AR-
related studies. Gallic acid was shown to alleviate nasal
inflammation by shifting the immune response toward Th1 in
a mouse model of OVA-induced AR (Fan et al., 2019). The
increment of Th2 cytokines, including IL-4, IL-5, IL-13, and IL-
17 was attenuated, whereas Th1-related cytokines, including
interferon-γ (IFN-γ) and IL-12, were upregulated in nasal
larval fluid (NALF) upon treatment with gallic acid (Fan et al.,
2019). Moreover, histopathological improvements such as nasal
mucosa thickening, goblet cell hyperplasia, and eosinophil
infiltration, have been observed in a gallic acid-treated group
of patients (Fan et al., 2019). One study also found that the AR-
positive effects of gallic acid were caused by inhibition of pro-
inflammatory cytokines and histamine release via the modulation
of cyclic adenosine monophosphate (cAMP), intracellular
calcium regulation, NF-κB), and a p38 mitogen-activated
protein kinase (p38 MAPK)-dependent mechanism (Kim
et al., 2006).

Quercetin, a flavonoid aglycone, functions extensively as a
major active compound in anti-allergic supplements. Both
transcriptional and translational levels of AR-related mediators
can be suppressed by quercetin both in vitro and in vivo. In IL-4-
induced human nasal epithelial cells (HNEpCs), nitric oxide
(NO) production, inducible nitric oxide synthase (iNOS)
mRNA expression, and signal transducer and activator of
transcription 6 (STAT6) activation are all attenuated (Ebihara
et al., 2018; Edo et al., 2018). Quercetin has the ability to suppress
pro-inflammatory cytokines and inflammatory inducers such as
cyclooxygenase-2 (COX-2), vasoactive intestinal peptide (VIP),
substance P, calcitonin gene-related peptide (CGRP), nerve
growth factor (NGF), and HIR gene upregulation in animal
models of antigen-induced AR (Mlcek et al., 2016). In

FIGURE 1 | The classification of allergic rhinitis modified from ARIA
guideline (Klimek et al., 2019). Classification of allergic rhinitis by the level of
severity (mild or moderate-severe) and episode of symptom occurrence
(intermittent or persistent). The figure was created by BioRender.com.
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TABLE 5 | Triphala and its constituents with immunomodulating properties.

Herbs Models Extracts Results References

in vitro in vivo/clinical

Triphala Fruit powder mixed
with saline

Rats ↑Neutrophil function (adherence,
phagocytic index, avidity index,
NBT reduction)

(Srikumar
et al., 2005)Noise-induced stress (extract � 1 g/kg/

day for 48 days, p.o.; negative control:
Saline) ↓Corticosterone level

Triphala Fruit powder mixed
with saline

Rats ↑Pan T cells, CD4+/CD8+ T cells (Srikumar
et al., 2007)Noise-induced stress (extract � 1 g/kg/

day for 48 days, p.o.; negative control:
Normal saline)

↑IL-2, IFN-gamma
↓IL-4

Triphala Aqueous fruit
powder suspension
in 2%gum acacia

PHA induced T-lymphocyte (human
blood isolation) proliferation (extract
50, 100 ug/ml for 4 days) Mice

↓T-lymphocyte proliferation (MAC
� 50 ug/ml)

(Sabina et al.,
2009)

CFA-induced arthritis (extract � 500 and
1,000 mg/kg, p.o. for 5 days)

↓Complement activity (MAC �
500 mg/ml)

Intraperitoneal SRBC-induced humoral
antibody titer (extract � 500 and
1,000 mg/kg, p.o. for 7 days)

↓Antibody titer response (MAC �
500 mg/ml)

DTH: SRBC-induced foot paw swelling
(extract � 500 and 1,000 mg/kg, p.o. for
4 days)

↓DTH response (MAC � 500 mg/
ml)

Triphala 95% ethanol healthy volunteer (extract � 1,050 mg/
day, p.o. for 2 weeks)

↑Cytotoxic T-cell
(CD3−CD8+CD45+) and natural
killer cells (CD16+CD56+CD45+)

(Phetkate
et al., 2012)

P.
emblica L

90% ethanol Lymphocyte isolation from cromium
(10 μg/ml)-induced
immunosuppressed rats (extract �
100 μg/ml)

↓Cytotoxicity of chromium (MAC �
100 μg/ml)

(Sai Ram et al.,
2002)

↓Lymphocyte suppresion
↑Restore IL-2, IFN-gamma
production
↓Apoptosis and DNA
fragmentation

P.
emblica L

95% ethanol Mice ↓CD8+ T cell, ↑CD4+(Th) (Singh et al.,
2015)Arsenic induced immunotoxicity (extract

� 500 mg/kg, p.o. for 30 days; negative
control: 2% gum acacia solution in
distilled water)

↑T (CD3+) and B(CD19+) sub cells
population

T.
chebula
retz

Ethanol Rats ↑Phagocytic activity (Aher et al.,
2010)SRBC-induced immune response

(extract � 100 mg/kg, p.o. for 11 days;
negative control: 1% gum acacia
solution in distilled water,
cyclophosphamide 100 mg/kg; positive
control: SRBC-sensitized rats)

↑Neutrophil, lymphocyte, and
monocyte

↑Phagocytic activity
↑Serum immunoglobulin

T.
chebula
retz

70% ethanol Rats ↑Liver mitochondrial enzyme
(CAT, SOD, GSH)

(Aher and
Wahi, 2011)SRBC-induced immune response

(extract � 100 mg/kg, p.o. for 14 days;
negative control: 1% gum acacia
solution in distilled water,
cyclophosphamide 100 mg/kg, positive
control: SRBC- sensitized rats)

↓Liver LPO
↑Lymphocyte proliferation
↑IL-2, IL-10 and TNF-α mRNA
expression in spleen cells

T.
chebula
retz

Water Mice ↓Ear swelling (thickness) (Nam et al.,
2011)DNFB-induced atopic symptoms

(extract � 100 ug/ml, topical application
for 8 days)

↓Eosinophil level
↓Atopic biomarkers (MMP-9, IL-
31, and T-bet)

(Continued on following page)
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addition, periostin, a novel marker of respiratory inflammation,
and thioredoxin, an antioxidant enzyme, were found to be
moderated by quercetin, resulting in an improvement in AR
clinical condition (Irie et al., 2016; Edo et al., 2018). The effects of
quercetin were also revealed in the clinical setting in which the
combination of herbs [quercetin, Perilla frutescens (L.) Britton,
and vitamin D3] known as “Lertal®” was effective in relieving the
overall symptoms of AR and reducing the use of anti-allergic
drugs without additional adverse effects (Thornhill and Kelly,
2000).

Other active compounds in Triphala are ascorbic acid
(vitamin C) and kaempferol. In particular, the plasma level of
ascorbic acid has been found to be reduced in allergic-related
diseases in which patients with allergy-related respiratory and
cutaneous symptoms can derive benefits after receiving an
exogenous vitamin C treatment (Vollbracht et al., 2018). One
study found that vitamin C in combination with exercise
potentially reduced inflammatory cytokines in nasal secretion,
reduced malondialdehyde (MDA), an important oxidative stress
marker, and exhibited improvement in physiological function in
rhinitis patients (Seo et al., 2013; Tongtako et al., 2018).
Kaempferol moderates several kinds of cytokines and
inflammatory markers in both the eosinophil cell line and the
mouse model of OVA induction, leading to a reduction in AR-
related inflammation (Oh et al., 2013).

Considering the beneficial aspect of Triphala for manipulating
the pathophysiology of AR, specific convincing compounds
(shown in Table 2.) are likely to be major responsible
molecules since many previous studies have revealed their

pharmacological activities specifically for physiological
processes related to airway inflammation and AR development.

Triphala: Antioxidative Effects
All living cells of organisms are a major source of ROS. Moreover,
other exogenous sources of oxidative stress can also induce an
exacerbation of AR symptoms. For example, 1) urban pollutants
aggravate nasal inflammation and AR-related symptoms, 2)
pollen grains that contain endogenous reduced nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase damage
airway epithelial cells and trigger granulocyte recruitment
(Boldogh et al., 2005). However, our bodies have sophisticated
antioxidant defense mechanisms, for example, enzymatic
mechanisms, including glutathione-S-transferase (GST),
superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), as well as non-enzymatic mechanisms
involving glutathione, ascorbate, urate, a-tocopherol, bilirubin,
lipoic acid, transferrin, and albumin, in order to prevent
overwhelming by and accumulation of oxidative stress (Frei et al.,
1988; Adwas et al., 2019). The imbalance between ROS production
and endogenous antioxidant defense leads to an exhaustion of
oxidative stress markers such as NO, MDA, and nitrite/nitrate
(Birben et al., 2012; Ayala et al., 2014; Nadif et al., 2014).

Oxidative stress is now considered to be one of the markers of
the pathogenesis of AR, asthma, and chronic obstructive
pulmonary disease (COPD). Epidemiological and clinical
studies of AR have found that eroallergen and pollutant co-
exposure can induce immunological effects, leading to
recruitment of inflammatory cells, cytokines, chemokines, and

TABLE 5 | (Continued) Triphala and its constituents with immunomodulating properties.

Herbs Models Extracts Results References

in vitro in vivo/clinical

T.
chebula
retz

Water Mice ↑Antibody titer of gRBC (MAC �
200 mg/kg)

(Rubab and
Ali, 2016)Goat RBC or ovalbumin-induced

immune system (extract � 100, 200,
300, and 400 mg/kg, p.o. for 10 days)

↑IFN-gamma (MAC � 300 mg/kg)

↓IL-4 (MAC � 300 mg/kg)
↑Lymphocye proliferation and
macrophage response
↑Bone marrow cellularity and
WBC count (MAC � 300 mg/kg)

T.
chebula
retz

Methanol extract
followed by water
fraction

Compound 48/80-induced histamine
release from RPMC (extract �
0.005–1.0 g/kg)

Compound 48/80-induced anaphylactic
shock in mice (extract � 0.001–1.0 g/kg,
i.p.; negative control: Saline)

↓Histamine release (MAC �
0.01 g/kg)

(Shin et al.,
2001)

Anti-DNP IgE-indcued passive
cutaneous anaphylaxis reaction in rats
(extract � 0.001–1.0 g/kg, p.o.)

↓Mortality rate (MAC � 0.01 g/kg)
↓Serum histamine level (MAC �
0.1 g/kg)

↓Passive cutaneous anaphylaxis
reaction (MAC � 1.0 g/kg)
↑IgE-mediated TNF-α production
(MAC � 1 mg/ml)

NBT, nitro blue tetrazolium; PHA, phytohemagglutinin; RPMC, rat peritoneal mast cells.
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finally AR-related symptoms (Naclerio et al., 2020). Ozone
exposure was also found to exacerbate antigen-induced
rhinitis, nasal symptoms such as rhinorrhea, sneezing, nasal
hyperresponsiveness, and eosinophil infiltration in guinea pigs
(Iijima et al., 2001). An increase in plasma total oxidant status
(TOS) and a decrease in the plasma antioxidative enzyme
paraoxonase (PON-1) have both been detected in children
with persistent AR, and these two factors were correlated with
their nasal symptoms. TOS and PON-1 may serve as disease
markers in children with AR (Ozkaya et al., 2013). Therefore, any
treatments that can attenuate this increase in oxidants and
prevent the decrease in endogenous antioxidants may help
improve AR-related symptoms and can be considered a new
strategy for treating AR.

In recent decades, several studies have examined and
described the antioxidative properties of Triphala, as shown in
Table 3. Even with different extraction methods, Triphala retains
its ability to scavenge free radicals in both in vitro and in vivo
models. For this aspect, several studies reported the activity of
Triphala by using chemical assays in which the results do not
directly represent the antioxidative properties of Triphala in the
actual physiological condition and cannot guarantee its
intracellular antioxidant activities (Naik et al., 2006; Liu et al.,
2008; Mehrotra et al., 2011; Babu et al., 2013; Gajendra et al.,
2016; Varma et al., 2016) However, screening by using such
in vitro chemical assays provide beneficial information related to
potential antioxidant activities of Triphala, which may be further
verified in the cell models or animal models. An enrichment of
polyphenolic compounds such as phenolic acids, flavonoids, and
tannins is considered to be one of the most important oxidant
defensive mechanisms of Triphala (Rice-Evans et al., 1997;
Francenia Santos-Sánchez et al., 2019). Thus, quantification of
total phenolic content using gallic acid as a standard is necessary
(Chandra et al., 2014). Parveen et al. discovered that the

methanolic extract of Triphala and its constituents showed a
more intense chromogenic reaction than aqueous extracts, and
this result supports its greater free radical scavenging ability
(Parveen et al., 2018). Interestingly, Triphala possesses radical
scavenging effects by reducing the concentrations of oxidative
stress molecules and products, and it also works to increase the
number of antioxidant enzymes present (Figure 2) (Gupta et al.,
2010). Giving Triphala in dimethylhydrazine (DMH)-induced
endoplasmic reticulum (ER)-stressed mice for 35 days can
prevent an increase in hepatic oxidative products, including
MDA and lactate dehydrogenase (LDH), and it also helps to
maintain the levels of antioxidative enzymes (GST and GSH)
(Sharma and Sharma, 2011). These effects have also been found
in a noise-stress induction model, with additional benefits for
the restoration of plasma vitamin C and corticosterone levels
(Srikumar et al., 2006). Because Triphala contains three
different herbs, some researchers have tried to compare the
overall ability of Triphala in terms of the potency of different
herb extracts. Hazra et al. found that each herb contained
individual polyphenolic profiles. The methanolic extract of P.
emblica L. expresses higher phenolic and ascorbic contents than
those of T. chebula Retz. and T. bellirica (Gaertn.) Roxb., and its
scavenging ability for 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and peroxynitrite radicals seems to be superior. On the other
hand, although T. bellirica (Gaertn.) Roxb. contains fewer
polyphenolic compounds than the other two herbs, it still
has a greater effect in reducing the number of superoxide,
nitric oxide, and hydroxyl radicals (Hazra et al., 2010).
However, different sample sources, herbal proportions, and
extraction methods can cause variations in the medicinal
profiles (Liu et al., 2008; Parveen et al., 2018). Therefore, it is
important to carry out herb qualification and characterization
before examining the effects of these herbs or permitting their
consumption by humans.

TABLE 6 | Triphala and its constituents in the respiratory system (Antitussive effect + Bronchodilator).

Herbs Extracts Models Results References

In vitro In vivo/Ex-vivo

P. emblica L Absolute ethanol Cats ↓number of cough efforts, cough frequency,
and intensity during expiration and inspiration
(MAC � 50 mg/kg)

(Nosál’Ováx
et al., 2003)Mechanical stimulation-induced coughing

(extract � 50,200 mg/kg, p.o.; positive control:
Codeine 10 mg/kg, i.p., dropropizine
100 mg/kg, i.p.)

T. chebula
retz

Polysaccharide extract
(water-extracted
carbohydrate polymer)

Guineapig ↓number of cough efforts (Nosalova et al.,
2013)Aerosol citric acid (0.3 M) induced cough

(extract � 50 mg/kg p.o.; negative control:
Water; positive control: Codeine phosphate
10 mg/kg)

T. bellirica
(gaertn.) roxb

70% methanol Rats ↓bronchoconstriction (18, 39, and 98%
inhibition at dose of 30, 100, and 300 mg/kg,
respectively)

(Gilani et al.,
2008)Carbachol (1 μM/kg)-induced

bronchoconstriction (extract � 30,100, and
300 mg/kg, i.v.; positive control: salbutamol �
0.001, 0.03, and 0.1 mg/kg, i.v.)
Carbachol; CCh 1 μM/kg and K+ 80 mM/kg
induced-isolated guineapig’s trachea (extract
� 0.1–10 mg/ml; negative control: Saline;
positive control: Dicyclomine, nifedipine,
atropine)

↓tracheal contraction (IC50 of CCh � 3.3 mg/
ml and IC50 of K+ � 8.5 mg/ml)
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Triphala: Anti-Inflammation
Inflammation plays an important role during AR progression
(Gelfand, 2004). Several kinds of inflammatory cytokines have
been found to be increased in AR patients in both the early and
late phases of allergen-induced inflammation. IgE-mediated mast
cell degranulation in the early phase is an initial factor in inducing
Th2 and T helper cell 17 (Th17) differentiation (Iwakura et al.,
2008; Mukai et al., 2018). Cytokines, such as IL-4, IL-13, and IL-
17, released by these T cells possess an ability to aggravate nasal
mucosa inflammation and disturb the intact mucosal barrier
(Wise et al., 2014; Ramezanpour et al., 2016). Many studies in
both in vitro and in vivomodels have revealed themarked benefits
of inflammatory modulation of AR conditions by using various
anti-inflammatory approaches (Holgate et al., 2005; Canonica
and Baiardini, 2006). An in vitro IL-4 and IL-13 antagonizing
treatment and an in vivo anti-IL-4 treatment in mice were found
to prevent epithelial barrier disruption (Steelant et al., 2018).
Suppression of IL-4, TNF-α, IgE, and eosinophil levels in serum
significantly alleviated symptoms and improved QoL in AR
patients (Lv et al., 2018). Additionally, the strategy of

upregulating anti-inflammatory signaling pathways, nuclear
factor erythoid 2-related factor 2/heme oxygenase-1 (Nrf2/
HO-1), and suppression of toll-like receptor-myeloid
differentiation primary response 88-nuclear factor kappa B
(TLR-MyD88-NF- κB) are all promising strategies for relieving
nasal inflammation and improving airway epithelial barrier
integrity (Bui et al., 2020).

Regardless of the prominent effects of a single herb, the
polyherbal Triphala formulation possesses anti-inflammatory
activity by acting through several mechanisms (Figure 2;
Table 4). Using different extraction methodologies, the herbs
retain their ability to reduce both acute and chronic
inflammation. For example, at a dose of 100–200 mg/kg,
Triphala was shown to be effective in reducing inflammation
in carrageenan- and ethyl phenylpropiolate (EPP)-induced paw
edema, which are both used as acute inflammatory models (Prabu
et al., 2008). Similarly, chronic inflammation in a granuloma
formation induced by a cotton pellet was also reduced by a
Triphala pretreatment (Prabu et al., 2008). Sireeratawong et al.
reported that even though the animal received a high dose of

FIGURE 2 | Pathophysiology of allergic rhinitis and the conceptual representative of a possible mechanism of action of Triphala in suppressing IgE dependent
allergic reaction. A schematic illustration representing the pathophysiology of the IgE-associated allergic reaction. Immediately following exposure to the allergen, the
latter is bound to the IgE on the surface of the mast cell and eventually activates mast cell degranulation, which releases inflammatory mediators. In addition, late phase
and chronic allergic inflammation occur as a result of eosinophil, macrophage, lymphocyte, and basophil activation. Eventually, following these cell activations, the
intracellular ROS are generated. Triphala may play an inhibitory role at the early phase response by suppressing the release of autacoids (including histamine,
leukotrienes, and prostaglandins) and by down-regulating the production and secretion of IL-4 and IL-13, which are key AR mediators for enhancing inflammation and
IgE production in B cells. Moreover, Triphala may help modulate the late phase response by scavenging the oxidative stress molecules and products. The figure was
created by BioRender.com.
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Triphala water extracted at 1,200 mg/kg, the granuloma
formation was not reduced by the cotton pellet induction
model (Sireeratawong et al., 2013). On the other hand,
another study using a similar induction model found that the
methanolic extract was beneficial, especially at lower doses
(100–200 mg/kg) (Prabu et al., 2008). These results suggest
that the methanolic extract might possess higher potency than
the water extract, hence further comparisons of the active
compounds identified in each extract are needed in order to
address this point.

Most of the anti-inflammatory properties of Triphala have
been reported in arthritis models. Pretreatment with the herbs
significantly alleviated the inflammatory markers and enzymes
associated with arthritis (Rasool and Sabina, 2007). Moreover,
over-activation and overexpression of the NF-κB pathway and
the production of cytokines, chemokines, and growth factors,
such as TNF-α, IL-17, TNF-α, IL-1β, IL-6, monocyte
chemoattractant protein-1 (MCP-1), vascular endothelial
growth factor (VEGF), prostaglandin E2 (PGE2), COX-2, NO,
and iNOS, were attenuated when patients were pretreated with
Triphala compared with the untreated groups (Kalaiselvan and
Rasool, 2016). Compound identification was partially
accomplished by Shanmuganathan et al. by focusing on the
TNF-α modulatory effect in which chebulinic acid, gallic acid,
and the whole Triphala extract showed inhibitory characteristics
on inflammation markers. These effects were mediated through
the MAPK and NF-κB signaling pathways. Moreover, the authors
confirmed the binding capability of these active compounds to
TNF-α-receptor-1 by using an in silico (i.e., computer simulated)
approach (Shanmuganathan and Angayarkanni, 2018).

Although the effect of Triphala on AR has not yet been
investigated, this polyherbal recipe counteracts various kinds
of inflammation, suggesting the possibility of using these herbs
to treat many inflammation-related diseases, including AR. High
penetrating capacity and high toxic threshold are considered to be
the advantages of Triphala for developing a preferential
therapeutic formulation in the future. Its highly penetrative
ability is evident in different parts of various body systems,
such as the effects of P. emblica L. in attenuating brain
inflammation in epileptic models and the reduction in
psoriasis-related skin inflammation by T. chebula Retz
(Golechha et al., 2011; An et al., 2016).

Activation and translocation of NF-κB are fundamental steps
for increasing inflammation-related gene expression and
maintaining airway inflammation (Hart et al., 1998; Schuliga,
2015). Although no study has reported a direct effect of Triphala
on airway inflammation, there is some evidence that suggests that
this polyherbal recipe might be a good candidate for use in AR
treatment. Triphala and its active constituents (T. bellirica
(Gaertn.) Roxb. and T. chebula Retz.) exhibited an ability to
decrease NF-κB activation and nuclear translocation by
suppressing the phosphorylation of p38, c-Jun N-terminal
kinase (JNK), and ERK and activating the Akt/AMP-activated
protein kinase/nuclear factor erythoid 2-related factor (Akt/
AMPK/Nrf) signaling pathway (Tanaka et al., 2018).
Therefore, further studies need to be undertaken in order to
explore the effects of Triphala in AR models.

Triphala: Immunomodulation
A balance between immunostimulation and immunosuppression
is important for helping our bodies maintain physiological
function. In both autoimmune and inflammatory diseases,
immunological imbalance occurs mainly in helper and
regulatory T cells (Dejaco et al., 2006; Noack and Miossec,
2014). Especially in AR, which is known as a type I
hypersensitivity condition, several immune cells are prone to
activation and to be aberrant in both the sensitization and
response phases (Kiboneka and Kibuule, 2019). A shift
predominantly to Th2 cell responses or a lowering of the Th1/
Th2 ratio has been found in several allergic diseases (Romagnani,
2004). Normally, Th1 responses result in IL-2, IFN-gamma,
IgG2a, IgG2b, and IgG3 production, whereas Th2 responses
lead to IL-3, IL-4, IL-5, IL-13, and IgG1 production (Gelfand,
2004; Galli et al., 2008). Most of the Th2 cytokines act as
enhancers of the inflammatory process. For example, IL-3 and
IL-5 affect mast cells and eosinophil proliferation and
differentiation (Denburg et al., 1994; Kouro and Takatsu,
2009). IL-13 participates in the recruitment of inflammatory
cells to inflammation sites by enhancing VCAM-1 expression
(De Vries, 1998). An increment in IL-4, which is considered to be
a major mediator in AR, can activate IgE production in B cells
(Poulsen and Hummelshoj, 2007).

In herbal medicine, quercetin is a well-known candidate
compound for AR-related cytokine modulation. This
compound is one of the essential elements in the Triphala
formulation. Quercetin has been reported to inhibit cytokines
such as IL-5, RANTES, and eotaxin released by eosinophils and
mast cells (Sakai-Kashiwabara and Asano, 2013). Moreover, Th1
and Th2 markers including IFN-gamma and IL-4, which are
aberrantly expressed in an asthmatic model, were found to be
modulated by quercetin (Park et al., 2009).

Researchers have found that Triphala and its active
constituents have dual activities in relation to both
immunostimulant and immunosuppressive effects that might
be beneficial in AR treatment (Figure 2; Table 5).
Pretreatment with Triphala (1 g/kg/day) improved neutrophil
function and reduced Pan T and CD4+/CD8+ along with an
increase in corticosteroid levels in a noise-induced stress model
(Srikumar et al., 2007). Interestingly, these herbs also reduced IL-
4 (Th2 cytokine) and increased IL-2 and IFN-gamma (Th1
cytokines), suggesting an influence on Th1 shifting (Srikumar
et al., 2005, 2007). In nonspecific mitogen-induced T lymphocyte
proliferation, the application of Triphala reduced T cell
proliferation, together with a reduced complement, antibody
titer, and a delayed-type hypersensitivity (DTH) response
following CFA and sheep red blood cell (SRBC) induction
(Sabina et al., 2009). Similar results have also been observed in
a single constituent, especially with T. chebula Retz. Atopic
lesions induced by 2,4-dinitrofluorobenzene (DNFB) were
relieved following topical application of T. chebula Retz.
extract. As well as lesion improvement, the extract attenuated
atopic markers (MMP-9 and IL-31) and eosinophil infiltration in
affected and adjacent areas, respectively (Nam et al., 2011).
Another interesting finding was that this extract was able to
shift forward the Th1 response by attenuating IL-4 and increasing
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IFN-gamma in an OVA-induced allergic model (Rubab and Ali,
2016). The results strongly suggest the benefits of using T. chebula
Retz. extract for treating AR because the shifting of immunity
from Th2 to Th1 is also used to define a successful response
following treatment with allergen-specific immunotherapy (AIT)
(Lam et al., 2020), and alteration of Th2 cytokines by reducing the
Th2 response may offer a kind of protective effect in treating
allergic diseases (Bosnjak et al., 2011). Moreover, upregulation of
IFN-gamma in T cells is correlated with a reduction in nasal
symptoms following exposure to allergens (Durham et al., 1999).

In theory, it is accepted that a balance of the numbers and ratios
of Th cells and Tc cells is considered to be a homeostasis marker of
the intrinsic immune system. Significant increments in Th cells, Tc
cells, and natural killer cells following exposure to Triphala and its
active constituents could confirm an additional improvement in
the general cellular-mediated immunity of these agents in order to
deal with harsh environments and exogenous microorganisms.

Although intranasal corticosteroids are now considered to be
the most effective treatment for AR, their mechanism of action acts
mainly preferentially through immunosuppression rather than
immunomodulation (Bousquet et al., 2008; Hossenbaccus et al.,
2020). It will be of interest to find any alternative treatments having
dual immunostimulatory and immunosuppressive effects. Luckily,
Triphala and its active constituents possess these properties. Thus,
this polyherbal formulation might be an important potential
candidate in the area of AR therapeutic development.

Triphala: Respiratory System
Following exposure to allergens or the start of the pollen season, some
AR patients may have symptoms of cough (dry cough or a cough
containing phlegm that is loose in character) together with nasal
symptoms (Galway and Shields, 2019). Chronic cough and
bronchoconstriction may be caused by bronchial hyper-
responsiveness (BHR), which has been reported in AR patients
even without asthma (Eggleston, 1988; Polosa et al., 2000). The
relationship between AR and BHR may be explained by the
following: 1) evidence of the neuronal connection between the
upper and lower airways in which the exposure of nasal mucosal
to certain stimuli, such as allergens and histamine, has been found to
be associated with bronchospasm, and 2) direct contact with local
topical nasal inflammatory or systemic inflammatory circulating
cytokines from the upper airways might cause inflammation of the
lower airways (Braunstahl, 2005; Taylor-Clark et al., 2005;Undemand
Taylor-Clark, 2014). IL-13, in particular, which has been reported to
not only mediate airway inflammation but is also considered to be a
compounding factor driving BHR, may play a role in both upper and
lower airway communication (Townley et al., 2009).

The effects of Triphala and its constituents on the lower
respiratory system have been reported mainly in animal
models. P. emblica L. and T. chebula Retz. extracts have the
ability to alleviate coughs induced by mechanical stimulation and
citric acid, respectively (Table 6) (Nosál’Ováx et al., 2003;
Nosalova et al., 2013). T. bellirica (Gaertn.) Roxb. itself can
dose dependently reduce BHR induced by carbachol (Gilani
et al., 2008). One study showed that Triphala alleviated
bronchial hyper-reactivity via immunomodulation and anti-
oxidative pathways in OVA-induced asthma in murines

(Horani et al., 2012). Interestingly, some of the airway
hypersensitivity endpoints using a whole-body
plethysmograph, such as improvement of the pulmonary Penh
value, have revealed that Triphala is superior to classical
treatments such as the corticosteroid budesonide (Horani
et al., 2012). However, although the immunomodulatory
effects of these two treatments seem to play an important role
in relieving bronchial hyper-reactivity, there are some differences
in the immune response. Budesonide acts mainly through an
anti-humoral mechanism by inhibiting antibody production. On
the other hand, Triphala has no effect on antibody production,
but its effects are selective toward lymphocyte distribution in both
intra- and extrapulmonary organs (Horani et al., 2012).

PERSPECTIVES AND CONCLUSION

AR inflammation is a complex disease that involves several
different types of cells and mediators. Specific treatments that
aim tomanipulate only a single mediator or one type of cell are less
likely to be effective. On this basis, it is necessary to employ agents
with a broader spectrum of action that can alleviate the complex
symptoms of this disease. The realm of complementary and
alternative medicine has gained greater attention since much
evidence from different study models for specific
pharmacological properties (as well as the results from clinical
trials) has been accumulated, and that increases the reliability and
confidence of using this lineage of medicine. Recently, several
plants and their constituents are approved to be safe, effective, and
less expensive for managing the development and progression of
various diseases, and many of them are already on the WHO’s list
of essential medicines. Therefore, Triphala which contains three
different plants may be one of the effective remedies to alleviate
AR-related symptoms. Experimental data from previous in vitro
and in vivo studies of Triphala or individual plants in this remedy
have demonstrated potential natural compounds that may be the
main acting molecules able to promote the attenuation of AR
symptoms. The current review (as shown in Table 2) helps reveal
phytochemicals in Triphala that exhibit the promising
pharmacological activities that may provide potential benefits in
alleviating AR symptoms. Specifically, Triphala contains flavonoids
like quercetin. The benefits of quercetin on AR may be through its
ability to decrease histamine release from mast cells, and that may
help reduce the process of allergic inflammation at the early phase.
Moreover, its effects on suppressing the production of cytokines
and eosinophil chemoattractants may help reduce the late phase
inflammation and eventually the AR symptoms. However, in the
clinical view, it may be challenging to utilize quercetin as a
monotherapy since the pathophysiology of AR is complex. It
would be more convincing to incorporate this compound in the
standard regimen if there is more scientific data identifying its
pharmacological targets that explain the specific effects of quercetin
on alleviating AR. Besides quercetin, kaempferol is another
flavonoid that shows interesting inhibitory effects on
inflammation in the airways. This compound can suppress mast
cell stimulation, production, and release of inflammatory cytokines
and chemokines. Triphala also contains ellagic acid which has been
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shown to reduce histamine release and inflammation in the lung
via suppressing the activity of NF-κB, and these effects help speed
up the resolution of allergic airway inflammation. Another
functional compound found in Triphala is gallic acid which has
been reported to suppress nasal histamine release and
inflammation. This compound is one of the active components
that may help reduce nasal symptoms caused by autacoids and
inflammatory cytokines. Similarly, chebulagic acid has been shown
to possess anti-inflammatory properties by reducing cytokine
production and inflammatory enzymes including COX-2 and
LOX. Moreover, Triphala contains various natural compounds
that may help suppress allergic responses through their anti-
oxidant potential. Those compounds include vitamin C,
chebulinic acid, and emblicanin. These compounds function
mainly in scavenging free radicals and reducing oxidative stress;
therefore, theymay be the responsible compounds to help suppress
exacerbation of AR-related symptoms. In short, Triphala is
explored to be an important source of bioactive compounds
able to be used for AR treatments. The orchestration of these
compounds may create synergistic effects to decrease the
exacerbation of inflammatory response and oxidative stress that
lead to AR development.

The anti-inflammatory, immunomodulatory, antioxidant, and
antibacterial activities of Triphala are similar to those of other
herbal formulas clinically proven to treat AR effectively, such as
Shi-Bi-Lin (a Chinese herbal formula), butterbur, and Nigella
sativa (black caraway or black cumin). However, there have not
been any in vivo studies that utilize a direct model for AR to test
the effects of Triphala. The ovalbumin-induced guinea pig model
of AR could well be a proper assay to definitively evaluate if
Triphala can reduce AR-associated inflammation. However, there
is a limitation to these types of study models because it is not a
direct ARmodel to give us enough reliable information specific to
AR. It would provide strong evidence if in the future there are
direct experimental designs specifically developed for animal AR
models to verify the effectiveness of Triphala.

During allergic inflammation, the nasal epithelial barriers of
AR patients appear to become impaired. Consequently, this
condition leads to the development of sinusitis and otitis media,
with effusion caused by bacteria, viruses, and fungi. Although
Triphala shows promise in being an effective bacteriostatic/
bactericidal agent, most studies have focused only on oral
streptococci. Thus, further studies are needed to address
whether Triphala is effective in killing other types of bacteria, as
well as viruses and fungi that are related to allergic rhinosinusitis.
Additionally, clinical studies should be conducted to verify the
efficacy of this herbal formula. As a step toward the clinical
investigation of Triphala for its efficacy and safety, our research
team has created the study design/clinical trial, and the study
protocol has already been registered in Thai Clinical Trials Registry
(TCTR20191008005). Moreover, study models for
pharmacokinetics are crucial to fulfill all aspects of the
pharmacology of Triphala and to obtain valuable information
about the active compound profiles. If the accumulated data
clearly show that Triphala can be used effectively to inhibit
inflammation, modulate immunity, alleviate unwanted
symptoms in patients with AR, and prevent AR-related

infections, this will provide a novel alternative treatment for
patients. For example, Triphala could be used as a monotherapy
in patients with mild AR. For patients with moderate-to-severe AR
(for which intranasal corticosteroids are usually prescribed) but
who do not want to use steroidal drugs, Triphala may be used in
combination with an antihistamine. For patients using steroids
who have inadequate control of AR, Triphala may be added to the
treatment plan to reduce the use of high-dose steroids. Similarly,
for patients who require immunotherapy, a Triphala supplement
may offer a faster and better response to immunotherapy.

In conclusion, Triphala exhibits beneficial effects if used as an
alternative treatment for AR. However, extensive investigations in
both animals and humans are first needed to be certain about its
definitive mechanisms of action and the efficacy/safety of
treatments. Although most studies reported the pharmacological
effects of Triphala in a reasonable range of concentrations, some
studies evaluated the effects of Triphala at relatively high doses.
This may create concerns about its low efficacy and toxicity. With
this, specifying the efficacy and adverse effects of Triphala is a vital
base to ensure its safe use. Triphala should be carefully examined
further to gain adequate data about toxic target organs, safe dose
range, safety window of effective dose, and minimum toxic dose.
Considering the actual applications, appropriate dosage and course
of treatment are required to be precisely adjusted to ensure that
Triphala is safe and effective. The accumulated evidence obtained
from such studies will be beneficial to properly prescribe Triphala
to individual AR patients with different clinical symptoms and
varying degrees of severity in order to achieve the highest efficacy
with the fewest side effects.
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Osteoarthritis (OA) is a common age-related joint disease. Its development has been
generally thought to be associated with inflammation and autophagy. Rhoifolin (ROF), a
flavanone extracted from Rhus succedanea, has exhibited prominent anti-oxidative and
anti-inflammatory properties in several diseases. However the exact role of ROF in OA
remains unclear. Here, we investigated the therapeutic effects as well as the underlying
mechanism of ROF on rat OA. Our results indicated that ROF could significantly alleviate
the IL-1β–induced inflammatory responses, cartilage degradation, and autophagy
downregulation in rat chondrocytes. Moreover, administration of autophagy inhibitor 3-
methyladenine (3-MA) could reverse the anti-inflammatory and anti-cartilage degradation
effects of ROF. Furthermore, P38/JNK and PI3K/AKT/mTOR signal pathways were
involved in the protective effects of ROF. In vivo, intra-articular injection of ROF could
notably ameliorate the cartilage damage in rat OA model. In conclusion, our work
elucidated that ROF ameliorated rat OA via regulating autophagy, indicating the
potential role of ROF in OA therapy.

Keywords: rhoifolin, osteoarthritis, autophagy, 3-methyladenine, MAPK, PI3K/AKT/mTOR

INTRODUCTION

Osteoarthritis, featured with cartilage loss, joint pain, and physical disability, has attracted
worldwide attention in recent years (Kontio et al., 2020). As an age-related joint disease, OA
afflicts over 240 million people globally. Furthermore, the prevalence of OA continues to rise
since the mid-twentieth century (Nelson 2018; Mandl 2019). Currently, most therapeutic
strategies targeted for OA focus on relieving the symptom rather than reversing the disease
progression. Therefore, patients at the late stage of OA have to accept joint replacement without
better choices (Glyn-Jones et al., 2015).

Chronic inflammatory responses and cartilage metabolic imbalances are vital to the progression
of OA (Appleton, 2018). Excessive release of proinflammatory cytokine interleukin-1β (IL-1β) was
found in the synovial fluid of OA patient (Pelletier et al., 2001). Previous study indicated that IL-1β
could induce the production of matrix metallo-proteinases (MMPs) and aggrecanase-2
(ADAMTS5), which resulted in the loss of cartilage matrix (Tu et al., 2019). Moreover, elevated
level of IL-1β had been shown to exacerbate the inflammatory responses via overproducing the
inflammatory mediators including cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) (Tu et al., 2019). Autophagy is a highly conserved catabolic process which is essential for
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maintaining cell homeostasis (He and Klionsky 2009). In OA
pathological progression, autophagy induction could promote
chondrocyte survival and cartilage matrix synthesis (Carames
et al., 2010). Besides, intra-articular injection of autophagy
inhibitor ameliorated the cartilage degradation in mouse OA
model (Takayama et al., 2014). Furthermore, it is reported that
IL-1β could significantly induce the autophagy downregulation in
chondrocytes (Wang et al., 2019). Therefore, strategies targeting
IL-1β may lead to new ideas in OA treatment.

Due to mild side effects and definite efficacy, more and
more herb medicines have been accepted by OA patients (Li
et al., 2017). Rhoifolin, a bioactive product first extracted from
Rhus succedanea, has proved its anti-oxidative and anti-
inflammatory properties in several diseases (Fang et al.,
2020; Gandhi et al., 2020; Peng et al., 2020). In vitro, ROF
attenuated osteoclasts-stimulated ostolysis via suppressing
MAPK and NFκB signal pathways, indicating the possible
mechanism of its action (Liao et al., 2019). However, the
detailed role of ROF in OA remains unclear. In this study, we
aim to clarify therapeutic potential of ROF in OA and in the
underlying mechanism. We expect to explore a new way in OA
treatment.

MATERIALS AND METHODS

Ethics Approval
This study was conducted in strict accordance with the Guidelines of
Animal Care and Use Committee for Teaching and Research, Tongji
Medical College, Huazhong University of Science and Technology.
The experimental procedures were approved by the Institutional
Animal Care andUseCommittee, TongjiMedical College,Huazhong
University of Science and Technology. All efforts were made to
reduce animal suffering.

Reagents
Rhoifolin (ROF, #PHL83302) was procured from Sigma
Aldrich (St. Louis, MO, United States). ROF was dissolved
in DMSO and all experiment groups were treated with equal
volume of DMSO. Recombinant rat IL-1βwas purchased from
R and D systems (Minneapolis, MN, United States). Fetal
bovine serum (FBS) and Dulbecco’s Modified Eagle’s Medium
F12 (DMEM/F12) were acquired from Gibco (NY,
United States). Antibodies specific for MMP13 (#ab219620)
and iNOS (#ab136918) were provided by Abcam (Cambridge,
MA, United States). Antibody against Collagen Ⅱ (#15943-1-
AP) was obtained from Proteintech Group (Wuhan, Hubei,
China). Antibodies against COX-2 (#12882), ATG5(#12994),
ATG12 (#4180), Beclin-1 (#3495), P62-sequestosome
(#39749), LC3 Ⅰ/Ⅱ (#12741), P-PI3K(#4228), PI3K(#4249),
P-AKT (#4060), AKT(#4691), P-mTOR (#5536), mTOR
(#2983), P-JNK (#9255), JNK (#9258), P-P38 (#4511), P38
(#8690), P-ERK (#4370), and ERK (#4695) were supplied by
Cell Signaling Technology (Beverly, MA, United States).
Antibodies specific for ADAMTS5 (#BA3020) and GAPDH
(#BM3876) were procured from Boster (Wuhan, Hubei,
China).

Cell Culture
Chondrocytes were harvested from 5 days-old Sprague–Dawley
(SD) rats as reported previously (Ma et al., 2019; Tu et al., 2019).
Briefly, the cartilage obtained from the knee joints was first sliced
into small pieces and digested with 0.25% trypsin–EDTA for
30 min. Then, the cartilage fragments were fully digested with
0.25% collagenase Ⅱ overnight. Subsequently, the cell suspension
was centrifuged with a speed of 1,500 rpm for 5 min to obtain
primary chondrocytes. Cells were finally cultured in DMEM/F12
supplemented with 10% FBS and 1% penicillin/streptomycin
solution at 37°C with 5% CO2. Chondrocytes of second or
third passages were used in following experiments.

Cell Viability
Cell Counting Kit-8 (CCK-8, #AR1160, Boster) assay was
employed to explore the cell viability. Concisely, rat
chondrocytes were seeded onto 96-well plates at a density of
1 × 104 cells per well. After adhesion, the cells were treated with
different concentrations of ROF (0, 5, 10, and 20 μM) alone or
combined with IL-1β (10 ng/ml) for 24 h. Next, 100 μL culture
medium supplemented with 10 μL CCK-8 reagent was added to
each well. After 1 h incubation at room temperature, the
absorbance at 450 nm of each well was detected by a
microplate reader (Bio-Rad, Richmond, CA, United States).

Western Blot
Rat chondrocytes were collected and washed with phosphate
buffered saline (PBS). Next, the cells were lysed with RIPA buffer
containing 1% protease/phosphatase inhibitor cocktail (Boster).
The protein concentration of isolated cell lysis solution was
determined by bicinchoninic acid (BCA) kit. Afterward, 25 μg
protein samples were separated on 8–12% SDS–polyacrylamide
gels and transferred to PVDF membranes using a Bio-Rad
system. The membranes were blocked with 5% BSA for 1 h at
room temperature and then incubated with primary antibodies
overnight at 4°C. Subsequently, the membranes were washed with
TBST and incubated with corresponding secondary antibodies
for 1 h at room temperature. Finally, enhanced ECL kit (Thermo
Fisher Scientific, United States) was used to visualize the blots.
The relative protein expression was calculated by ImageJ software
compared to internal control.

Tandem GFP-RFP-LC3 Adenovirus
Transfection
For autophagy flux evaluation, rat chondrocytes were transfected
with tandem GFP-RFP-LC3 adenovirus transfection vectors
(HanBio Technology, China). Autophagosomes (shown in
green) and autolysosomes (shown in red) were observed with
a nanoscale laser scanning confocal microscope system (Nikon,
NY, United States).

Transmission Electron Microscopy
Rat chondrocytes were trypsinized, centrifuged and blocked in
10% BSA. Then cells were fixed using 2.5% glutaraldehyde
overnight at 4°C. Subsequently, the cells were washed with
PBS and fixed with 1% osmium tetroxide for 1 h. Next, the
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cells were washed with distilled water and stained using 2% uranyl
acetate for 1 h. After dehydration, the samples were mixed with
resin and propylene oxide (1:1) for 2 h and transferred into pure
resin overnight. Finally, the samples were embedded, sectioned,
and stained with uranyl acetate and lead citrate. A TECNAI G20
transmission electron microscopy (TEM) was employed to
observe the autophagosomes in cells.

Rat Osteoarthritis Model
Eighteen 8-week-old male SD rats (weight 280–320 g) were
obtained from the Laboratory Animal Center of Tongji
Hospital. The rat OA model was built by anterior cruciate
ligament transaction (ACL-T) and medial meniscus
destabilization as described before (Appleton et al., 2007).
All rats accepted the surgery on the right knee and were
randomly divided into three groups. For the ROF group (n �
6), rats were performed the operation and intra-articular
injection of 20 μM ROF weekly. For the sham group (n �
6), rats accepted sham surgery without ACL-T or meniscus
destabilization and were treated with equal volume of saline.
For the OA group (n � 6), rats were performed the operation
and intra-articular injection of equal volume of saline. 8 weeks
postsurgery, all rats were sacrificed and the samples were fixed
with 4% paraformaldehyde for further study.

Histological Evaluation
Fixed samples were decalcified in 10% EDTA solution for
1 month and embedded in paraffin. Then the whole knee
joints were cut into 5 μm-thick sections coronally, and
stained with H and E and Safranin-O-Fast green. Further
immunohistological staining was performed using antibodies
against Collagen Ⅱ, MMP13, and LC3B. Furthermore, the
Osteoarthritis Research Society International (OARST)
scoring system was employed to evaluate the histological
changes.

Statistical Analysis
Data are exhibited as mean ± standard deviation. All data were
analyzed using one-way analysis of variance (ANOVA) followed by
Turkey’s post hoc test. Comparisons were considered significant for p
< 0.05. All experiments were repeated at least three times.

RESULTS

Effects of Rhoifolin on Cell Viability
CCK-8 assay was performed to evaluate the cytotoxic effects of ROF
on rat chondrocytes. As shown in Figure 1, after 24 h reaction, ROF
at the concentrations of 5, 10, and 20 μM had no toxic effects on
chondrocytes with or without IL-1β treatment (10 ng/ml).

Rhoifolin Alleviates IL-1β–Induced
Inflammatory Responses and Cartilage
Degradation
To confirm the protective effects of ROF on the IL-1β–induced
inflammatory responses and cartilage degradation in rat
chondrocytes, Western blotting was performed. As exhibited in
Figures 2A,B, IL-1β could significantly increase the expression of
inflammatory cytokines, including iNOS and COX-2, while
administration of different concentrations of ROF could alleviate
this process. Moreover, the expression of collagen Ⅱ, MMP13, and
ADAMTS5 was used to evaluate the cartilage degradation. As
shown in Figures 2C,D, IL-1β could notably induce the
upregulation of MMP13 and ADMTS5 and the downregulation
of collagen Ⅱ. However, ROF could reverse this change.

Rhoifolin Attenuates IL-1β–Induced
Autophagy Downregulation in
Chondrocytes
A previous study indicated that autophagy played an important
role in OA development. We next explored the effects of ROF on
autophagy in IL-1β–treated rat chondrocytes. As shown in
Figures 3A,B, IL-1β treatment significantly decreased the
expression of ATG5, ATG12, Beclin-1, and the ratio of LC3
Ⅱ/LC3 Ⅰ, while increased the expression of P62-sequestosome in
rat chondrocytes. However, administration of 20 μM ROF could
markedly reverse this change. The tandem GFP-RFP-LC3
adenovirus transfection was further used to observe the
autophagosome formation. As exhibited in Figures 3C,D, the
number of autophagosomes (green puncta) and
autophagolysosomes (red puncta) in chondrocytes decreased
significantly after IL-1β treatment. However, when treated with

FIGURE 1 | Effects of ROF on Cell Viability. (A) Rat chondrocytes were exposed to ROF (5, 10, 20 μM) alone or (B) with IL-1β (10 ng/ml) for 24 h and cell viability
was assessed by CCK-8 assay. N.S. indicated no significance.
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20 μMROF, more autophagosomes and autophagolysosomes were
observed in chondrocytes. Moreover, transmission electron
microscopy (TEM) was used to further observe the

autophagosomes in each group. As shown in Figures 3E,F, the
ROF treatment could significantly alleviate the IL-1β–induced
autophagosomes decrease in rat chondrocytes.

FIGURE 2 |ROF inhibits IL-1β–induced inflammatory responses and cartilage degradation in chondrocytes. Cells were treated with different concentrations of ROF
in the presence or absence of IL-1β (10 ng/ml) for 24 h. (A) Western blots and (B) quantitative analysis of iNOS and COX-2. (C) Western blots and (D) quantitative
analysis of collagen Ⅱ, MMP13, and ADAMTS5. GAPDH was employed as the loading control (n � 3). #p < 0.05 vs. control group; *p < 0.05 and **p < 0.01 vs. IL-
1β group.

FIGURE 3 | ROF suppresses IL-1β–induced autophagy downregulation in chondrocytes. (A)Western blots and (B) quantitative analysis of ATG5, ATG12, Beclin-
1, P62-sequestosome and LC3 Ⅱ/LC3 Ⅰ in each group. (C) Fluorescence microscopy and (D) quantitative analysis of cells transfected with tandem GFP-RFP-LC3
adenovirus in each group. (E) TEM images and (F) quantitative analysis of autophagosomes in each group. Red arrow indicated autophagosome. GAPDH was
employed as the internal control (n � 3). #p < 0.05 vs. control group; *p < 0.05 vs. IL-1β group.
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Methyladenine Reverses the Anti-Inflammatory and
Anti-Cartilage Degradation Effects of Rhoifolin in
Chondrocytes
To elucidate whether ROF exerts anti-inflammatory and anti-cartilage
degradation effects by regulating autophagy, autophagy inhibitor 3-
methyladenine (3-MA) was employed. As shown in Figure 4, ROF
could effectively ameliorate the IL-1β–induced inflammatory response
and cartilage matrix degradation in chondrocytes. However, when 3-
MA was added simultaneously, the protective effects of ROF were
blocked. The results suggested that ROF may function via promoting
autophagy in IL-1β–treated rat chondrocytes.

Effects of Rhoifolin on
Interleukin-1β–Induced MAPK and PI3K/
AKT/mTOR Signal Activation in
Chondrocytes
MAPK and PI3K/AKT/mTOR pathways are highly associated
with inflammatory reaction and autophagy in OA development.
In this study, chondrocytes were first serum-starved overnight
and then treated with IL-1β alone or in combination with 20 μM
ROF for 30 min. As shown in Figure 5, ROF could dramatically
block the phosphorylations of JNK, P38, PI3K, AKT. and mTOR
induced by IL-1β in chondrocytes.

Effects of Rhoifolin on Rat Osteoarthritis
Model
To clarify the effects of ROF on rat OA in vivo, we built rat OA
models by anterior cruciate ligament transaction and medial

meniscus destabilization. All animals recovered with no
infection or complications. ROF was injected into the knee
joint weekly postsurgery. H&E and Safranin-O-Fast green
staining were employed to access the histomorphology
differences among samples from the three groups. As
shown in Figure 6A, compared with normal structure of
cartilage in the sham group, obvious cartilage damage,
including surface erosion, disorganized sequence of
chondrocytes, and loss of proteoglycan, was observed in the
OA group. However, less cartilage lesion was observed in the
ROF group. We further compared the OARSI scores in the
three groups; results indicated that intra-articular injection of
20 μM ROF could markedly alleviate the OA progression
(Figure 6B). In consistent with in vitro results, the
immunohistochemistry staining showed that ROF could
significantly increase collagen Ⅱ and LC3B and reduce
MMP13 expression in rat OA cartilage (Figures 6C,D). All
data indicated ROF could ameliorate OA progression in vivo.

DISCUSSION

Due to unsatisfactory therapeutic strategies available, osteoarthritis
undoubtedly brings endless pain to the elderly (Robinson et al.,
2016). In recent years, natural plant extract has attracted wide
attention in OA therapy for its potential anti-inflammatory
properties and mild side effects (Dragos et al., 2017). Rhoifolin
(ROF), a flavanone first extracted from Rhus succedanea, has
showed its anti-inflammatory potential in lipopolysaccharide-
induced acute inflammation (Fang et al., 2020), Freund’s

FIGURE 4 | Autophagy inhibitor 3-MA attenuates the anti-inflammatory and anti-cartilage degradation effects of ROF in chondrocytes. (A) Western blots and (B)
quantitative analysis of iNOS and COX-2 in each group. (C) Western blots and (D) quantitative analysis of collagen Ⅱ, MMP13, and ADAMTS5 in each group. GAPDH
was employed as the internal control (n � 3). #p < 0.05 vs. control group; *p < 0.05 and **p < 0.01 vs. IL-1β group；$p < 0.05 vs. IL-1β + ROF (20 μM) group.
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adjuvant–induced rheumatoid arthritis (Peng et al., 2020), and age-
related inflammation (Lim et al., 2017). In this study, for the first
time, we report the therapeutic effects of ROF in rat OA as well as
the underlying mechanisms.

Local inflammatory responses and metabolic dysfunction
are essential to the progression of OA. During the OA process,
massive proinflammatory cytokines such as IL-1β and TNFα
were secreted in the joint. These proteins can induce excessive
production of inflammatory mediators and cartilage
matrix–degrading enzymes (Dumond et al., 2004; Murphy
and Nagase 2008). Previous study indicated that IL-1β at the
dose of 10 ng/ml shared the maximum effects in rat
chondrocytes (Wang, et al., 2018). Therefore, in our study,
IL-1β treatment (10 ng/ml) was employed as a stimulus
in vitro. We first confirmed ROF could significantly
alleviate the IL-1β–induced upregulation of iNOS and
COX-2. Moreover, our data revealed that ROF could
reduce the IL-1β–induced production of MMP13 and
ADAMTS5, thus contributing to the elevated level of
collagen Ⅱ in chondrocytes. Taken together, we proved the
anti-inflammatory and anti-cartilage degenerative effects of
ROF on the IL-1β–treated rat chondrocytes.

Autophagy is considered as a protective process in normal
cartilage (Carames et al., 2010). Enhancement of autophagy can

delay the progression of OA via regulating intracellular metabolic
activity (Luo et al., 2019). In our study, reduced levels of autophagy
were observed in IL-1β–treated rat chondrocytes compared to
normal ones. However, administration of ROF could partly reverse
the IL-1β–induced autophagy downregulation. To further verify
whether ROF exerts anti-inflammatory and anti-cartilage
degradation effects via regulating autophagy, we used autophagy
inhibitor 3-methyladenine (3-MA). It is interesting to see that ROF
lost its protective properties when mixed with 3-MA. These results
suggested that ROF ameliorated OA by regulating autophagy.

MAPK and PI3K/AKT/mTORpathways are crucial to the onset
and development of OA (Malemud 2017). Meanwhile, these two
pathways are highly related to autophagy process (Yu et al., 2018).
Previous study revealed inactivating MAPK signaling resulted in
reduced cartilage and subchondral bone damage in OA (Zhou
et al., 2019). Besides, inhibition of PI3K/AKT/mTOR promoted the
autophagy and attenuated inflammation in OA (Xue et al., 2017).
In our results, ROF could dramatically block the IL-1β–induced
phosphorylations of P38/JNK and PI3K/AKT/mTOR pathways,
indicating the underlying mechanisms. Since numerous natural
compounds had been reported to block the IL-1β–induced
activation of ERK in chondrocytes, it is interesting to see that
ERK was not involved in the protective role of ROF in IL-
1β–treated rat chondrocytes.

FIGURE 5 | ROF blocks the activation of P38/JNK and PI3K/AKT/mTOR pathways induced by IL-1β in chondrocytes. Cells were exposed to L-1β (10 ng/ml) with
or without 20 μM ROF for 30 min as above. (A) Western blots and (B) quantitative analysis of MAPK pathways in each group. (C) Western blots and (D) quantitative
analysis of PI3K/AKT/mTOR pathways in each group. JNK, P38, ERK, PI3K, AKT, andmTORwere used as loading control (n � 3). #p < 0.05 vs. control group; *p < 0.05
and **p < 0.01 vs. IL-1β group.
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To clarify the therapeutic effects of ROF in OA, the in vitro study
is far from enough. We next constructed the rat OA model and
evaluated the protective properties of ROF in vivo. Results from the
histological analysis indicated intra-articular injection of ROF could
alleviate the cartilage damage. The in vivo data further confirmed the
protective role of ROF in OA progression. However, the direct target
of ROF in OA therapy is still unknown. Furthermore, the most
suitable dose of ROF for in vivo application remains unclear.
Considering the results we have achieved, further work is needed.

CONCLUSION

In summary, we are the first to report the anti-inflammatory,
anti-cartilage degradation and autophagy promoting properties
of ROF in OA. We further proved ROF functioned by regulating
autophagy. Moreover, P38/JNK and PI3K/AKT/mTOR pathways
were involved in this process. Our study would contribute to the
knowledge of the therapeutic effects of ROF and provide new
ideas for future OA treatment.
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FIGURE 6 | ROF alleviates cartilage damage in the rat OAmodel. (A)H&E and Safranin-O-Fast green staining of cartilage samples from three groups 8 weeks after
surgery. (B) OARIS scores of three groups. (C) Immunohistochemical staining and (D) quantitative analysis of MMP13, collagen Ⅱ, and LC3B in the cartilage samples
from three groups. The rate of positively stained chondrocytes in each section was calculated and quantitated from six rats of each group. #p < 0.05 vs. sham group; *p <
0.05 and **p < 0.01 vs. OA group.
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The Effect of Chinese Medicine
Compound in the Treatment of
Rheumatoid Arthritis on the Level of
Rheumatoid Factor and Anti-Cyclic
Citrullinated Peptide Antibodies: A
Systematic Review and Meta-Analysis
Xuan Tang1†, Zehao Liu1†, Zhihua Yang1†, Shengmei Xu1, Maojie Wang1,2,3, Xiumin Chen1,4,5,
Zehuai Wen1,3 and Runyue Huang1,3,4,5*

1TheSecondAffiliatedHospital ofGuangzhouUniversity ofChineseMedicine (GuangdongProvincial Hospital of ChineseMedicine), Guangzhou,
China, 2Center forMolecularMedicine,UniversityMedicalCenterUtrecht,Utrecht,Netherlands, 3GuangdongProvincial KeyLaboratoryofClinical
ResearchonTraditionalChineseMedicineSyndrome,Guangzhou,China, 4Guangdong-HongKong-MacauJoint LabonChineseMedicine and
Immune Disease Research, Guangzhou University of ChineseMedicine, Guangzhou, China, 5State Key Laboratory of Dampness Syndrome of
Chinese Medicine, The Second Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou, China

Objectives: To evaluate the current evidence whether Chinese medicine compound
(CMC) can reduce the serum levels of rheumatoid factor (RF) and anti-cyclic citrullinated
peptide antibodies (anti-CCP).

Methods:We comprehensively searched PubMed, Embase, the Cochrane Library, China
National Knowledge Infrastructure (CNKI), the Database for Chinese Technical Periodicals
(VIP), and Wanfang data. We then performed a systematic review and meta-analysis of all
randomized controlled trials (RCTs) assessing the CMC therapy methods. This study is
registered with PROSPERO, number CRD42020216284.

Results: In total, 65 studies were eligible for inclusion, including 6099 patients. The result of the
meta-analysis showed that compared with common Western medicine therapy, CMC
monotherapy or combined with Western medicine was able to reduce serum RF (SMD�
−0.85, 95%CI −1.04 to −0.67) and anti-CCP (SMD� −0.56, 95%CI −0.79 to −0.32) levels to
some extent. In the efficacy meta-analysis, a greater number of CMC-treated patients achieved
the efficacy criteria after a period of treatment, where the relative risk (RR) was 1.20 [1.08, 1.33] for
achieving ACR20, 1.57 [1.38, 1.78] for ACR50, and 2.21 [1.72, 2.84] for ACR70. At the same
time, there was a statistically significant difference in the effective rate of the patient’s TCM
symptoms (RR � 1.22, 95%CI 1.19–1.26).

Conclusions: Through this meta-analysis and systematic review, we found that CMC for
the treatment of RA is effective in reducing RF and anti-CCP levels and might have better
clinical efficacy than Western medicine monotherapy. Some active components are
responsible for this efficacy and worth further exploring.

Keywords: Chinese medicine compound, rheumatoid arthritis, rheumatoid factor, anti-cyclic citrullinated peptide
antibodies, meta-analysis
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HIGHLIGHTS

1. Through this meta-analysis and systematic review, we found
that CMC to treat RA is effective in reducing RF and anti-CCP
levels and might have better clinical efficacy than Western
medicine monotherapy.

2. Through frequency analysis of the CMC constituent herbs
involved in the 65 literatures included in the meta-analysis, we
summarized the active ingredients and pharmacological
effects of five high-frequency representative Chinese herbs
and found that CMC can reduce RF and anti-CCP levels
possibly by regulating the immune response and inhibiting B
lymphocyte proliferation.

3. CMCmay be a potential and efficacious therapeutic adjunct to
delay the progression and improve outcomes of RA.

INTRODUCTION

As an incurable autoimmune disease, rheumatoid arthritis (RA)
can cause cartilage and bone damages as well as disability, and
finally lead to poor quality of life. The average prevalence of RA is
estimated at 0.5–1.0% globally (Ngian, 1999). In China, the
people suffer from RA with an estimated prevalence of 0.42%
(Zeng et al., 2013). Although remission is now an achievable goal
for the majority of patients owing to advances in early diagnosis,
new drugs and improved treatment strategies, the rate of reaching
the standard of domestic RA treatment in China is still low at
present. Currently, mainstream therapeutic strategy, i.e. Western
medical treatment, including disease-modifying anti-rheumatic
drugs (DMARDs), biologic agents, glucocorticoids (GC), which
are considered to be effective means to rapidly alleviate and
control the progression of RA, but the toxic side effects caused by
Western medicine long-term use (Rainsford, 1999; Wang et al.,
2018), the non-response of some patients to drugs (He et al.,
2019), and the expensive price of biologic agents are the main
problems faced byWestern medical treatment. Therefore, there is
still a considerable unmet need in RA treatment, which has led to
an increasing number of patients with RA to seek complementary
and integrative medicines.

Traditional Chinese Medicine (TCM), the most common
complementary and alternative therapeutic approach for
Western medicine, also has a long history in the treatment of
RA, whether taken internally or externally, monotherapy or in
combination, it has obvious therapeutic effects with few side
effects. Chinese medicine compound (CMC) is the main form
and means of clinical use of TCM, which concentrates the
advantages and characteristics of TCM in the treatment of
diseases. Under the guidance of the theoretical system that the
concept of holism and treatment based on syndrome
differentiation, CMC is formulated as a mixture of different
kinds of Chinese herbal medicines, including decoction,
granule and Chinese patent medicine, etc. In China, it is quite
common that DMARDs are combined with various CMC in the
treatment of RA. Modern scholars of TCM have carried out many
clinical studies on CMC for the treatment of RA, but the literature
reported in these clinical studies is of varying quality and results.

One study (Yao, 2010) showed that the efficacy of the CMC
experimental group was better than that of the control group after
two months of treatment, and the difference was statistically
significant (p < 0.05). On the contrary, the results of Chen’s
randomized controlled trial (Chen et al., 2010) found that the
total effective rate in the CMC group was lower than that in the
Western medicine group. Especially the efficacy in alleviating
pain symptoms was inferior to that of the Western medicine
group, and the difference was statistically significant (p < 0.05). It
is precisely because of the differences in conclusions between
studies that we need to conduct a systematic review to objectively
evaluate the role and underlying mechanisms of CMC in the
treatment of RA.

RF and anti-CCP are serological indicators for the diagnosis
of RA. Anti-CCP has higher specificity and sensitivity for RA
than RF, which combined detection with RF can compensate for
the lack of specificity and sensitivity of RF, and has good
diagnostic value for RA (van Venrooij et al., 2008). There are
several studies showing that anti-CCP is a sensitive serological
indicator of the degree of bone erosion and predict the prognosis
of RA patients, thus assisting in the optimal therapeutic
management of RA patients (Forslind et al., 2004; Ronnelid
et al., 2005; Schoels et al., 2011). So far, no systematic review has
been found to describe the efficacy of CMC in reducing RF and
CCP levels in RA patients.

The following is a systematic review and meta-analysis of
randomized controlled trials (RCTs) of CMC in the treatment of
RA, to provide some references for improving RA therapeutic
strategy.

METHODS

Literature Search and Strategy
According to the Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA), we searched the PubMed, embase,
Cochrane Library, China National Knowledge Infrastructure
(CNKI), the database for Chinese Technical Periodicals (VIP)
and Wanfang data from the inception dates to September 31,
2020. The keywords used were as follows: Chinese keywords were
Chinese pinyin such as “Zhongyi, Zhongyao and Zhongyiyao”
(which means “Traditional Chinese Medicine”) and
“Leifengshiguanjieyan, Leifengshixingguanjieyan” (which means
“rheumatoid arthritis”). while English searches combined subject
terms (MeSH) and freewords, with a retrieval strategy of “Arthritis,
Rheumatoid” or “rheumatoid arthritis” AND “Medicine, Chinese
Traditional” or “Chinese medicine” or “herbal medicine” or
“Traditional Chinese Medicine”.

Study Selection Criteria
Study Type
We merely included the RCTs that involved CMC to treat RA,
regardless of blinding, publication status or language.

Participant Type
Adults (usually over 18 years of age) with a diagnosis of RA either
using the 1987 American College of Rheumatology (ACR)
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classification criteria (Arnett et al., 1988) for RA, or using the 2010
ACR/European League Against Rheumatism (EULAR)
classification criteria (Aletaha et al., 2010) for RA, and regardless
of gender, age, the severity of disease, duration of disease, etc.

Intervention Measures
All experimental groups were administered orally with any types
of CMC, including CMC monotherapy or combined with
Western medicine. The control groups received only oral
Western medicine treatment.

Major Research Indicators
Primary Outcomes
The primary outcomes include mean serum RF and anti-CCP
levels after CMC treatment.

Secondary Outcomes
The secondary outcomes pertained to the clinical efficacy.

1) The efficacy of response of RA to treatment with CMC by the
ACR outcomemeasure ACR20, 50 and 70. The ACR20, 50 and
70 response is defined as at least a 20, 50 and 70% reduction
from baseline in the number of both tender and swollen joints
and at least a 20, 50 and 70% improvement in three or more of
the five remaining ACR core set measures (patient’s assessment
of pain, level of disability, C-reactive protein level, global
assessment of disease by the patient, and global assessment
of disease by the physician) (Felson et al., 1995).

2) Standard of curative effect of TCM symptoms. Refer to the
“Guiding Principles for Clinical Research of New Chinese
Medicines”: 1) Effective: decrease of integral symptoms scored
≥30%, some relief of TCM symptoms; 2) Ineffective: integral
symptoms score lower <30%, no relief or even aggravation of
TCM symptoms (Zheng, 2002).

Exclusion Criteria
Exclusion criteria included republished literature; the literature
whose research topic is complications of RA; animal experiments,
reviews, conference papers, incomplete case reports or important
data reports with no reply from the corresponding author(s).

Data Selection
Three authors participated in the data extraction of all the studies
included in the review. Two authors (Xuan Tang and Zehao Liu)
independently extracted the relevant data from the eligible
studies. A third author (Zhihua Yang) resolved any divergence
still present after discussion. Data extracted from the selected
studies included authors’ name, publication year, trial design,
characteristics of participants, intervention methods,
components of CMC, duration of treatment and endpoint
evaluation indicators.

Quality Assessment
Assessment of risk of bias was undertaken for each included study
using the Cochrane Collaboration’s risk of bias assessment tool
(Green and Higgins, 2008). Seven sources of bias were assessed:
random sequence generation, allocation concealment, blinding of

participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective outcome reporting, and
other sources of bias. The evaluation criteria of each item were
judged as “low risk of bias”, “unclear risk of bias” and “high risk of
bias”.

Statistical Analysis
Extracted data were combined for meta-analysis using R4.0.3 and
Stata12.0 software. The dichotomous data was evaluated using the
relative risk (RR) and 95% confidence interval (CI), and the
continuous data were combined using the standardized mean
difference (SMD) and 95% CI. The I-squared [I(Zeng et al.,
2013)] statistic was used to assess the heterogeneity across the
included studies, as suggested by literature (Higgins et al., 2003).
The analysis was carried out using a fixed-effects model according
to if I-squared ≤50%. Instead, a random-effects model was
adopted when significant heterogeneity (I-squared > 50%) was
found. In addition, Egger’s test was used to estimate and represent
the risk of potential publication bias if the number of included
trials reached 10 (Begg and Mazumdar, 1994).

At the same time, we performed descriptive statistics on the
frequency of each component of CMC involved in the 65
literature that was finally included in the meta-analysis, in
order to explore the high-frequency Chinese medicine for RA
treatment and their active ingredients and pharmacological
effects, and to find out the potential mechanism that reduces
serum RF and anti-CCP levels.

Subgroup Analysis and Investigation of
Heterogeneity
Where sufficient studies were available and the data were
heterogeneous, we carried out separate meta-analyses for
studies according to some factors including intervention
duration and intervention measures of the experimental group.

Sensitivity Analysis
We performed a sensitivity analysis to explore heterogeneity and
the differences in effect size. After excluding different studies in
turn and re-performing the meta-analysis of the remaining
studies, we assessed whether the results obtained were
significantly different from those before the exclusion so as to
assess whether the results of the meta-analysis were robust.

RESULTS

Literature Search Results
According to the retrieval strategy, 1,063 literature was initially
detected, including 471 of CNKI, After removal of duplicates via
literature management software across databases, 793 studies
were screened. Through reading titles and abstracts, 610
literature was excluded because they did not meet the
inclusion criteria. And 118 literature was excluded after
examination of the full text. Finally, 65 studies that met the
inclusion criteria were included in our meta-analysis. Figure 1
shows the process and consequences of literature screening. The
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process followed for the selection of eligible studies is described in
a flow diagram (Figure 1).

Characteristics of Studies
A total of 65 studies were included in the meta-analysis were
conducted in China. These studies, published between 2006 to
2020, included 6,131 patients, 3139 RA patients that received
CMC, and 2992 RA patients that received Western medicine
monotherapy. In the end, 6,099 patients completed the study. A
total of 63 studies (Huang et al., 2006; Li, 2006; Wang et al., 2006;
Liu et al., 2007; Luo, 2008; Shen et al., 2008; Li, 2009; Liu et al.,
2009; Ma et al., 2009; Xiang et al., 2009; Chen et al., 2010; Yao,
2010; Zhou et al., 2010; Han and Song, 2011; Shen et al., 2011;
Yang et al., 2011; Li et al., 2012a; Li, 2013; Liu et al., 2013; Wei
et al., 2013; Wei and Liu, 2013; Yang, 2013; Cao and Liu, 2014; He
and Xiao, 2014; Niu, 2014; Wang and Tao, 2014; Yu and Chen,
2014; Zhang and Chen, 2014; Li et al., 2015a; Shu et al., 2015; Su
et al., 2015; Zhao, 2015; Zheng and Shi, 2015; Chen et al., 2016;
Han et al., 2016; Jia et al., 2016; Jiang and Wu, 2016; Liu et al.,
2016; Qian et al., 2016; You et al., 2016; Gao and Bu, 2017; Guo
et al., 2017; Li et al., 2017; Pang et al., 2017; Wang, 2017; Wang
and Tu, 2017; Bian and Wang, 2018; Ge, 2018; Guo et al., 2018;
Hu, 2018; Ma et al., 2018; Shi and Yang, 2018; Xu et al., 2018;
Zeng and Chen, 2018; Fang et al., 2019; Li et al., 2019; Pang et al.,
2019; Song et al., 2019; Yuan et al., 2019; Zhang, 2019; Zhao, 2019;
Cao et al., 2020; Jiang and Ma, 2020) and 8 studies (Liu et al.,
2009; Chen et al., 2010; Han et al., 2016; Gao and Bu, 2017; Pang

et al., 2017; Bian and Wang, 2018; Pang et al., 2019; Li, 2020)
explored RF and anti-CCP levels respectively after treatment. In
addition, 14 studies (Chen et al., 2010; Shen et al., 2011; Yang,
2013; Cao and Liu, 2014; He and Xiao, 2014; Wang and Tao,
2014; Zhang and Chen, 2014; Li et al., 2015b; Shu et al., 2015;
Zhao, 2015; Jiang and Wu, 2016; Qian et al., 2016; Wang and Tu,
2017; Pang et al., 2019; Cao et al., 2020) researched the efficacy of
response of ACR20, 50 and 70. Moreover, 33 studies (Huang
et al., 2006; Li, 2006; Luo, 2008; Shen et al., 2008; Liu et al., 2009;
Xiang et al., 2009; Yao, 2010; Zhou et al., 2010; Liu et al., 2013;
Wei et al., 2013; Wei and Liu, 2013; Yang, 2013; He and Xiao,
2014; Li et al., 2015a; Shu et al., 2015; Zheng and Shi, 2015; Chen
et al., 2016; Han et al., 2016; Jiang and Wu, 2016; Liu et al., 2016;
You et al., 2016; Guo et al., 2017; Li et al., 2017; Wang and Tu,
2017; Bian and Wang, 2018; Ge, 2018; Guo et al., 2018; Ma et al.,
2018; Shi and Yang, 2018; Xu et al., 2018; Li et al., 2019; Song
et al., 2019; Yuan et al., 2019) reported the effective rate of TCM
symptoms.

The experimental group received oral CMC or CMC
combined with Western medicine as intervention measures,
while the control group received conventional Western
medicine for the treatment of RA as the positive control.
Among all the medications included in the study, CMC
included decoction, patent medicines (including capsules,
tablets, and pills), and powder. Western medicine mainly
included DMARDs such as methotrexate (MTX), leflunomide
(LEF), sulfasalazine (SSZ), hydroxychloroquine sulfate (HCQ), as

FIGURE 1 | Flow diagraph of study selection.
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TABLE 1 | Characteristics of the included studies.

Author Year Sample
size

Disease stage Age (Y) Intervention methods Intervention
duration

Outcomes

EG CG EG CG EG CG EG CG

Li, X. 2015 36 36 — — 37.5 ± 11.9 38.6 ± 12.7 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①③

Li, Y. 2015 29 30 — — 49.03 ± 13.8 47.98 ± 12.92 CMC LEF 12W ①④

Cao, Y. H. 2014 31 31 5.6 ± 3.3Y 5.8 ± 3.1Y 42.2 ± 8.6 41.3 ± 9.0 LEF + NSAIDs + CMC LEF + NSAIDs 12W ①③

Li, J. H. 2019 40 39 6.64 ± 2.65Y 6.18 ± 2.53Y 59.43 ± 9.69 58.36 ± 9.15 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①④

Bian, Z. Q. 2018 84 79 6.58 ± 2.24Y 5.89 ± 2.01Y 48.58 ± 14.36 50.66 ± 13.57 NASIDs + CMC NASIDs 12W ①②④

Yuan, L. 2019 15 15 6–12 M 4–12M 30–50 25–50 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①④

Yu, M. 2014 32 32 5.8 ± 3.6Y 6.1 ± 3.9Y 38.2 ± 6.8 38.5 ± 7.2 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 12W ①

Shen, Y. P. 2008 30 10 4.65 ± 2.47Y 4.01 ± 2.55Y 35.32 ± 14.43 34.98 ± 14.67 GC + NSAIDs + CMC GC + NSAIDs 12W ①④

Niu, J. H. 2014 31 30 0.5–40Y 0.5–42Y 14–68 13–65 MTX + CMC MTX 14W ①

Zhang, H. J. 2014 30 30 3.6 ± 1.7Y 3.9 ± 2.1Y 36.8 ± 10.3 37.8 ± 10.7 NASIDs + CMC NASIDs 12W ①③

Xiang, C. C. 2009 40 40 4.5 ± 1.5Y 4.9 ± 1.3Y 50.24 ± 7.25 51.12 ± 6.85 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 12W ①④

Luo, Y. H. 2008 32 28 1–16Y 1–15Y 60–75 62–74 CMC MTX + SSZ + NSAIDs 12W ①④

Shi, L. 2018 40 38 7.33 ± 4.67Y 7.45 ± 4.30Y 51.47 ± 8.36 53.24 ± 8.65 NASIDs + CMC NASIDs 8W ①④

Ge, S. 2018 46 46 4.6 ± 0.7Y 4.5 ± 0.8Y 44.8 ± 4.8 44.5 ± 5.3 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①④

Liu, Y. 2016 35 30 5.97 ± 2.88Y 6.03 ± 2.70Y 46.89 ± 9.15 45.40 ± 8.63 MTX + LEF + CMC MTX + LEF 4W ①④

Song, W. H. 2019 66 66 6.68 ± 0.84Y 6.73 ± 0.88M 53.27 ± 6.56 52.89 ± 6.41 MTX + CMC MTX 12W ①④

Guo, H. M. 2017 340 300 5.3 ± 4.5Y 4.9 ± 4.7M 37.4 ± 8.5 36.5 ± 7.8 CMC + NSAIDs MTX + NSAIDs 12W ①④

Hu, H. 2018 43 43 23.64 ± 3.05M 24.82 ± 4.08M 43.26 ± 4.82 44.05 ± 4.71 MTX + CMC MTX 8W ①

Li, J.P. 2013 40 40 41.52 ± 5.62M 42.82 ± 2.69M 72.38 ± 6.16 72.32 ± 6.38 LEF + CMC LEF 12W ①

Wang, S. M. 2006 40 20 2.8 ± 1.4Y 2.6 ± 1.3Y 41.4 ± 11.6 40.2 ± 12.9 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 36W ①

Jiang, D. et al. 2016 44 44 5.5 ± 1.6Y 5.3 ± 1.4Y 47.3 ± 11.2 48.2 ± 10.1 LEF + CMC LEF 24W ①③④

Fang, X.G. et al. 2019 57 57 3.03 ± 0.36Y 3.02 ± 0.38Y 46.68 ± 7.59 45.59 ± 7.82 LEF + NSAIDs + CMC LEF + NSAIDs 12W ①

Mang, Z. L. et al. 2018 25 25 11.60 ± 1.16Y 10.80 ± 1.08Y 49.68 ± 2.47 46.88 ± 2.11 MTX + NSAIDs + CMC MTX + NSAIDs 6W ①④

Zhao, F. C. 2015 55 55 24.15 ± 12.03M 22.35 ± 14.32M 46.32 ± 12.31 48.34 ± 10.65 MTX + GC + CMC MTX + GC 9W ①③

He, D. C. et al. 2014 30 30 169.38 ± 25.8D 155.47± 24.94D 49.69 ± 11.84 50.16 ± 12.14 MTX + LEF + CMC MTX + LEF 12W ①③④

Ma, W. K. et al. 2009 34 34 4.71 ± 4.64Y 4.42 ± 4.92Y 48.35 ± 13.24 47.74 ± 14.92 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 24W ①

Jia, F. Y. et al. 2016 62 58 87 ± 50.97M 81.52 ± 56.27M 49.18 ± 11.40 49.10 ± 13.06 LEF + NSAIDs + CMC LEF + NSAIDs 8W ①

Li, D. 2020 55 55 4.76 ± 1.56Y 4.21 ± 1.63Y 54.06 ± 8.89 53.56 ± 10.06 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 12W ②

Jiang, P. et al. 2020 96 90 8.67 ± 3.23Y 8.48 ± 3.40Y 45.41 ± 4.87 45.65 ± 4.90 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 4W ①

Han, L. et al. 2016 40 36 7.36 ± 6.23Y 7.46 ± 6.35Y 67.53 ± 7.24 68.14 ± 7.72 LEF + GC + CMC LEF + GC 12W ①②④

Huang, G. D.

et al.

2006 47 47 7.8 ± 3.2Y 7.9 ± 3.5Y 38 ± 7 38 ± 7 MTX + D-PEN + CMC MTX + D-PEN 24W ①④

Zhang, K. L. 2019 82 78 4.3 ± 1.0Y 4.2 ± 1.1Y 54.9 ± 4.9 55.9 ± 5.4 MTX + LEF + CMC MTX + LEF 4W ①

Li, A. M. 2009 67 67 68 ± 47M 69 ± 43M 50.12 ± 11.67 50.01 ± 12.35 CMC MTX + NSAIDs 16W ①

Li, J. et al. 2017 47 45 3.2 ± 1.3Y 3.4 ± 1.2Y 51.6 ± 5.8 50.3 ± 6.1 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①④

Qian, X. et al. 2016 41 41 4.9 ± 1.1Y 4.3 ± 0.8Y 45.7 ± 12.6 46.4 ± 14.2 NASIDs + CMC NASIDs 12W ①③

Cao, M. Z. et al. 2020 42 38 2.55 ± 0.69Y 2.65 ± 0.72Y 38.67 ± 9.52 39.11 ± 9.37 MTX + CMC MTX 6W ①③

Yang, Y. J. 2013 60 60 2.1 ± 0.8Y 1.9 ± 0.9Y 32.2 ± 10.6 33.6 ± 10.2 CMC LEF + NSAIDs + Thymosins 24W ①③

Zhou, C. Y. et al. 2010 50 50 52.74 ± 65.82M 50.37 ± 53.81M 48.03 ± 9.47 49.42 ± 10.16 CMC MTX 12W ①④

Liu, X. D. et al. 2009 30 30 5.35 ± 2.61Y 4.65 ± 2.42Y 46.55 ± 9.21 47.86 ± 8.30 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 12W ①②④

Liu, B. et al. 2007 50 50 16M 15M 50 52 MTX + CMC MTX 16W ①

Wei, Y. et al. 2013 80 80 3.1 ± 1.5Y 4.65 ± 2.42Y 35.1 ± 11.5 36.5 ± 10.1 LEF + SSZ + NSAIDs + CMC LEF + SSZ + NSAIDs 12W ①④

Zheng, X. B.
et al.

2015 30 30 52.3 ± 10.8M 53.6 ± 11.5M 49.6 ± 18.9 49.1 ± 19.4 MTX + CMC MTX 12W ①④

Shu, C. et al. 2015 22 20 4.57 ± 3.41Y 4.08 ± 2.95Y 45.35 ± 10.42 46.59 ± 10.84 CMC MTX + LEF 12W ①③④

Wei, W. et al. 2013 45 45 3.5 ± 2.2Y 3.4 ± 2.3Y 68.4 ± 2.5 69.2 ± 2.8 MTX + HCQ + NSAIDs +
TNFi + CMC

MTX + HCQ + NSAIDs +
TNFi

12W ①④

Han, S. L. et al. 2011 35 35 4.1 ± 1.35Y 3.88 ± 2.12Y 47.22 ± 8.13 46.86 ± 7.20 MTX + SSZ +NSAIDs + CMC MTX + SSZ + NSAIDs 12W ①

Xu, G. S. et al. 2018 38 38 48.00M 46.50M 50.32 ± 10.99 48.56 ± 14.15 MTX + LEF + NSAIDs + CMC MTX + LEF + NSAIDs 12W ①④

Pang, A.M. et al. 2017 39 39 7.61 ± 2.13M 6.85 ± 2.91M 41.63 ± 10.72 42.16 ± 9.82 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①②

Pang, J. et al. 2019 31 31 44.80 ± 27.40M 46.27 ± 28.92M 47.50 ± 13.04 46.13 ± 12.73 MTX + NSAIDs + CMC MTX + NSAIDs 24W ①②③

Zhao, L. 2019 30 30 118.6 ± 49.6M 117.4 ± 46.5M 52.6 ± 6.8 53.4 ± 6.6 MTX + CMC MTX 8W ①

Zeng, J. Y. et al. 2018 40 40 - - 58.62 ± 5.09 58.74 ± 5.16 MTX + HCQ + NSAIDs
+ CMC

MTX + HCQ + NSAIDs 8W ①

Wang, H. T. 2017 40 40 3 ± 0.35Y 3 ± 0.21Y 42 ± 1.36 40 ± 1.32 CMC LEF + NSAIDs 4W ①

Su, S. Z. et al. 2015 34 36 6 ± 2.3Y 5 ± 3.1Y 53 ± 1.2 55 ± 0.9 MTX + LEF + NSAIDs + CMC MTX + LEF + NSAIDs NR ①

Wang, Y. et al. 2017 52 52 4.7 ± 2.2Y 4.4 ± 2.1Y 45.1 ± 17.2 43.7 ± 14.8 MTX + LEF + CMC MTX + LEF 12W ①③④

Gao, D. et al. 2017 60 60 7.73 ± 1.48Y 7.43 ± 1.37Y 55.02 ± 7.99 54.26 ± 6.78 MTX + CMC MTX 12W ①②

Guo, H. L. et al. 2018 40 40 3.95 ± 3.00Y 3.67 ± 2.61Y 39.65 ± 12.99 40.83 ± 10.7 MTX + CMC MTX 12W ①④

You, B. R. et al. 2016 43 43 2.1 ± 0.8Y 2.3 ± 0.6Y 42.3 ± 5.8 41.7 ± 5.2 MTX + CMC MTX 24W ①④

Liu, E. C. et al. 2013 50 50 56.37 ± 65.30M 52.26 ± 52.61M 46.23 ± 9.68 49.62 ± 8.62 CMC MTX 12W ①④

Li, S.W. 2006 31 30 5.17 ± 3.37Y 6.22 ± 4.65Y 49.5 51.7 MTX + SSZ + CMC MTX + SSZ 8W ①④

Chen, F. et al. 2016 35 35 26.40 ± 6.12M 25.2 ± 4.48M 37.52 ± 6.61 37.34 ± 6.48 MTX + LEF + NSAIDs + CMC MTX + LEF + NSAIDs 8W ①④

Li, Z. L. et al. 2012 30 31 1.15 ± 0.61Y 1.00 ± 0.60Y 50.40 ± 9.19 57.28 ± 11.39 CMC Alfacalcidol capsule +

caltrate D tablet

12W ①

Yang, B. et al. 2011 20 20 5.3Y 5.1Y 43 41 MTX + NSAIDs + CMC MTX + NSAIDs 12W ①

Yao, J. H. 2010 58 38 4.08 ± 1.32Y 3.98 ± 1.42Y 36.52 ± 4.85 35.80 ± 4.92 CMC LEF + NSAIDs + placebo 8W ①④

Shen, H. B. et al. 2011 40 40 32.5 ± 28.0M 38.0 ± 24.3M 49.0 ± 12.6 52.6 ± 10.1 CMC MTX + NSAIDs 12W ①③

Chen, Z.W. et al. 2010 45 45 47.32 ± 48.32M 52.21 ± 41.31M 45.76 ± 10.21 46.23 ± 12.21 CMC MTX 24W ①②③

Wang, Z. et al. 2014 47 41 3.8 ± 6.2Y 4.0 ± 6.4Y 42.82 ± 12.45 44.78 ± 12.38 MTX + LEF + CMC MTX + LEF 12W ①③

EG, experimental group; CG, control group; CMC, Chinese medicine compound; SSZ, Sulfasalazine; MTX, Methotrexate; LEF, leflunomide; GC, glucocorticoid; HCQ,
Hydroxychloroquine; NSAIDs, Nona-steroidal anti-inflammatory drugs; D-PEN, D-penicillamine; TNFi, TNF-α inhibitor; NR, Not Reported; W, weeks. ①RF; ②Anti-CCP; ③ACR20/
ACR50/ACR70; ④ Standard of curative effect of TCM syndromes.
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TABLE 2 | A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Li. (2006) The First Affiliated Hospital of
Henan College of Traditional
Chinese Medicine

Gentianamacrophylla Pall.[Gentianaceae;Radix GentianaeMacrophyllae], 9 g; Angelica dahurica (Hoffm.)
Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 9 g; Saposhnikovia
divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae], 6 g; Asarum sieboldii
[Aristolochiaceae; Herba cum Radix Asari], 3 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;
Rhizoma Ligustici], 9 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 12 g;
Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g; Paeonia
lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 12 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;
Ramulus Cinnamomi], 6 g; Poria[Polyporaceae; Sclerotium Poriae Cocos], 12 g; Eucommia ulmoides
Oliv. [Eucommiaceae; Cortex Eucommiae], 15 g; Achyranthes bidentata Blume [Amaranthaceae;Radix
Achyranthis Bidentatae], 30 g; Codonopsis pilosula[Campanulaceae; Radix Codonopsis], 12 g;
Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g; Astragalus mongholicus Bunge[Fabaceae;Radix
Astragali seu Hedysari], 20 g; Dipsacus asper[Caprifoliaceae; Radix Dipsaci], 15 g; Citrus × aurantium
L.[Rutaceae;PericarpiumCitri Reticulatae], 9 g; Zingiber officinale[Zingiberaceae; Rhizoma Zingiberis], 9 g

N N

Huang et al. (2006) Xiangya Hospital of Central
South University & Hengyang
Hospital affiliated with Hunan
College of Traditional Chinese
Medicine

Centipede[Scolopendridae; Scolopendra], 1 g; Pheretima asiatica Michaelsen[Megascolecidae;
Lumbricus], 10 g; Agkistrodon[Deinagkistrodon;Bungarus], 1 g; Aconitum carmichaeli Debeaux
[Ranunculaceae;Radix Aconiti], 3g(decocted earlier); Lindera aggregata (Sims) Kosterm. [Lauraceae;
Radix Linderae], 3g(decocted earlier); Calamus draco Willd. [Calamus draco Willd.; Sanguis Draconis],
3 g; Arisaema heterophyllum Blume [Araceae; Rhizoma Arisaematis], 5g(decocted earlier); Eupolyphaga
[Corydidae;Eupolyphaga Seu Steleophaga], 5 g; Smilax nipponica [Magnoliaceae; Dashenjin], 10 g;
Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 10 g; Frankincense[Burseraceae;
Olibanum], 10 g; Commiphora myrrha[Burseraceae; Resina Commiphorae], 10 g; Dipsacus asper
[Caprifoliaceae; Radix Dipsaci], 10 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. &
Sav.[Apiaceae;Radix Angelicae Dahuricae], 10 g; Garden Balsam Stem [Euphorbiaceae; Speranskia
tuberculata (Bunge) Baill], 10 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 20 g;
Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 20 g; Glycyrrhiza glabra
[Fabaceae; Radix Glycyrrhizae], 20 g

Y-Prepared according to Chinese
Pharmacopeia 2005

N

Wang et al. (2006) Shiyan City Hospital of
Traditional Chinese Medicine

Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 12 g; Paeonia
lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 10 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix
Paeoniae Alba], 10 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g;
Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 10 g; Sinomenium acutum
[Menispermaceae; Caulis Sinomenii], 15-30 g; Tripterygium wilfordii[Celastraceae; Radix Tripterygii
Wilfordii], 10 g; Trachelospermum jasminoides (Lindl.) Lem. [Apocynaceae; Caulis Trachelospermi], 15-
30 g; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi], 30 g; Reynoutria multiflora (Thunb.)
Moldenke [Polygonaceae; Caulis Polygoni Multiflori], 30 g

N N

Liu et al. (2007) The First Affiliated Hospital of
Tianjin College of Traditional
Chinese Medicine

Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Conioselinum anthriscoides
‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 8 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae
Alba], 10 g; Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g

N N

Luo et al. (2008) Hospital attached to Beiliu
Health School of Guangxi
Autonomous Region

Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Codonopsis pilosula
[Campanulaceae; Radix Codonopsis], 15 g; Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma
Atractylodis Macrocephalae], 15 g; Paeonia × suffruticosa [Paeoniaceae;Cortex Moutan Radicis], 15 g;
Gentiana macrophylla Pall.[Gentianaceae;Radix Gentianae Macrophyllae], 15 g; Zaocys
dhumnades(Cantor)[Natricinae;Zaocys dhumnades], 15 g; Dioscorea oppositifolia[Dioscoreaceae;
Rhizoma Dioscoreae], 18 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 18 g; Curcuma longa
[Zingiberaceae; Rhizoma Curcumae Longae], 12 g; Bombyx mori Linnaeus[Bombyx Linnaeus;Bombyx
Batryticatus], 9 g; Carthamus tinctorius[Asteraceae; Flos Carthami], 6 g; Buthus martensii Karsch
[Scorpiones;Scorpio], 3 g; Asarum sieboldii[Aristolochiaceae; Herba cum Radix Asari], 3 g

N N

(Continued on following page)
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Shen et al. (2008) Hongmiaopo Hospital, Xi’an,
Shaanxi Province

Rehmannia glutinosa[Orobanchaceae; Radix Rehmanniae]; Ophiopogon japonicus (Thunb.) Ker Gawl.
[Asparagaceae; Radix Ophiopogonis]; Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix
Rehmanniae Preparata] ;Eucommia ulmoides Oliv. [Eucommiaceae; Cortex Eucommiae] ; Achyranthes
bidentata Blume [Amaranthaceae;Radix Achyranthis Bidentatae] ; Taxillus chinensis (DC.) Danser
[Loranthaceae; Herba Taxilli] ; Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari] ;
Pseudostellaria heterophylla (Miq.) Pax [Caryophyllaceae; Radix Pseudostellariae heterophylly] ; Angelica
sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis] ;Salvia miltiorrhiza Bunge[Lamiaceae; Radix Salviae
Miltiorrhizae]; Polygonatum sibiricum Redouté [Asparagaceae; Rhizoma Polygonati];Gentiana macrophylla
Pall.[Gentianaceae;Radix GentianaeMacrophyllae]; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. &
Sav. [Apiaceae;Radix Angelicae Pubescentis] ; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi];
Silkworm shit [Bombycidae; Bombyx mori L.]; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae]

N N

Xiang et al. (2009) The First Affiliated Hospital of
Guangxi College of Traditional
Chinese Medicine

Gentiana macrophylla Pall.[Gentianaceae;Radix Gentianae Macrophyllae], 15 g; Eucommia ulmoides
Oliv. [Eucommiaceae; Cortex Eucommiae], 15 g; Dipsacus asper[Caprifoliaceae; Radix Dipsaci], 15 g;
Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g; Angelica
dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 15 g;
Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli], 15 g; Reynoutria multiflora (Thunb.)
Moldenke[Polygonaceae;Radix Polygoni Multiflori], 15 g; Lindera aggregata (Sims) Kosterm. [Lauraceae;
Radix Linderae], 15 g; Pheretima asiatica Michaelsen[Megascolecidae;Lumbricus], 10 g; Bombyx mori
Linnaeus[Bombyx Linnaeus;Bombyx Batryticatus], 10 g; Neolitsea cassia[Lauraceae; Cortex
Cinnamomi], 10 g; Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g

N N

Ma et al. (2009) The Second Affiliated Hospital
of Guiyang College of
Traditional Chinese Medicine

Panax notoginseng (Burkill) F.H.Chen[Araliaceae;Radix Notoginseng]; Lindera aggregata (Sims) Kosterm.
[Lauraceae; Radix Linderae]; Sinomenium acutum[Menispermaceae; Caulis Sinomenii]; Cibotium
barometz (L.) J.Sm.[Cyatheaceae;Rhizoma Cibotii]; Homalomena occulta (Lour.) Schott [Araceae;
Rhizoma Homalomenae]; Curcuma longa[Zingiberaceae; Rhizoma Curcumae Longae]; Paeonia lactiflora
Pall.[Paeoniaceae;Radix Paeoniae Alba]; etc.

Y-Prepared according to Chinese
Pharmacopeia 2005

N

Li et al. (2009) Qingdao Fifth People’s
Hospital

Tripterygium wilfordii[Celastraceae; Radix Tripterygii Wilfordii], 15 g; Sinomenium acutum
[Menispermaceae; Caulis Sinomenii], 20 g; Lonicera japonica Thunb. [Caprifoliaceae;Caulis Lonicerae],
20 g; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi], 30 g; Morus alba[Moraceae; Ramulus
Mori], 30 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 30 g; Anemarrhena
asphodeloides[Liliaceae; Rhizoma Anemarrhenae], 8 g; Saposhnikovia divaricata (Turcz. ex Ledeb.)
Schischk. [Apiaceae;Radix Saposhnikoviae], 12 g; Epimedium sagittatum (Siebold & Zucc.) Maxim.
[Berberidaceae;Herba Epimedii], 15 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma
Ligustici], 15 g; Pheretima asiatica Michaelsen[Megascolecidae;Lumbricus], 12 g; Buthus martensii
Karsch[Scorpiones;Scorpio], 10 g; Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli], 15 g;
Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Rehmannia glutinosa (Gaertn.)
DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g

N N

Liu et al. (2009) Zhejiang Integrated Chinese
and Western Medicine
Hospital

Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae] ;Angelica
dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav.[Apiaceae;Radix Angelicae Dahuricae]; Clematis
chinensis Osbeck[Ranunculaceae;Radix Clematidis]; Buthus martensii Karsch[Scorpiones;Scorpio] ;
Centipede[Scolopendridae; Scolopendra] ; Sinapis alba L. [Brassicaceae;Semen sinapis.]; Lonicera
japonica Thunb. [Caprifoliaceae;Caulis Lonicerae] ; Salvia miltiorrhiza Bunge[Lamiaceae; Radix Salviae
Miltiorrhizae] ; Coix lacryma-jobi L.[Poaceae;Semen Coicis] ; Bombyx mori Linnaeus[Bombyx Linnaeus;
Bombyx Batryticatus] ; Corydalis yanhusuo[Papaveraceae;Rhizoma Corydalis] ; Atractylodes
macrocephala Koidz.[Asteraceae;Rhizoma Atractylodis Macrocephalae]

Y-Prepared according to Chinese
Pharmacopeia 2005

N

Chen et al. (2010) Shanghai Hospital of
Traditional Chinese Medicine

Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix
Notopterygii], 30 g; Rehmannia glutinosa[Orobanchaceae; Radix Rehmanniae], 30 g; Astragalus
mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Aconitum carmichaeli Debeaux
[Ranunculaceae;Radix Aconiti], 9 g; Sauromatum giganteum (Engl.) Cusimano [Araceae;Rhizoma
Typhonii ], 9 g; Caragana sinica (Buc’hoz) Rehde, 30 g; Rumex japonicus Houtt. [Polygonaceae; Radix
Rumicis Japonici], 30 g; Sinapis alba L. [Brassicaceae;Semen sinapis.], 12 g; Curcuma longa
[Zingiberaceae; Rhizoma Curcumae Longae], 12 g

Y-Prepared according to Chinese
Pharmacopeia 2005

N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Yao et al. (2010) Heze Hospital of Traditional
Chinese Medicine

Tripterygium wilfordii[Celastraceae; Radix Tripterygii Wilfordii], (decocted earlier)20 g; Sarcandra glabra
(Thunb.) Nakai[Chloranthaceae;Herba Sarcandrae], 15 g; Lonicera japonica [Caprifoliaceae;Flos
Lonicerae], 24 g; Equus asinus L. [Equidae; Colla Corii Asini], 24 g; Scleromitrion diffusum (Willd.)
R.J.Wang[Rubiaceae;Herba Hedyotis], 30 g; Phellodendron amurense Rupr. [Rutaceae;Cortex
Phellodendri], 12 g; Atractylodes lancea (Thunb.) DC.[Asteraceae;Rhizoma Atractylodis], 9 g; Coix
lacryma-jobi L.[Poaceae;Semen Coicis], 30 g; TuPoria[Polyporaceae; Sclerotium Poriae Cocos], 20 g;
Bolbostemma paniculatum (Maxim.) Franquet [Cucurbitaceae;Rhizoma Bolbostematis ], 12 g; Paeonia
lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 20 g; Hansenia weberbaueriana (Fedde ex H.Wolff)
Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix Notopterygii], 9 g; Angelica dahurica (Hoffm.) Benth. &
Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 9 g

N N

Zhou et al. (2010) Xiyuan Hospital, Chinese
Academy of Traditional
Chinese Medicine

Lonicera japonica [Caprifoliaceae;Flos Lonicerae], 30 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix
Angelicae Sinensis], 20 g; Scrophularia ningpoensis[Scrophulariaceae; Radix Scrophulariae], 20 g;
Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g; Scleromitrion diffusum (Willd.) R.J.Wang
[Rubiaceae;Herba Hedyotis], 30 g; Cremastra appendiculata (D.Don) Makino[Orchidaceae;
Pseudobulbus Cremastrae seu Pleiones], 9 g; Sigesbeckia orientalis[Asteraceae; Herba Siegesbeckiae],
30 g; Reynoutria japonica Houtt. [Polygonaceae; Rhizoma Polygoni Cuspidati], 15 g; TuPoria
[Polyporaceae; Sclerotium Poriae Cocos], 20 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae
Alba], 30 g; Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 20 g; Dioscorea collettii var.
hypoglauca (Palib.) S.J.Pei & C.T.Ting[Dioscoreaceae;Rhizome Dioscoreae Hypoglaucae], 20 g

N N

Shen et al. (2011) the Third Hospital of Beijing
University, Beijing Military
General Hospital and Wangjing
Hospital of China Academy of
Chinese Medical Sciences

Erodium stephanianum Willd. [Geraniaceae; Herba Geranii], 15 g; Manis pentadactyla Linnaeus
[Manidae; Radix Actinidiae chinensis], 15 g; Sigesbeckia orientalis[Asteraceae; Herba Siegesbeckiae],
15 g; TuPoria[Polyporaceae; Sclerotium Poriae Cocos], 15 g; Reynoutria japonica Houtt. [Polygonaceae;
Rhizoma Polygoni Cuspidati], 15 g; Sanguisorba officinalis L. [Rosaceae; Radix Sanguisorbae] , 15 g;
Xuchangqin g 10 g; Ephedra sinica Stapf [Ephedraceae;Herba Ephedrae], 5 g

N N

Han and Song
(2011)

Hangzhou Xixi Street
Community Health Service
Center

Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 30 g; Buthus martensii Karsch
[Scorpiones;Scorpio], 3 pieces; Centipede[Scolopendridae; Scolopendra], 1 piece; Sinapis alba L.
[Brassicaceae;Semen sinapis.], 12 g; Salvia miltiorrhiza Bunge[Lamiaceae; Radix Salviae Miltiorrhizae],
20 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 30 g

N N

Yang et al. (2011) Institute of Integrated Chinese
and Western Medicine,
Xiangya Hospital, Central
South University

Atractylodes lancea (Thunb.) DC.[Asteraceae;Rhizoma Atractylodis], 12 g; Phellodendron amurense
Rupr. [Rutaceae;Cortex Phellodendri], 12 g; Achyranthes bidentata Blume [Amaranthaceae;Radix
Achyranthis Bidentatae], 12 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 12 g

Y-Prepared according to Chinese
Pharmacopeia 2005

N

Li et al. (2012) Shanghai Guanghua Hospital
of Integrative Medicine

Kidney-Yin deficiency syndrome: Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix
Rehmanniae Preparata], 15 g; Shanyu 12 g; Eucommia ulmoides Oliv. [Eucommiaceae; Cortex
Eucommiae], 12 g; Dipsacus asper[Caprifoliaceae; Radix Dipsaci], 10 g; Psoralea fructus[Fabaceae;
Fructus Psoraliae], 15 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g;
Achyranthes bidentata Blume [Amaranthaceae;Radix Achyranthis Bidentatae], 15 g; Pheretima asiatica
Michaelsen[Megascolecidae;Lumbricus], 10g. kidney-Yang deficiency syndrome: Aconitum carmichaeli
[Ranunculaceae; Radix Aconiti Lateralis Preparata], 10 g; Curculigo orchioides Gaertn.[Hypoxidaceae;
Rhizoma Curculigins], 30 g; Gynochthodes officinalis (F.C.How) Razafim. [Rubiaceae; Radix Morindae
Officinalis], 15 g; Epimedium sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;Herba Epimedii], 12 g;
Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Buthus martensii Karsch
[Scorpiones;Scorpio], 2 g

N N

Liu et al. (2013) Anhui Mengcheng County
Hospital of Traditional Chinese
Medicine

Strychnos nux-vomica L. [Loganiaceae; Semen Strychni]; Frankincense[Burseraceae; Olibanum] ;
Commiphora myrrha[Burseraceae; Resina Commiphorae] ; Glycyrrhiza glabra[Fabaceae; Radix
Glycyrrhizae]; etc.

N N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Wei et al. (2013) Hangzhou Economic and
Technological Development
Zone Maternal and Child
Health Hospital

Lonicera japonica [Caprifoliaceae;Flos Lonicerae], 30 g; Scrophularia ningpoensis
[Scrophulariaceae; Radix Scrophulariae], 20 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix
Angelicae Sinensis], 20 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g;
Chrysanthemum × morifolium (Ramat.) Hemsl.[Asteraceae;Flos Chrysanthemi], 20 g;
Phellodendron amurense Rupr. [Rutaceae;Cortex Phellodendri], 12 g; Atractylodes lancea
(Thunb.) DC.[Asteraceae;Rhizoma Atractylodis],12 g; TuPoria[Polyporaceae; Sclerotium Poriae
Cocos], 20 g; Achyranthes bidentata Blume [Amaranthaceae;Radix Achyranthis Bidentatae], 12 g;
Sinomenium acutum[Menispermaceae; Caulis Sinomenii], 20 g; Zaocys dhumnades(Cantor)
[Natricinae;Zaocys dhumnades], 6 g; Pheretima asiatica Michaelsen[Megascolecidae;
Lumbricus], 10 g

N N

Li (2013) The Second Affiliated Hospital
of Tianjin University of
Traditional Chinese Medicine

Caragana sinica (Buc’hoz) Rehde, 30 g; Scrophularia ningpoensis[Scrophulariaceae; Radix
Scrophulariae], 25 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 25 g; Hansenia
weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix Notopterygii],
15 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae
Pubescentis], 15 g; Sinomenium acutum[Menispermaceae; Caulis Sinomenii], 15 g; Paeonia
lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 15 g; Sigesbeckia orientalis[Asteraceae;
Herba Siegesbeckiae],15 g; Atractylodes lancea (Thunb.) DC.[Asteraceae;Rhizoma
Atractylodis],15 g; Salvia miltiorrhiza Bunge[Lamiaceae; Radix Salviae Miltiorrhizae], 10 g; Clematis
chinensis Osbeck[Ranunculaceae;Radix Clematidis], 10 g; Bombyx mori Linnaeus[Bombyx
Linnaeus;Bombyx Batryticatus], 10 g; Eupolyphaga[Corydidae;Eupolyphaga Seu
Steleophaga], 5 g

N N

Wei et al. (2013) People’s Hospital of Yuyao
City, Zhejiang Province

Centipede[Scolopendridae; Scolopendra], 2 pieces; Agkistrodon[Deinagkistrodon;Bungarus], 1
piece; Buthus martensii Karsch[Scorpiones;Scorpio], 10 g; Hansenia weberbaueriana (Fedde ex
H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix Notopterygii], 15 g; Angelica dahurica
(Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 15 g;
Corydalis yanhusuo[Papaveraceae;Rhizoma Corydalis], 15 g; Gentiana macrophylla
Pall.[Gentianaceae;Radix Gentianae Macrophyllae], 15 g; Stephania tetrandra[Menispermaceae;
Radix Stephaniae Tetrandrae], 15 g; Poria[Polyporaceae; Sclerotium Poriae Cocos], 20 g;
Liquidambar formosana Hance [Altingiaceae; Fructus Liquidambaris], 20 g; Astragalus
mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Codonopsis pilosula
[Campanulaceae; Radix Codonopsis], 30 g; Atractylodes macrocephala Koidz.[Asteraceae;
Rhizoma Atractylodis Macrocephalae], 15 g; Glycyrrhiza glabra[Fabaceae; Radix
Glycyrrhizae], 10 g

N N

Yang et al. (2013) The Third Hospital of Baoding
City, Hebei Province

Strychnos nux-vomica L. [Loganiaceae; Semen Strychni], 0.2 g; Dioscorea nipponica Makino
[Dioscoreaceae;Rhizoma Dioscoreae Nipponicae], 8 g; Rhododendron molle (Blume) G.Don
[Ericaceae; Rhododendri mollis flos], 0.2 g; Epimedium sagittatum (Siebold & Zucc.) Maxim.
[Berberidaceae;Herba Epimedii], 3 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba],
3 g; Wushe 3 g; Dibiechong 3 g; Sarcandra glabra (Thunb.) Nakai[Chloranthaceae;Herba
Sarcandrae], 4 g

N N

Wang Tao (2014) Zhejiang Integrated Chinese
and Western Medicine
Hospital

Yangtao Actinidia Root [Actinidiaceae; Actinidia chinensis Planch.], 30 g; Pheretima asiatica
Michaelsen[Megascolecidae;Lumbricus], 10 g; Bombyx mori Linnaeus[Bombyx Linnaeus;Bombyx
Batryticatus], 10 g; Poria[Polyporaceae; Sclerotium Poriae Cocos], 15 g; Glycyrrhiza glabra
[Fabaceae; Radix Glycyrrhizae], 5 g; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi],
30 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g; Rehmannia glutinosa
(Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g; Coix lacryma-jobi L.[Poaceae;
Semen Coicis], 30 g; Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari],
30 g; Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 15 g

Y-Prepared according to Chinese
Pharmacopeia 2010

N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

He Xiao (2014) Wuhan General Hospital of
Guangzhou Military Region

Deerhorn glue[Cervidae;Colla Corni Cervi], 10 g; Aconitum carmichaeli[Ranunculaceae; Radix Aconiti
Lateralis Preparata], 10 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 10 g;
Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae
Pubescentis], 10 g; Asarum sieboldii[Aristolochiaceae; Herba cum Radix Asari], 5 g; Angelica sinensis
(Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g; Clematis chinensis Osbeck[Ranunculaceae;
Radix Clematidis], 15 g; Sinomenium acutum[Menispermaceae; Caulis Sinomenii], 20 g; Paeonia
lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 10 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix
Paeoniae Alba], 10 g; Pheretima asiatica Michaelsen[Megascolecidae;Lumbricus], 10 g; Coix
lacryma-jobi L.[Poaceae;Semen Coicis], 30 g; Rehmannia glutinosa[Orobanchaceae; Radix
Rehmanniae], 10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 15 g; Centipede
[Scolopendridae; Scolopendra], 2 pieces
; Vincetoxicum mukdenense Kitag.[Apocynaceae;Radix Cynanchi Paniculati], 15 g

Y-Prepared according to Chinese
Pharmacopeia 2010

N

Zhang et al. (2014) 263 Clinical Department,
General Hospital of Beijing
Military Region

Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis],
15 g; Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 15 g; Buthus martensii Karsch
[Scorpiones;Scorpio], 6 g; Pheretima asiatica Michaelsen[Megascolecidae; Lumbricus], 12 g;
Atractylodes lancea (Thunb.) DC.[Asteraceae; Rhizoma Atractylodis], 12 g;Neolitsea cassia (L.)
Kosterm.[Lauraceae; Ramulus Cinnamomi], 10 g; Phellodendron amurense Rupr. [Rutaceae; Cortex
Phellodendri], 10 g; Zhechong10 g; Wuqiaoshe 10 g; Carthamus tinctorius[Asteraceae; Flos Carthami],
10 g; Achyranthes bidentata Blume [Amaranthaceae; Radix Achyranthis Bidentatae], 15 g; Curcuma
longa[Zingiberaceae; Rhizoma Curcumae Longae], 15 g

N N

Niu (2014) Xi’an Hospital of Traditional
Chinese Medicine

Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 20 g; Chaenomeles lagenaria (Loisel.) Koidz.
[Rosaceae; Fructus Chaenomelis], 15 g; Pyrola calliantha Andres [Ericaceae; Herba Pyrolae], 15 g;
Lycopodium japonicum[Lycopodiaceae; Herba Lycopodii], 15 g; Atractylodes macrocephala
Koidz.[Asteraceae;Rhizoma Atractylodis Macrocephalae], 15 g; Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi], 12 g; Gentiana macrophylla Pall.[Gentianaceae;Radix
Gentianae Macrophyllae], 12 g; Piper kadsura[Piperaceae; Caulis Piperis Kadsurae], 12 g; Aconitum
carmichaeli Debeaux [Ranunculaceae;Radix Aconiti], 10 g; Saposhnikovia divaricata (Turcz. ex Ledeb.)
Schischk. [Apiaceae;Radix Saposhnikoviae], 10 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix
Angelicae Sinensis], 10 g; Achyranthes bidentata Blume [Amaranthaceae;Radix Achyranthis Bidentatae],
10 g; Frankincense[Burseraceae; Olibanum], 10 g; Cremastra appendiculata (D.Don) Makino
[Orchidaceae;Pseudobulbus Cremastrae seu Pleiones], 10 g; Glycyrrhiza glabra[Fabaceae; Radix
Glycyrrhizae], 6 g; Ephedra sinica Stapf [Ephedraceae;Herba Ephedrae], 4 g

N N

Cao et al. (2014) Anhui Provincial Hospital of
Traditional Chinese Medicine

Compound Qiyi Capsule: Coix lacryma-jobi L.[Poaceae;Semen Coicis] ; Astragalus mongholicus Bunge
[Fabaceae;Radix Astragali seu Hedysari] ; Centipede[Scolopendridae; Scolopendra] ; Tripterygium
wilfordii[Celastraceae; Radix Tripterygii Wilfordii],; Astragalus mongholicus Bunge[Fabaceae;Radix
Astragali seu Hedysari],n Qingre Chubi Capsules: Astragalus mongholicus Bunge[Fabaceae;Radix
Astragali seu Hedysari],n ; Gardenia jasminoides J.Ellis[Rubiaceae;Fructus Gardeniae] ; Prunus persica
(L.) Batsch[Rosaceae;Semen Persicae] ; Clematis chinensis Osbeck[Ranunculaceae;Radix
Clematidis]; etc.

Y-Prepared according to Chinese
Pharmacopeia 2010

N

Yu and Chen
(2014)

Guangxi Yongfu County
People’s Hospital

Coix lacryma-jobi L.[Poaceae;Semen Coicis], 20 g; Atractylodes lancea (Thunb.) DC.[Asteraceae;
Rhizoma Atractylodis], 12 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g; Hansenia
weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix Notopterygii], 10 g;
Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis],
10 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae], 10 g;
Ephedra sinica Stapf [Ephedraceae;Herba Ephedrae], 6 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;
Ramulus Cinnamomi], 10 g; Aconitum carmichaeli Debeaux [Ranunculaceae;Radix Aconiti], 10 g;
Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 8 g; Conioselinum anthriscoides
‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 8 g

N N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Su et al. (2015) Dongguan City Hospital of
Traditional Chinese Medicine

Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis],
20 g; Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli], 30 g; Eucommia ulmoides Oliv.
[Eucommiaceae; Cortex Eucommiae], 15 g; Asarum sieboldii[Aristolochiaceae; Herba cum Radix Asari],
3 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Paeonia lactiflora
Pall.[Paeoniaceae;Radix Paeoniae Alba], 20 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g;
Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g; Conioselinum
anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 15 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;
Ramulus Cinnamomi], 15 g; Codonopsis pilosula[Campanulaceae; Radix Codonopsis], 15 g; Gleditsia
sinensis Lam. [Fabaceae; Spina Gleditsiae], 12 g; Quanchong 5 g; Centipede[Scolopendridae;
Scolopendra], 2 pieces; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi], 30 g

N N

Shu et al. (2015) Tongling Hospital of Traditional
Chinese Medicine

Sophora flavescens Aiton[Fabaceae;Radix Sophorae Flavescentis], 9 g; Sinomenium acutum
[Menispermaceae; Caulis Sinomenii], 9 g; Phellodendron amurense Rupr. [Rutaceae;Cortex
Phellodendri], 9 g; Dioscorea collettii var. hypoglauca (Palib.) S.J.Pei & C.T.Ting[Dioscoreaceae;Rhizome
Dioscoreae Hypoglaucae], 10 g; Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu
Hedysari], 30 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g; Sargentodoxa
cuneata (Oliv.) Rehder [Lardizabalaceae; Caulis Sargentodoxae], 15 g; Spatholobus suberectus Dunn
[Fabaceae;Caulis Spatholobi], 15 g; Tripterygium wilfordii[Celastraceae; Radix Tripterygii Wilfordii],
(decocted earlier)10 g; Equus asinus L. [Equidae; Colla Corii Asini], 25 g; Citrus × aurantium L.[Rutaceae;
Pericarpium Citri Reticulatae], 9 g; Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli], 15 g;
Centipede[Scolopendridae; Scolopendra], 1 piece; Zaocys dhumnades(Cantor)[Natricinae;Zaocys
dhumnades], 10 g

N N

Li et al. (2015) Yiji Mountain Hospital of
Wannan Medical College

Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Equus asinus L. [Equidae;
Colla Corii Asini], 20 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g;
Sargentodoxa cuneata (Oliv.) Rehder [Lardizabalaceae; Caulis Sargentodoxae], 15 g; Spatholobus
suberectus Dunn[Fabaceae;Caulis Spatholobi], 15 g; Cuscuta chinensis Lam. [Convolvulaceae;Semen
Cuscutae] 12 g; Dioscorea collettii var. hypoglauca (Palib.) S.J.Pei & C.T.Ting[Dioscoreaceae;Rhizome
Dioscoreae Hypoglaucae], 12 g; Epimedium sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;Herba
Epimedii], 12 g; Sinomenium acutum[Menispermaceae; Caulis Sinomenii], 9 g; Pinellia ternata (Thunb.)
Makino [Araceae; Rhizoma Pinelliae], 9 g; Sophora flavescens Aiton[Fabaceae;Radix Sophorae
Flavescentis], 9 g; Phellodendron amurense Rupr. [Rutaceae;Cortex Phellodendri], 9 g

N N

Zhao (2015) Shandong Provincial Hospital
of Traditional Chinese
Medicine

Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae], 30 g; Gypsum
[Mineral; Gypsum Fibrosum], 30 g; Gardenia jasminoides J.Ellis[Rubiaceae;Fructus Gardeniae], 30 g;
Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Citrus × aurantium
L.[Rutaceae;Pericarpium Citri Reticulatae], 30 g;Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma
Atractylodis Macrocephalae], 25 g; Pogostemon cablin (Blanco) Benth. [Lamiaceae; Pogostemon Cablin
(Blanco) Benth.] 15 g; Actaea cimicifuga L. [Ranunculaceae; Rhizoma Cimicifugae], 15 g; Bupleurum
falcatum L. [Apiaceae; Radix Bupleuri], 15 g; Codonopsis pilosula[Campanulaceae; Radix Codonopsis],
25 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 20 g; Glycyrrhiza glabra
[Fabaceae; Radix Glycyrrhizae], 10 g

N N

Li et al. (2015) Fuyang People’s Hospital,
Anhui Province

Atractylodes lancea (Thunb.) DC.[Asteraceae;Rhizoma Atractylodis], 10 g; Phellodendron amurense
Rupr. [Rutaceae;Cortex Phellodendri], 10 g; Stephania tetrandra[Menispermaceae; Radix Stephaniae
Tetrandrae], 10 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 10 g;
Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix
Notopterygii], 10 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav.[Apiaceae;Radix
Angelicae Dahuricae], 6 g; Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 10 g; Neolitsea
cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 5 g; Sinapis alba L. [Brassicaceae;Semen
sinapis.], 10 g; Prunus persica (L.) Batsch[Rosaceae;Semen Persicae], 10 g; Carthamus tinctorius
[Asteraceae; Flos Carthami], 10 g; Zaocys dhumnades(Cantor)[Natricinae;Zaocys dhumnades], 10 g;
Sigesbeckia orientalis[Asteraceae; Herba Siegesbeckiae], 30 g; Medicated leaven[Massa Medicata
Fermentata], 10 g

N N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Zheng and Shi
(2015)

Jiangxi Guangfeng County
People’s Hospital

Aconitum carmichaeli Debeaux [Ranunculaceae;Radix Aconiti]; Aconitum kusnezoffii
Rchb.[Ranunculaceae;Radix Aconiti Kusnezoffii]; Cyperus rotundus L. [Cyperaceae; Rhizoma Cyperi];
Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici]; Ephedra sinica Stapf
[Ephedraceae;Herba Ephedrae],;Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis];
Arisaema heterophyllum Blume [Araceae; Rhizoma Arisaematis];Angelica dahurica (Hoffm.) Benth. &
Hook.f. ex Franch. & Sav.[Apiaceae;Radix Angelicae Dahuricae];Commiphora myrrha[Burseraceae;
Resina Commiphorae];Frankincense[Burseraceae; Olibanum];Pheretima asiatica Michaelsen
[Megascolecidae; Lumbricus]

N N

Qian et al. (2016) The First Affiliated Hospital of
Nanjing University of Chinese
Medicine

Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis],
10 g; Eucommia ulmoides Oliv. [Eucommiaceae; Cortex Eucommiae], 15 g; Achyranthes bidentata
Blume [Amaranthaceae;Radix Achyranthis Bidentatae], 10 g; Asarum sieboldii[Aristolochiaceae; Herba
cum Radix Asari], 6 g; Panax ginseng C.A.Mey.[Araliaceae;Radix Ginseng], 10 g; Taxillus chinensis (DC.)
Danser[Loranthaceae; Herba Taxilli], 20 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk.
[Apiaceae;Radix Saposhnikoviae], 10 g; Neolitsea cassia[Lauraceae; Cortex Cinnamomi], 10 g; Angelica
sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Gentiana macrophylla Pall.[Gentianaceae;
Radix Gentianae Macrophyllae], 10 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma
Ligustici], 10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g; Paeonia lactiflora
Pall.[Paeoniaceae; Radix Paeoniae Alba], 10 g

N N

Jia et al. (2016) Linfen Fourth People’s
Hospital

Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Angelica sinensis (Oliv.)
Diels[Apiaceae;Radix Angelicae Sinensis], 20 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;
Rhizoma Ligustici], 15 g; Shudi 15 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;
Radix Saposhnikoviae], 15 g; Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov
[Apiaceae;Rhizoma et Radix Notopterygii], 10 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. &
Sav. [Apiaceae;Radix Angelicae Pubescentis], 10 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus
Cinnamomi], 15 g; Cucumis melo L. [Cucurbitaceae; Retinervus Luffae Fructus], 15 g; Gentiana
macrophylla Pall.[Gentianaceae;Radix Gentianae Macrophyllae], 15 g; Piper kadsura[Piperaceae; Caulis
Piperis Kadsurae], 12 g; Trachelospermum jasminoides (Lindl.) Lem. [Apocynaceae; Caulis
Trachelospermi], 20 g; Uncaria rhynchophylla (Miq.) Miq. [Rubiaceae; Ramulus Uncariae Cum Uncis],
20 g; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi], 30 g; Paeonia lactiflora
Pall.[Paeoniaceae;Radix Paeoniae Alba], 30 g; Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae
Rubra], 15 g;Epimedium sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;Herba Epimedii], 15 g;
Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli], 12 g; Pheretima asiatica Michaelsen
[Megascolecidae;Lumbricus], 12 g; Buthus martensii Karsch[Scorpiones;Scorpio], 10 g; Curcuma longa
[Zingiberaceae; Rhizoma Curcumae Longae], 10 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis],10 g;
Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g

N N

You et al. (2016) The Fifth Affiliated Hospital of
Xinjiang Medical University

Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 15 g; Astragalus
mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari],n 15 g; Shanyu 12 g; Paeonia × suffruticosa
[Paeoniaceae;Cortex Moutan Radicis], 12 g; Poria[Polyporaceae; Sclerotium Poriae Cocos], 12 g; Coptis
chinensis Franch.[Ranunculaceae;Rhizoma Coptidis], 12 g; Dioscorea oppositifolia[Dioscoreaceae;
Rhizoma Dioscoreae], 10 g; Chrysanthemum × morifolium (Ramat.) Hemsl.[Asteraceae;Flos
Chrysanthemi], 10 g; Alisma plantago-aquatica subsp. orientale (Sam.) Sam.[Alismataceae;Rhizoma
Alismatis], 10 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g

N N

Han et al. (2016) Xinjiang Uygur Autonomous
Region Hospital of Traditional
Chinese Medicine

Zaocys dhumnades(Cantor)[Natricinae;Zaocys dhumnades], 12 g; Taxillus chinensis (DC.) Danser
[Loranthaceae; Herba Taxilli], 20 g; Buthus martensii Karsch[Scorpiones;Scorpio], 6 g; Lonicera japonica
Thunb. [Caprifoliaceae;Caulis Lonicerae], 30 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 30 g;
Atractylodes lancea (Thunb.) DC.[Asteraceae;Rhizoma Atractylodis],12 g; Astragalus mongholicus
Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Saposhnikovia divaricata (Turcz. ex Ledeb.)
Schischk. [Apiaceae;Radix Saposhnikoviae], 12 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;
Rhizoma Ligustici], 12 g; Epimedium sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;Herba
Epimedii], 10 g; Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata],
10 g; Psoralea fructus[Fabaceae; Fructus Psoraliae], 10 g

N N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Liu et al. (2016) Henan Provincial Chinese
Medicine Hospital, Zhengzhou
Henan, China

Forsythia suspensa (Thunb.) Vahl [Oleaceae; Fructus Forsythiae], 10 g; Phellodendron amurense Rupr.
[Rutaceae;Cortex Phellodendri], 10 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 10 g;
Stephania tetrandra[Menispermaceae; Radix Stephaniae Tetrandrae], 15 g; Coix lacryma-jobi
L.[Poaceae;Semen Coicis], 15 g; Grona styracifolia (Osbeck) H.Ohashi & K.Ohashi [Fabaceae; Herba
Lysimachiae], 10 g; Lonicera japonica [Caprifoliaceae;Flos Lonicerae], 10 g; Clematis chinensis Osbeck
[Ranunculaceae;Radix Clematidis], 15 g; Viola philippica Cav. [Violaceae; Herba Violae], 10 g;
Agkistrodon[Deinagkistrodon;Bungarus], 10 g; Patrinia scabiosifolia Link [Caprifoliaceae; Herba
Patriniae], 10 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae],
10 g; Lonicera japonica Thunb. [Caprifoliaceae;Caulis Lonicerae], 10 g; Morus alba[Moraceae; Ramulus
Mori], 10 g; Pheretima asiatica Michaelsen[Megascolecidae;Lumbricus], 6 g; Glycyrrhiza glabra
[Fabaceae; Radix Glycyrrhizae], 6 g

N N

Chen et al. (2016) Jingfukang Pharmaceutical
Co., Ltd.

Ant ; Panax ginseng C.A.Mey.[Araliaceae;Radix Ginseng]; Aconitum carmichaeli Debeaux [Ranunculaceae;
Radix Aconiti]; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi]; Atractylodes lancea (Thunb.)
DC.[Asteraceae;Rhizoma Atractylodis]; Phellodendron amurense Rupr. [Rutaceae;Cortex Phellodendri] ;
Coix lacryma-jobi L.[Poaceae;Semen Coicis] ; Alisma plantago-aquatica subsp. orientale (Sam.)
Sam.[Alismataceae;Rhizoma Alismatis]; Centipede[Scolopendridae; Scolopendra] ; Zaocys
dhumnades(Cantor)[Natricinae;Zaocys dhumnades] ; Lycopodium japonicum[Lycopodiaceae; Herba
Lycopodii]; Strychnos nux-vomica L. [Loganiaceae; Semen Strychni]; Spatholobus suberectus Dunn
[Fabaceae;Caulis Spatholobi]; Garden Balsam Stem [Euphorbiaceae; Speranskia tuberculata (Bunge) Baill];
Salvia miltiorrhiza Bunge[Lamiaceae; Radix Salviae Miltiorrhizae]

Y-Prepared according to Chinese
Pharmacopeia 2015

N

Jiang and Wu
(2016)

Nantong Hospital of Traditional
Chinese Medicine, Jiangsu
Province, China

Aconitum carmichaeli Debeaux [Ranunculaceae;Radix Aconiti], 8 g; Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi], 8 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae
Sinensis], 10 g; Shengdi15 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 20 g;
Anemarrhena asphodeloides[Liliaceae; Rhizoma Anemarrhenae], 20 g; Lonicera japonica Thunb.
[Caprifoliaceae;Caulis Lonicerae], 20 g; Pheretima asiatica Michaelsen[Megascolecidae;Lumbricus],
12 g; Bombyxmori Linnaeus[Bombyx Linnaeus;Bombyx Batryticatus], 12 g; Zaocys dhumnades(Cantor)
[Natricinae;Zaocys dhumnades], 10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g

N N

Wang and Tu
(2017)

Dazhou Central Hospital,
Sichuan Province, China

Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 60 g; Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi], 20 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae
Alba], 20 g; Zingiber officinale[Zingiberaceae; Rhizoma Zingiberis], 10 g; Ziziphus
jujuba Mill. [Rhamnaceae; Fructus Jujubae], 10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 5 g;
Tripterygium wilfordii[Celastraceae; Radix Tripterygii Wilfordii], 15 g; Spatholobus suberectus Dunn
[Fabaceae;Caulis Spatholobi], 30 g; Piper kadsura[Piperaceae; Caulis Piperis Kadsurae], 30 g;
Trachelospermum jasminoides (Lindl.) Lem. [Apocynaceae; Caulis Trachelospermi], 30 g;
Yinhuateng 30 g

N N

Pang et al. (2017) Affiliated Hospital of Shandong
University of ChineseMedicine,
Jinan, China

Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 20 g; Paeonia lactiflora
Pall.[Paeoniaceae;Radix Paeoniae Alba], 30 g; Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma
Atractylodis Macrocephalae], 15 g; Atractylodes lancea (Thunb.) DC.[Asteraceae;Rhizoma
Atractylodis],10 g; Sinomenium acutum[Menispermaceae; Caulis Sinomenii], 20 g; Sarcandra glabra
(Thunb.) Nakai[Chloranthaceae;Herba Sarcandrae], 30 g; Conioselinum anthriscoides
‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 20 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk.
[Apiaceae;Radix Saposhnikoviae], 9 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 30 g

N N

Li et al. (2017) First Affiliated Hospital of
Tianjin University of Traditional
Chinese Medicine, Tianjin,
China

Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis],
15 g; Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix
Notopterygii], 15 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 15 g;
Frankincense[Burseraceae; Olibanum], 10 g; Gentiana macrophylla Pall.[Gentianaceae;Radix Gentianae
Macrophyllae], 10 g; Aucklandia costus Falc. [Asteraceae; Radix Aucklandiae], 10 g; Morus alba[Moraceae;
RamulusMori], 10 g; Piper kadsura[Piperaceae; Caulis Piperis Kadsurae], 10 g; Angelica sinensis (Oliv.) Diels
[Apiaceae;Radix Angelicae Sinensis], 20 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi],
12 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g

N N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Gao and Bu,
(2017)

The Second Traditional
Chinese Medicine Hospital of
Jiangsu, Nanjing Jiangsu,
China

Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 30 g;
Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari],n 15 g; Shanyu 20 g;
Paeonia × suffruticosa [Paeoniaceae;Cortex Moutan Radicis], 10 g; Poria[Polyporaceae;
Sclerotium Poriae Cocos], 15 g; Coptis chinensis Franch.[Ranunculaceae;Rhizoma Coptidis],
10 g; Dioscorea oppositifolia[Dioscoreaceae; Rhizoma Dioscoreae], 20 g; Chrysanthemum ×
morifolium (Ramat.) Hemsl.[Asteraceae;Flos Chrysanthemi], 10 g; Alisma plantago-aquatica
subsp. orientale (Sam.) Sam.[Alismataceae;Rhizoma Alismatis], 10 g; Paeonia lactiflora Pall.
[Paeoniaceae;Radix Paeoniae Rubra], 15 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix
Angelicae Sinensis], 10 g

N N

Gao and Bu (2017) Rheumatism Hospital of
Shanxi Jinkang, Taiyuan,
Chian

Ant ; Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma Atractylodis Macrocephalae] ; Aconitum
carmichaeli[Ranunculaceae; Radix Aconiti Lateralis Preparata] ; Neolitsea cassia (L.) Kosterm.[Lauraceae;
Ramulus Cinnamomi]; etc.

N N

Wang and Tu
(2017)

Tongji Hospital Affiliated to
Tongji Medical School of
Huazhong University of
Science and Technology,
Wuhan Hubei, China

Aconitum carmichaeli Debeaux [Ranunculaceae;Radix Aconiti], 20 g; Ephedra sinica Stapf
[Ephedraceae;Herba Ephedrae], 6 g; Astragalus mongholicus Bunge[Fabaceae;Radix Astragali
seu Hedysari], 30 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 20 g; Glycyrrhiza
glabra[Fabaceae; Radix Glycyrrhizae], 10 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus
Cinnamomi], 10 g; Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 10 g; Asarum
sieboldii[Aristolochiaceae; Herba cum Radix Asari], 3 g; Eupolyphaga[Corydidae;Eupolyphaga Seu
Steleophaga], 10 g; Morus alba[Moraceae; Ramulus Mori], 20 g; Lycopodium japonicum
[Lycopodiaceae; Herba Lycopodii], 20 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. &
Sav. [Apiaceae;Radix Angelicae Pubescentis], 20 g; Taxillus chinensis (DC.) Danser[Loranthaceae;
Herba Taxilli], 20 g; Reynoutria multiflora (Thunb.) Moldenke[Polygonaceae;Radix Polygoni
Multiflori], 20 g; Dipsacus asper[Caprifoliaceae; Radix Dipsaci], 15 g

N N

Ma et al. (2018) Lanzhou Traditional Chinese
Medicine Orthopedics
Hospital, Gansu Province,
China

Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 15 g; Angelica sinensis (Oliv.) Diels
[Apiaceae;Radix Angelicae Sinensis], 15 g; Pheretima asiatica Michaelsen[Megascolecidae;
Lumbricus], 10 g; Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 25 g;
Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 10 g; Arisaema
erubescens[Araceae; Arisaemae cum Bile], 10 g; Sinapis alba L. [Brassicaceae;Semen sinapis.],
10 g; Buthus martensii Karsch[Scorpiones;Scorpio], 5 g; Angelica dahurica (Hoffm.) Benth. &
Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 15 g; Hansenia
weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix Notopterygii],
15 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 10 g; Paeonia lactiflora
Pall.[Paeoniaceae;Radix Paeoniae Alba], 15 g; Glycyrrhiza glabra[Fabaceae; Radix
Glycyrrhizae], 5 g

N N

Guo et al. (2018) Affiliated Hospital of Gansu
University of Traditional
Chinese Medicine, Gansu
Province, China

Cervus nippon Temminck [Cervidae; Cornu Cervi Degelatinatum] ; Equus asinus L. [Equidae; Colla
Corii Asini] ; Buthus martensii Karsch[Scorpiones;Scorpio] ; Panax notoginseng (Burkill) F.H.Chen
[Araliaceae;Radix Notoginseng]; Neolitsea cassia[Lauraceae; Cortex Cinnamomi] ; Coptis
chinensis Franch.[Ranunculaceae;Rhizoma Coptidis] ; Ligustrum lucidum W.T.Aiton [Oleaceae;
Fructus Ligustri Lucidi] ; Chinemys reevesii (Gray) [Testudinidae; Plastrum Testudinis] ; Trionyx
sinensis Wiegmann [Trionychidae; Carapax Trionycis]; Drynaria roosii[Polypodiaceae; Rhizoma
Drynariae] ; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi] ; Glycyrrhiza glabra
[Fabaceae; Radix Glycyrrhizae]

N N

Xu et al. (2018) Kangmei Pharmaceutical
Co., Ltd.

Lonicera japonica Thunb. [Caprifoliaceae;Caulis Lonicerae], 30 g; Angelica sinensis (Oliv.) Diels
[Apiaceae;Radix Angelicae Sinensis], 30 g; Scrophularia ningpoensis[Scrophulariaceae; Radix
Scrophulariae], 20 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g; Dioscorea
nipponica Makino[Dioscoreaceae;Rhizoma Dioscoreae Nipponicae], 30 g; Arctium lappa L.
[Arctium lappa L.; Fructus Arctii], 15 g; Bombyx mori Linnaeus[Bombyx Linnaeus;Bombyx
Batryticatus], 10 g; etc.

N N
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Bian and Wang
(2018)

Guangdong Shengkang
Pharmaceutical Co., Ltd.

Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 30 g; Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi], 15 g; Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae
Rubra], 15 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 15 g; Angelica sinensis (Oliv.)
Diels[Apiaceae;Radix Angelicae Sinensis], 20 g; Arisaema erubescens[Araceae; Arisaemae cum Bile],
15 g; Zingiber officinale[Zingiberaceae; Rhizoma Zingiberis],10 g; Bombyx mori Linnaeus[Bombyx
Linnaeus;Bombyx Batryticatus], 15 g; Cremastra appendiculata (D.Don) Makino[Orchidaceae;
Pseudobulbus Cremastrae seu Pleiones], 15 g; Sinapis alba L. [Brassicaceae;Semen sinapis.], 9 g;
Corydalis yanhusuo[Papaveraceae;Rhizoma Corydalis], 15 g; Pheretima asiatica Michaelsen
[Megascolecidae;Lumbricus], 15 g; Lonicera japonica Thunb. [Caprifoliaceae;Caulis Lonicerae], 30 g;
Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g

N N

Shi et al. (2018) Tongling City Hospital of
Traditional Chinese Medicine,
Shanxi Province, China

Damp-heat obstruction type: Gentiana macrophylla Pall.[Gentianaceae;Radix Gentianae Macrophyllae],
15 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae
Pubescentis], 15 g; Stephania tetrandra[Menispermaceae; Radix Stephaniae Tetrandrae], 9 g; Poria
[Polyporaceae; Sclerotium Poriae Cocos], 15 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 30 g;
Lycium barbarum L. [Lycium barbarum L.; Lycii Cortex], 15 g; Lonicera japonica Thunb. [Caprifoliaceae;
Caulis Lonicerae], 30 g; Dipsacus asper[Caprifoliaceae; Radix Dipsaci], 15 g; Drynaria roosii
[Polypodiaceae; Rhizoma Drynariae], 15 g; Anemarrhena asphodeloides[Liliaceae; Rhizoma
Anemarrhenae], 15 g; Phellodendron amurense Rupr. [Rutaceae;Cortex Phellodendri], 15 g;
Frankincense[Burseraceae; Olibanum], 9 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g.
Kidney qi deficiency and cold type: Epimedium sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;
Herba Epimedii], 15 g; Curculigo orchioides Gaertn.[Hypoxidaceae;Rhizoma Curculigins], 12 g; Angelica
dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 15 g;
Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix
Notopterygii], 9 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 15 g; Dipsacus asper
[Caprifoliaceae; Radix Dipsaci], 15 g; Drynaria roosii[Polypodiaceae; Rhizoma Drynariae], 15 g; Clematis
chinensis Osbeck[Ranunculaceae;Radix Clematidis], 15 g; Psoralea fructus[Fabaceae; Fructus
Psoraliae], 15 g; Achyranthes bidentata Blume [Amaranthaceae;Radix Achyranthis Bidentatae], 15 g;
Lycopodium japonicum[Lycopodiaceae; Herba Lycopodii], 30 g; Saposhnikovia divaricata (Turcz. ex
Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae], 10 g; Aconitum carmichaeli[Ranunculaceae; Radix
Aconiti Lateralis Preparata], 9 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6g. Blood stasis type:
Eucommia ulmoides Oliv. [Eucommiaceae; Cortex Eucommiae], 15 g; Dipsacus asper[Caprifoliaceae; Radix
Dipsaci], 15 g; Deerhorn glue[Cervidae;Colla Corni Cervi], 10 g; Cyperus rotundus L. [Cyperaceae; Rhizoma
Cyperi], 15 g; Psoralea fructus[Fabaceae; Fructus Psoraliae], 15 g; Drynaria roosii[Polypodiaceae; Rhizoma
Drynariae], 15 g; Salvia miltiorrhiza Bunge[Lamiaceae; Radix SalviaeMiltiorrhizae], 20 g; Reynoutria multiflora
(Thunb.) Moldenke[Polygonaceae;Radix Polygoni Multiflori], 15 g; Frankincense[Burseraceae; Olibanum],
9 g; Commiphora myrrha[Burseraceae; Resina Commiphorae], 9 g; Angelica dahurica (Hoffm.) Benth. &
Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 15 g; Spatholobus suberectus Dunn
[Fabaceae;Caulis Spatholobi], 30 g; Achyranthes bidentata Blume [Amaranthaceae;Radix Achyranthis
Bidentatae], 15 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g; Paeonia lactiflora
Pall. [Paeoniaceae;Radix Paeoniae Rubra], 12 g

N N

Ge et al. (2018) Jiaozuo Traditional Chinese
Medicine Hospital, Henan
Province, China

Piper kadsura[Piperaceae; Caulis Piperis Kadsurae], 12 g; Sinomenium acutum[Menispermaceae;
Caulis Sinomenii], 12 g; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi], 12 g;
Yinhuateng 12 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix
Saposhnikoviae], 10 g; Dioscorea nipponica Makino[Dioscoreaceae;Rhizoma Dioscoreae
Nipponicae], 10 g; Sinapis alba L. [Brassicaceae;Semen sinapis.], 10 g; Buthus martensii Karsch
[Scorpiones;Scorpio], 6 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 15 g;
Arisaema erubescens[Araceae; Arisaemae cum Bile], 10 g; Conioselinum anthriscoides
‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 8 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix
Paeoniae Alba], 10 g; Prunus persica (L.) Batsch[Rosaceae;Semen Persicae], 9 g; Carthamus
tinctorius[Asteraceae; Flos Carthami], 6 g

N N

(Continued on following page)
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Zeng and Chen
(2018)

Liaoning Good Nurse
Pharmaceutical Co., Ltd.

Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata] ; Epimedium
sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;Herba Epimedii] ; Clematis chinensis Osbeck
[Ranunculaceae;Radix Clematidis] ; Cibotium barometz (L.) J.Sm.[Cyatheaceae;Rhizoma Cibotii] ;
Anemarrhena asphodeloides[Liliaceae; Rhizoma Anemarrhenae] ; Lycopodium japonicum
[Lycopodiaceae; Herba Lycopodii] ; Drynaria roosii[Polypodiaceae; Rhizoma Drynariae]; etc.

Y-Prepared according to Chinese
Pharmacopeia 2015 N

Hu (2018) Neijiang Hospita of Traditional
Chinese Medicine, Sichuan
Neijiang, China

Wind-cold-dampness syndrome: Clematis chinensis Osbeck[Ranunculaceae;Radix Clematidis], 15 g;
Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix
Notopterygii], 9 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 9 g; Commiphora
myrrha[Burseraceae; Resina Commiphorae], 9 g; Conioselinum anthriscoides
‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 9 g; Gentiana macrophylla Pall.[Gentianaceae;Radix
Gentianae Macrophyllae], 9 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav.
[Apiaceae;Radix Angelicae Pubescentis], 9 g; Frankincense[Burseraceae; Olibanum], 9 g; Angelica
sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 9g. Wind-heat-dampness syndrome: Morus
alba[Moraceae; Ramulus Mori], 20 g; Lonicera japonica Thunb. [Caprifoliaceae;Caulis Lonicerae],
20 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 15 g; Stephania tetrandra
[Menispermaceae; Radix Stephaniae Tetrandrae], 12 g; Erythrina indica Lam. [Leguminosae; Cortex
Erythrinae] , 12 g; Anemarrhena asphodeloides[Liliaceae; Rhizoma Anemarrhenae], 10 g;
Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae], 9 g;
Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 6g. of Phlegm and blood stasis
syndrome: Codonopsis pilosula[Campanulaceae; Radix Codonopsis], 15 g; Taxillus chinensis (DC.)
Danser[Loranthaceae; Herba Taxilli], 12 g; Gentiana macrophylla Pall.[Gentianaceae;Radix Gentianae
Macrophyllae], 12 g; Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae
Preparata], 12 g; Poria[Polyporaceae; Sclerotium Poriae Cocos], 12 g; Paeonia lactiflora
Pall.[Paeoniaceae;Radix Paeoniae Alba], 12 g; Eucommia ulmoides Oliv. [Eucommiaceae; Cortex
Eucommiae], 10 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g;
Achyranthes bidentata Blume [Amaranthaceae;Radix Achyranthis Bidentatae], 10 g; Conioselinum
anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 10 g; Angelica dahurica (Hoffm.) Benth. &
Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 9 g; Saposhnikovia divaricata
(Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix Saposhnikoviae], 9 g; Neolitsea cassia[Lauraceae;
Cortex Cinnamomi], 3 g; Asarum sieboldii[Aristolochiaceae; Herba cum Radix Asari], 3g. Kidney-Yang
deficiency syndrome: Wooly datvhmanspipe herb [Aristolochiaceae;Herba Aristolochiae Mollissimae],
15 g; Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma Atractylodis Macrocephalae], 15 g;
Epimedium sagittatum (Siebold & Zucc.) Maxim. [Berberidaceae;Herba Epimedii], 15 g; Clematis
chinensis Osbeck[Ranunculaceae;Radix Clematidis], 15 g; Gynochthodes officinalis (F.C.How)
Razafim. [Rubiaceae; Radix Morindae Officinalis], 12 g; Achyranthes bidentata Blume
[Amaranthaceae;Radix Achyranthis Bidentatae], 12 g; Dioscorea oppositifolia[Dioscoreaceae;
Rhizoma Dioscoreae], 12 g; Poria[Polyporaceae; Sclerotium Poriae Cocos], 12 g; Cibotium barometz
(L.) J.Sm.[Cyatheaceae;Rhizoma Cibotii], 12 g; Aconitum carmichaeli[Ranunculaceae; Radix Aconiti
Lateralis Preparata], 9 g; Shanyu 9 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus
Cinnamomi], 9 g

N N

Yuan et al. (2019) The First Affiliated Hospital of
Guangxi University of Chinese
Medicine, Nanning Guangxi,
China

Gypsum [Mineral; Gypsum Fibrosum], 30 g; Anemarrhena asphodeloides[Liliaceae; Rhizoma
Anemarrhenae], 20 g; Non-glutinous rice [Gramineae; Oryza sativa L.], 20 g; Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi], 6 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae],
6 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Rehmannia glutinosa
[Orobanchaceae; Radix Rehmanniae], 50 g; Prunus armeniaca L. [Rosaceae; Semen Armeniacae
Amarum], 12 g; Coix lacryma-jobi L.[Poaceae;Semen Coicis], 12 g; Clematis chinensis Osbeck
[Ranunculaceae;Radix Clematidis], 12 g; Arnebia euchroma (Royle ex Benth.) I.M.Johnst.
[Boraginaceae; Radix Lithospermi], 30 g; Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra],
30 g;

N N

(Continued on following page)
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Pang et al. (2019) Zhongshan Hospital of
Traditional Chinese Medicine
Affiliated to Guangzhou
University of ChineseMedicine,
Guangdong Zhongshan,
China

Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi] ; Tripterygium hypoglaucum (H.Lév.)
Hutch. [Celastraceae; Tripterygium hypoglaucum(Devl.)Hutch.] ; Paeonia lactiflora Pall.[Paeoniaceae;
Radix Paeoniae Alba] ; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi] ; Zaocys
dhumnades(Cantor)[Natricinae;Zaocys dhumnades] ; Coix lacryma-jobi L.[Poaceae;Semen Coicis] ;
Zingiber officinale[Zingiberaceae; Rhizoma Zingiberis]; etc.

N N

Zhao (2019) Shenzhen Second People’s
Hospital, Guangdong
Shenzhen, China

Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 12 g; Anemarrhena asphodeloides[Liliaceae;
Rhizoma Anemarrhenae], 12 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 9 g;
Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 9 g; Ephedra sinica Stapf [Ephedraceae;
Herba Ephedrae], 9 g; Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma Atractylodis
Macrocephalae], 9 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix
Saposhnikoviae], 9 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g; Aconitum carmichaeli
[Ranunculaceae; Radix Aconiti Lateralis Preparata], 6 g; Zingiber officinale[Zingiberaceae; Rhizoma
Zingiberis], 3 pieces

N N

Li et al. (2019) Kangmei Pharmaceutical
Co., Ltd.

Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 15 g; Anemarrhena asphodeloides
[Liliaceae; Rhizoma Anemarrhenae], 10-15 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba],
10–30 g; Ephedra sinica Stapf [Ephedraceae;Herba Ephedrae], 10 g; Zingiber officinale[Zingiberaceae;
Rhizoma Zingiberis],10 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix
Saposhnikoviae], 10 g; Atractylodes macrocephala Koidz.[Asteraceae;Rhizoma Atractylodis
Macrocephalae], 10 g; Aconitum carmichaeli[Ranunculaceae; Radix Aconiti Lateralis Preparata], 10-
30 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g

N N

Song et al. (2019) Qinghai Hospital of Traditional
Chinese Medicine, Qinghai
Xining, China

Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae;Radix Rehmanniae Preparata], 30 g; Angelica
dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis], 15 g;
Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 15 g; Angelica sinensis (Oliv.) Diels[Apiaceae;
Radix Angelicae Sinensis], 12 g; Neolitsea cassia[Lauraceae; Cortex Cinnamomi], 10 g; Deerhorn glue
[Cervidae;Colla Corni Cervi], 10 g; Sinapis alba L. [Brassicaceae;Semen sinapis.], 10 g; Ephedra sinica
Stapf [Ephedraceae;Herba Ephedrae], 10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 9 g; Poria
[Polyporaceae; Sclerotium Poriae Cocos], 9 g

N N

Zhang et al. (2019) Luoyang Zhenggu Hospital
(Henan Orthopaedic Hospital),
Zhengzhou, China

Coix lacryma-jobi L.[Poaceae;Semen Coicis], 30 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix
Angelicae Sinensis], 12 g; Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae;Radix
Saposhnikoviae], 10 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 10 g;
Ephedra sinica Stapf [Ephedraceae;Herba Ephedrae], 10 g; Atractylodes lancea (Thunb.)
DC.[Asteraceae;Rhizoma Atractylodis],10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 10 g;
Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix
Notopterygii], 5 g; Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix
Angelicae Pubescentis], 5 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 5 g

N N

Fang et al. (2019) Taihe Hospital of Shiyan City,
Affiliated Hospital of Hubei
Medical College, Shiyan Hubei,
China

Astragalus mongholicus Bunge[Fabaceae;Radix Astragali seu Hedysari], 15 g; Conioselinum
anthriscoides ‘Chuanxiong’[Apiaceae;Rhizoma Ligustici], 15 g; Aconitum carmichaeli[Ranunculaceae;
Radix Aconiti Lateralis Preparata], 15 g; Zaocys dhumnades(Cantor)[Natricinae;Zaocys dhumnades],
15 g; Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 10 g; Zingiber officinale Roscoe
[Zingiberaceae; Rhizoma Zingiberis], 10 g; Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus
Cinnamomi], 10 g; Aconitum carmichaeli Debeaux [Ranunculaceae;Radix Aconiti], 10 g; Atractylodes
macrocephala Koidz.[Asteraceae;Rhizoma Atractylodis Macrocephalae], 10 g; Angelica sinensis (Oliv.)
Diels[Apiaceae;Radix Angelicae Sinensis], 10 g; Glycyrrhiza glabra[Fabaceae; Radix Glycyrrhizae], 6 g;
Ephedra sinica Stapf [Ephedraceae;Herba Ephedrae], 9 g; Asarum sieboldii[Aristolochiaceae; Herba cum
Radix Asari], 5 g; Centipede[Scolopendridae; Scolopendra], 1 piece; Buthus martensii Karsch
[Scorpiones;Scorpio], 1 piece; Spatholobus suberectus Dunn[Fabaceae;Caulis Spatholobi], 30 g

N N

(Continued on following page)
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TABLE 2 | (Continued) A summary table describing the composition of the CMCs.

Study Source Species, concentration Quality control reported?
(Y/N)

Chemical analysis
reported?

(Y/N)

Cao et al. (2020) Affiliated Hospital of Liaoning
University of Traditional
Chinese Medicine, Shenyang,
China

Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix Angelicae Pubescentis],
9 g; Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli], 9 g; Eucommia ulmoides Oliv.
[Eucommiaceae; Cortex Eucommiae], 9 g; Achyranthes bidentata Blume [Amaranthaceae;Radix
Achyranthis Bidentatae], 9 g; Gentiana macrophylla Pall.[Gentianaceae;Radix Gentianae Macrophyllae],
9 g; Neolitsea cassia[Lauraceae; Cortex Cinnamomi], 9 g; Saposhnikovia divaricata (Turcz. ex Ledeb.)
Schischk. [Apiaceae;Radix Saposhnikoviae], 9 g; Conioselinum anthriscoides ‘Chuanxiong’[Apiaceae;
Rhizoma Ligustici], 9 g; Angelica sinensis (Oliv.) Diels[Apiaceae;Radix Angelicae Sinensis], 9 g; Paeonia
lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba], 9 g; Asarum sieboldii[Aristolochiaceae; Herba cum
Radix Asari], 5 g; Rehmannia glutinosa[Orobanchaceae; Radix Rehmanniae], 9 g; Hansenia
weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae;Rhizoma et Radix Notopterygii], 9 g;
Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus Cinnamomi], 9 g

N N

Li (2020) Zhengzhou Hospital of
Traditional Chinese Medicine,
Zhengzhou, China

Cremastra appendiculata (D.Don) Makino[Orchidaceae;Pseudobulbus Cremastrae seu Pleiones], 10 g;
Sinapis alba L. [Brassicaceae;Semen sinapis.], 10 g; Bombyx mori Linnaeus[Bombyx Linnaeus;Bombyx
Batryticatus], 10 g; Pheretima asiatica Michaelsen[Megascolecidae;Lumbricus], 10 g; Arisaema erubescens
[Araceae; Arisaemae cum Bile], 15 g

N N

Jiang and Ma
(2020)

Jingzhou Hospital of
Traditional Chinese Medicine,
Jingzhou Hubei, China

Dioscorea nipponica Makino[Dioscoreaceae;Rhizoma Dioscoreae Nipponicae], 20 g; Sinomenium
acutum[Menispermaceae; Caulis Sinomenii], 30 g; Sinapis alba L. [Brassicaceae;Semen sinapis.], 10 g;
Paeonia lactiflora Pall. [Paeoniaceae;Radix Paeoniae Rubra], 10 g; Bolbostemma paniculatum (Maxim.)
Franquet [Cucurbitaceae;Rhizoma Bolbostematis ], 8 g; Curcuma kwangsiensis S.G.Lee & C.F.Liang
[Zingiberaceae; Rhizoma Curcumae], 6 g

N N
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nonsteroidal anti-inflammatory drugs (NSAIDs) and GC, etc.
There were no statistically significant differences between the
basic information about the patients. A summary with baseline
characteristics of included patients is shown in Table 1. The
details (including dosages, herbs, quality control and mentions)
of interventions in above studies were disposed in
Supplementary Material 1 and Table 2. All herbs used in are
assessable and well documented in Supplementary Material 5
(including their Pinyin Names, Accepted Names, Latin Names,
Full Formats and Medicinal Sources).

Quality of the Included Studies
The quality of the trials was assessed and graded according to the
criteria described in The Cochrane Handbook 4.2.6. Overall, for
most of the included studies, the risk of bias was unclear. In
addition, although the random design was mentioned in all
studies, only 53.85% (35/65) of the studies described specific
methods of random sequence generation. The 35 studies all used
the simple random grouping method, regarding random
sequence generation of which 32 studies used the random
number table method and the other 3 studies selected by draw
lots. Except for the study of Zhou (Zhou et al., 2010), the use of
allocation concealment was not mentioned in the rest literature.
Only one trial (Jiang and Wu, 2016) mentioned the double-blind
of patients and personnel, and two studies (Huang et al., 2006; Xu
et al., 2018) explicitly mentions the absence of the use of blinding,
while the rest literature did not mention the use of blindness.
There were 14 studies (Huang et al., 2006; Ma et al., 2009; Li et al.,
2012a; He and Xiao, 2014; Li et al., 2015a; Li et al., 2015b; Shu
et al., 2015; Chen et al., 2016; Li et al., 2017; Bian andWang, 2018;

Xu et al., 2018; Fang et al., 2019; Li et al., 2019; Pang et al., 2019)
described the dropouts, and two trials (Li, 2006; Zhang and Chen,
2014) were not reported the number of people and the reasons for
the failure at follow-up. Pre-designed outcomes were reported in
most studies, detecting a low risk of reporting bias. The review
authors’ judgments about each methodological quality item were
presented as percentages across all the included studies in
Figure 2.

Effects of Interventions
Primary Outcomes
Serum RF Level After Treatment
Sixty-three studies including 5,939 patients (3,043 in the
experimental group and 2,896 in the control group) provided
the serum RF concentration data. The SMD of the RF levels in
treatment group (CMC involved) between baseline and follow-
up was 2.64 and 95%CI was [2.25, 3.02], while the SMD in
control group (no CMC involved) between baseline and follow-
up was 2.08 and 95%CI was [1.75, 2.40] (Supplementary
Material 2). After treatment, the results showed that CMC
had a significant difference in reducing serum RF level
compared with the control group. (SMD � -0.86, 95%CI �
[−1.05, −0.67]) (Figure 3).

Serum Anti-CCP Level After Treatment
Eight studies have observed changes in serum anti-CCP level before
and after treatment and provided relevant data. The SMD of the
anti-CCP levels in treatment group (CMC involved) between
baseline and follow-up was 2.15 and 95%CI was [1.28, 3.01],
while the SMD in control group (no CMC involved) between

FIGURE 2 | Evaluation for bias risk of included studies.
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baseline and follow-up was 1.62 and 95%CI was [0.91,2.33]
(Supplementary Material 3). Since a significant heterogeneity
was detected [I (Zeng et al., 2013) � 68%, p < 0.01], the

randomized effect model was adopted for analysis and the results
indicated that CMC could significantly reduce the level of anti-CCP
after treatment (SMD � −0.56, 95%CI � [−0.79, −0.32]) (Figure 4).

FIGURE 3 | Forest plot and meta-analysis of RF.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68636020

Tang et al. Chinese Medicine Compound on RA

102

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


Secondary Outcomes
ACR Response
A total of 14 studies reported ACR20 response rates over the
treatment time, and 11 of them also reported the proportion of
patients who achieved ACR50 and ACR70 response after
treatment. The I-squared was 76% and the p-value was
<0.01, so a random-effects model was adopted for the meta-
analysis of ACR20 response. The results of the pooled analysis
suggest that the proportion of RA patients who achieved an

ACR20 response after CMC treatment was superior to that of
the control group. (SMD � 1.20, 95%CI � [1.08, 1.33])
(Figure 5).

The low risk of heterogeneity was detected among all studies in
terms of the ACR50 and ACR70 response of CMC therapy in RA
patients. The analysis was performed using a fixed-effects model
and the results demonstrated that the RR of achieving ACR50 was
1.50 [1.38, 1.78] and correspondingly the RR of achieving ACR70
was 2.12 [1.65, 2.72] (Figure 5).

FIGURE 4 | Forest plot and meta-analysis of anti-CCP.

FIGURE 5 | Forest plot and meta-analysis of ACR response.
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Clinical Efficacy of TCM Symptoms
Data on the clinical efficacy of TCM symptoms were available for
33 studies containing a total of 3,467 cases. The meta-analysis
yielded a pooled RR of 1.23 (I2 � 35%, 95% CI 1.18–1.28). As
shown in Figure 6, CMC has a good effect on patients with RA.

Sensitivity and Subgroup Analysis
Through sensitivity analysis, after excluding different studies in
turn, it was found that there was no change in the significance of
any of the outcomes. However, in the sensitivity analysis of the
primary outcomes, anti-CCP, it was found that I-squared
dropped to 43.4% when a study (Han et al., 2016) was
excluded. Considering the difference in the average age of the
included patients, unlike other studies, this study included elderly
patients with RA, aged ≥60 years old. When analyzing the
response rate of TCM syndromes, it was found that after a

study (Guo et al., 2017) were excluded, I-squared could be
reduced to 11.9%. By reviewing the original article, it was
found that the sample size of this study was large compared
with other studies (total sample size >600), suggesting that the
source of heterogeneity may be caused by the difference in sample
size between studies.

After the heterogeneity test, we conducted a subgroup analysis
to explore the source of heterogeneity when the heterogeneity
between included studies was found to be significant and not
negligible. To assess whether the length of the intervention
duration and the difference in intervention measures affect
that CMC lower levels of RF and anti-CCP, we conducted a
subgroup analysis of the primary outcomes RF and anti-CCP.
The subgroup analysis was based on the different number of
weeks in terms of intervention duration (4 weeks; 6 weeks;
8 weeks; 9 weeks; 12 weeks; 14 weeks; 16 weeks; 24 weeks;

FIGURE 6 | Forest plot and meta-analysis of clinical efficacy of TCM syndromes.
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36 weeks; not reported), and different intervention measures
(CMC monotherapy or CMC combined with Western
medicine) specified the subgroups. Table 3 summarizes the
results of RF and anti-CCP subgroup analysis.

We found that the heterogeneity could not be eliminated after
grouping according to the results of subgroup analysis, indicating
that differences in intervention duration and intervention
measures might not be the underlying source of heterogeneity.
Combined with the results of subgroup analysis and sensitivity
analysis, we discussed the heterogeneity between studies,
considering that the heterogeneity between included studies
was mainly related to the following aspects:

1) There were differences in the CMC components as well as
the dosage regimens of intervention measures among studies;
2) The average age and disease course of the included
participants were different, resulting in varying severity of
the disease; 3) Due to the slow-acting of the herbal medicine, it
usually takes several months after treatment to show
significant therapeutic effects. However, the duration of
intervention varies greatly from study to study, which may
lead to the heterogeneity of the results.

Publication Bias
Analysis for publication bias was performed using Egger’s test for
endpoints of RF. Egger’s asymmetry coefficient, known to be low
powered, did detect potential bias in the meta-analysis of RF (p <
0.01). These publication bias may be due to the included studies
were all published in Chinese. Moreover, all literature included
had positive results, and the articles with negative results were
often not able to be published, which caused publication bias to
some extent. As described above, the publication bias could not be
excluded.

Frequency Distribution Analysis
A total of 71 CMCs were recorded, and 156 single Chinese
medicines were obtained, which were sorted by frequency of
occurrence from high to low, we listed the Chinese medicine with
a frequency of more than 10 times. There were a total of 26
traditional Chinese herbs (Table 4). The top five were Angelica
sinensis (Oliv.) Diels [Apiaceae;Radix Angelicae Sinensis]
(Danggui), Glycyrrhiza glabra L.[Fabaceae;Radix Glycyrrhizae]
(Gancao), Neolitsea cassia (L.) Kosterm.[Lauraceae;Ramulus
Cinnamomi] (Guizhi), Paeonia lactiflora Pall.[Paeoniaceae;
Radix Paeoniae Alba] (Baishao), and Angelica dahurica
(Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae;Radix
Angelicae Pubescentis] (Duhuo).

DISCUSSION

Main Findings
RF and anti-CCP belong to the serum biomarkers involved in the
2010 ACR/EULAR RA classification criteria, and they precede the
onset of clinical symptoms and predict amore severe disease course,
indicating a pathogenic role in RA (Kay and Upchurch, 2012).

There is a study confirmed that the combined presence of anti-
CCP and IgM-RF mediates increased production of
proinflammatory cytokine in vitro and this combination is
associated with increased systemic inflammation and disease
activity in RA (Moura et al., 2012). Accumulating evidences
suggest that the presence of high titers of RF in combination
with anti-CCP associated with increased disease activity, more
aggressive arthritis, worse prognosis and reduced rates of
remission in patients with RA (Jónsson et al., 1995; Moeez et al.,
2013; Sokolove et al., 2014; Valesini et al., 2015). Moreover, anti-

TABLE 3 | The results of meta-analysis of RF and anti-CCP subgroup analysis.

Variable No. of Trials No. of EG No. of CG SMD (95% CI) I2 (%)

RF
Intervention Duration
4W 4 253 238 −2.93 (−4.56, −1.31) 98
6W 2 67 63 −0.63 (−1.05, −0.21) 27
8W 8 339 312 −0.86 (−1.07, −0.66) 34
9W 1 55 55 −0.65 (−1.03, −0.27) NA
12W 36 1,600 1,522 −0.73 (−0.95, −0.52) 88
14W 1 31 30 −3.53 (−4.35, −2.71) NA
16W 2 117 117 −1.60 (−4.02, 0.83) 98
24W 7 304 304 −0.90 (−1.57, −0.23) 93
36W 1 40 20 −2.99 (−3.77, −2.22) NA
NR 1 34 36 −0.77 (−1.26, −0.29) NA

Intervention Measure
CMC 12 530 498 −0.72 (−1.27, −0.17) 94
CMC + WM 51 2,513 2,398 −0.91 (−1.10, −0.73) 91

Anti-CCP
Intervention Duration
12W 6 389 378 −0.67 (−0.89, −0.45) 54
24W 2 76 76 −0.18 (−0.62, 0.26) 47

Intervention Measure
CMC 1 45 45 0.02 (−0.39, 0.44) NA
CMC + WM 7 420 409 −0.65 (−0.85, −0.45) 49

EG, experimental group; CG, control group; W, weeks; CMC, Chinese medicine compound; WM, Western medicine; SMD, standardized mean difference; NR, not reported; NA, not
applicable.
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CCP not only has a great diagnostic value for RA in terms of
sensitivity and specificity but also seem to be better predictors of
poor prognostic features such as progressive joint destruction (Harre
et al., 2012). In addition, anti-CCP status predicts response to
therapy as well (Burska et al., 2014).

The observations suggest that RF and anti-CCP are capable of
promoting a more accurate prognosis and by targeting these two
markers will contribute to a better disease management. There is
no doubt that underscores the utility of these autoantibodies
in RA.

In China, CMC has a long history of treating RA, and several
clinical trials have been conducted in recent years on the
treatment of RA with CMC. However, to our knowledge, this
is the first systematic review andmeta-analysis of published RCTs
to assess the effect of CMC in reducing the levels of serum RF and
anti-CCP in patients with RA. We revealed that 65 RCTs
observed the comparison between CMC or CMC combined
with Western medicine and Western medicine monotherapy
in the treatment of RA in terms of changing the serological
markers RF and anti-CCP level. The pooled analysis showed that
after treatment, serum RF and anti-CCP levels were decreased
more significantly in the experimental group compared to the
Western medicine control groups than at baseline. It indicated
that CMC in the treatment of RA had a potential role in reducing
serum RF and anti-CCP levels. In addition, we found that the
CMC group had better ACR response and more effective clinical
efficacy of TCM syndromes. The RR of ACR70 was higher than
that of ACR20 and ACR50, and the proportion of patients
achieving an ACR20 response was not significant than that of
ACR50 and ACR70 response. This might be partially explained as

high heterogeneity as well as difference in effect estimates
observed in ACR20. The study of Chen (Chen et al., 2010)
might be the source of the heterogeneity, which was related to
the contradiction between the results reported in his study with
other studies. In the results of this study, the ACR20 response rate
was lower in the experimental group than in the control group,
and the difference was not statistically significant. In addition, in
the meta-analysis of ACR50, we found that the two studies of
Zhao (Zhao, 2015) and He (He and Xiao, 2014) showed a high
confidence interval value, indicating lower external validity.

Furthermore, this study summarized the frequency of CMC
constituent involved in 65 research literatures and found that the
top five from high to low were Angelica sinensis (Oliv.) Diels
[Apiaceae;Radix Angelicae Sinensis] (Danggui), Glycyrrhiza glabra
L.[Fabaceae;Radix Glycyrrhizae] (Gancao), Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi] (Guizhi), Paeonia
lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba] (Baishao), and
Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav.
[Apiaceae;Radix Angelicae Pubescentis] (Duhuo). The active
ingredients and pharmacological effects of the above five high-
frequency representative Chinese herbwere summarized inTable 5,
and as illustrated in this table, most of the main active ingredients of
the five Chinese herbs have immunomodulatory effects. The
polysaccharides isolated from Angelica sinensis (Oliv.) Diels
[Apiaceae;Radix Angelicae Sinensis] (Danggui) can regulate the
immune response by regulating expression of Th1 and Th2 related
cytokines (Chen et al., 2013). Cinnamaldehyde is isolated from the
essential oil produced from the Neolitsea cassia (L.)
Kosterm.[Lauraceae;Ramulus Cinnamomi] (Guizhi), and it has
been reported to reduce the release of pro-inflammatory

TABLE 4 | The frequency of Chinese medicine (more than 10 times of traditional Chinese medicine).

No. Pinyin name Full format Frequency

1 Danggui Angelica sinensis (Oliv.) Diels [Apiaceae; Radix Angelicae Sinensis] 38
2 Gancao Glycyrrhiza glabra L.[Fabaceae; Radix Glycyrrhizae] 32
3 Guizhi Neolitsea cassia (L.) Kosterm.[Lauraceae; Ramulus Cinnamomi] 27
4 Baishao Paeonia lactiflora Pall.[Paeoniaceae; Radix Paeoniae Alba] 27
5 Duhuo Angelica dahurica (Hoffm.) Benth. & Hook.f. ex Franch. & Sav. [Apiaceae; Radix Angelicae Pubescentis] 22
6 Chuanxiong Conioselinum anthriscoides ’Chuanxiong’[Apiaceae; Rhizoma Ligustici] 21
7 Yiyiren Coix lacryma-jobi L.[Poaceae; Semen Coicis] 18
8 Huangqi Astragalus mongholicus Bunge[Fabaceae; Radix Astragali seu Hedysari] 17
9 Fangfeng Saposhnikovia divaricata (Turcz. ex Ledeb.) Schischk. [Apiaceae; Radix Saposhnikoviae] 17
10 Weilingxian Clematis chinensis Osbeck[Ranunculaceae; Radix Clematidis] 16
11 Shudihuang Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae; Radix Rehmanniae Preparata] 16
12 Dilong Pheretima asiatica Michaelsen[Megascolecidae; Lumbricus] 15
13 Jixueteng Spatholobus suberectus Dunn[Fabaceae; Caulis Spatholobi] 15
14 Qinjiao Gentiana macrophylla Pall.[Gentianaceae; Radix Gentianae Macrophyllae] 13
15 Niuxi Achyranthes bidentata Blume [Amaranthaceae; Radix Achyranthis Bidentatae] 13
16 Qianghuo Hansenia weberbaueriana (Fedde ex H.Wolff) Pimenov & Kljuykov [Apiaceae; Rhizoma et Radix Notopterygii] 12
17 Chishao Paeonia lactiflora Pall. [Paeoniaceae; Radix Paeoniae Rubra] 12
18 Cangzhu Atractylodes lancea (Thunb.) DC.[Asteraceae; Rhizoma Atractylodis] 11
19 Rendongteng Lonicera japonica Thunb. [Caprifoliaceae;Caulis Lonicerae] 11
20 Baizhu Atractylodes macrocephala Koidz.[Asteraceae; Rhizoma Atractylodis Macrocephalae] 11
21 Sangjisheng Taxillus chinensis (DC.) Danser[Loranthaceae; Herba Taxilli] 11
22 Wushaoshe Zaocys dhumnades(Cantor) [Natricinae; Zaocys dhumnades] 11
23 Quanxie Buthus martensii Karsch[Scorpiones; Scorpio] 11
24 Baijiezi Sinapis alba L. [Brassicaceae; Semen sinapis.] 10
25 Mahuang Ephedra sinica Stapf [Ephedraceae; Herba Ephedrae] 10
26 Huangbo Phellodendron amurense Rupr. [Rutaceae; Cortex Phellodendri] 10

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68636024

Tang et al. Chinese Medicine Compound on RA

106

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


cytokines by inhibiting the activation of macrophages and
monocytes through suppression of the mitogen-activated protein
kinases (MAPKs) signaling pathway (Chao et al., 2008). Total
glycoside of paeony (TGP) is extracted from the dried root of
Paeonia lactiflora Pall.[Paeoniaceae;Radix Paeoniae Alba]
(Baishao). Paeoniflorin (Pae) is the major active component of
TGP. Pae can balance the subsets of immune cells through
inhibiting abnormal activated cell subsets and restoring
regulatory cell subsets by integrating multiple signaling
pathways, such as JAK2/STAT3 pathway, MAPKs/NF-κB
pathway, PI3K/Akt/mTOR pathway, etc. (Zhang et al., 2019;
Zhang and Wei, 2020). It is well known that the pathogenesis of
RA is related to B lymphocytes, and RF and anti-CCP are
considered to be the results of B lymphocyte activation and
differentiation into plasma cells (Cambridge et al., 2003; Dörner
et al., 2004). One study confirmed through animal experiments that
Pae inhibits the activation and proliferation of B cells by selectively
blocking the LPS/TLR4 signaling pathway (Zhang et al., 2015). In
addition, another study found that Pae can regulate PI3K/Akt/
mTOR pathways mediated by BAFF (B-cell activating factor)/
BAFF-R, thereby inhibiting antibody production by B
lymphocytes in CIA rats. This may be one of the mechanisms of
action of Pae to downregulate antibodies production and treat RA
(Li et al., 2012b). Therefore, we figured that the mechanism by
which TCM or CMC can reduce serum RF and anti-CCP levels
might be related to the regulation of the immune response and
inhibition of B lymphocytes proliferation.

Limitations for Research
There are some limitations in our systematic review. Firstly, since
there has been no standardized CMC abroad, the above
researches were all completed in China. Moreover, the
foundation and clinical effects of CMC in other countries may
be inconsistent with these data. With the successful development
and proven definitive efficacy and safety of biologicals worldwide,
biologicals are now more commonly used in the treatment of RA

in many places. However, their use is not common in China as
Europe, which is due to the more expensive treatment price and
economic cost of biologicals compared to traditional treatment
options, and this is also one of the reasons why early, adequate,
and full course use of biologicals is difficult for RA patients in
many developing countries (Joyce et al., 2014). It follows that
among the studies included in the systematic review and meta-
analysis, we found that only one (Wei and Liu, 2013) of the
interventions used biologicals. Therefore, the conclusions of this
systematic review have some limitations. Secondly, the overall
quality of the literature included was poor, and the design of the
methodological part need to be improved. Most of the included
studies had inadequate or missing descriptions of randomization,
allocation concealment and blinding method, resulting in an
inability to fully assess the internal validity of the trials.
Additionally, the sample size of most studies was too small to
perform robust analysis, which fundamentally affected the
strength of synthesis evidence, and therefore resulting in the
limitations and conservatism of this systematic review. Thirdly,
due to the different dosage forms used in each study intervention
(including decoction, capsule, tablet, pill, etc.), the composition
and dosage of CMC administered were also different. These had
led to a diversity of intervention measures with no uniform
standard, which may lead to heterogeneity. If all CMC
intervention measures are combined into the same category of
treatment for analysis, the inferred results of meta-analysis would
be limited to some extent. Finally, outcome measures and
measuring instruments for RF and anti-CCP varied from studies.

CONCLUSION

In summary, CMC may be an effective treatment to treat RA. In
terms of reducing the levels of RF and anti-CCP, CMC (or CMC
combined with Western medicine) is more effective than only
Western medicine.

TABLE 5 | Main active ingredients, pharmacological effects and mechanisms of the top five Chinese medicine in frequency distribution.

Pinyin
name

Full Format Main active ingredients Pharmacological effects and
mechanisms

Danggui Angelica sinensis (Oliv.) Diels [Apiaceae; Radix
Angelicae Sinensis]

Polysaccharides Immunomodulatory activity: regulating the expression of
Th1- and Th2-related cytokines (Chen et al., 2013)

Gancao Glycyrrhiza glabra L.[Fabaceae; Radix Glycyrrhizae] Glycyrrhizin acid, Glycyrrhetinic acid,
Licorice flavonoids, Licorice
polysaccharides

Anti-inflammatory: Inhibiting the transcriptions of iNOS,
COX-2, TNF-α and IL-6 by blocking the activation of NF-κB
signaling pathways (Kim et al., 2008; Chang et al., 2010)

Guizhi Neolitsea cassia (L.) Kosterm.[Lauraceae; Ramulus
Cinnamomi]

Cinnamaldehyde Immuno-modulating: Inhibiting the production of
proinflammatory cytokines (IL-1β, TNF-α, etc.) production
within LPS, LTA and polyIC stimulated macrophages and
monocytes (Chao et al., 2008)

Baishao Paeonia lactiflora Pall.[Paeoniaceae; Radix Paeoniae
Alba]

Total glucosides of paeony Anti-inflammatory and immune-regulatory: Inhibiting the
activation of macrophages NF-κB and the release of
inflammatory cytokines such as TNF-α, IL-1β, IL-17, and
inhibit the proliferation of B lymphocytes (Zhang et al.,
2019; Zhang and Wei, 2020)

Duhuo Angelica dahurica (Hoffm.) Benth. & Hook.f. ex
Franch. & Sav. [Apiaceae; Radix Angelicae
Pubescentis]

Angelicae Pubescentis Radix’s volatile oil Anti-inflammatory and analgesic: Inhibiting COX-1 and
COX-2 to varying degrees (Fan et al., 2009; Qiu et al.,
2011)

Th, T helper; iNOS, inducible nitric oxide synthase; COX-, cyclooxygenase-; TNF-α, tumor necrosis factor-α; IL-, interleukin-; NF-κB, nuclear factor-kappa B; LPS, lipopolysaccharide; LTA,
lipoteichoic acid; polyIC, polyinosinic-polycytidylic acid.
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Through a systematic review of the potency of CMC to change
serum biomarkers levels and the clinical efficacy for the treatment
of RA, we found that CMC may be a potential and efficacious
therapeutic adjunct to delay the progression and improve
outcomes of RA. In the future, RCTs with larger samples and
higher quality should be carried out to provide more accurate and
complete data to support and verify the potential of TCM
compound in the treatment of RA.
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Salvianolate Ameliorates Osteopenia
and Improves Bone Quality in
Prednisone-Treated Rheumatoid
Arthritis Rats by Regulating RANKL/
RANK/OPG Signaling
Xiang Gao1,2†, QingyunWu1,3†, Xinle Zhang1†, Jia Tian1, Dahong Liang1, Yalin Min1, Jiaqi Lu1,
Xuemei Zhang1, Liao Cui2, Bilian Xu1* and Yanzhi Liu1,4*

1Department of Pharmacology, Guangdong Key Laboratory for Research and Development of Natural Drug, GuangdongMedical
University, Zhanjiang, China, 2Stem Cell Research and Cellular Therapy Center, The Affiliated Hospital of Guangdong Medical
University, Zhanjiang, China, 3Department of Pharmacy, Yangjiang People’s Hospital, Yangjiang, China, 4Clinic Research Institute
of Zhanjiang, Affiliated Central People’s Hospital of Zhanjiang of Guangdong Medical University, Zhanjiang, China

Rheumatoid arthritis (RA) is closely associated with periarticular osteopenia and leads to a
high risk of generalized osteoporosis. Although glucocorticoid (GC) treatment ameliorates
joint degradation and manages inflammation in RA, GC application may induce further
bone quality deterioration in RA patients. Current treatments for RA lack relevant strategies
for the prevention and treatment of osteopenia in RA. In this study, we aimed to investigate
whether salvianolate treatment ameliorated osteopenia in prednisone-treated RA rats.
Lewis rats with collagen-induced arthritis (CIA) were administered prednisone (PDN) or
PDN plus salvianolate (PDN+Sal) treatment for 90 days. The effects of Sal were
investigated in PDN-treated CIA rats. To further evaluate the effects of Sal under
inflammatory conditions, we investigated the effects of Sal treatment on the TNF-
α-induced inflammatory response in MC3T3-E1 osteoblasts. Bone histomorphometry,
bone mineral density (BMD), bone biomechanical properties, micro-computed
tomography (micro-CT), immunohistochemistry, RT-PCR and western blot analyses
were performed to evaluate the effects of Sal. The results demonstrated that RA
induced bone loss and bone quality deterioration, with high bone turnover in CIA rats.
PDN+Sal treatment significantly increased BMD and trabecular/cortical bone mass,
suppressed inflammation, and improved bone biomechanical properties compared to
CIA control and PDN treatment. PDN+Sal treatment significantly suppressed bone
resorption and the RANKL and RANKL/OPG ratios compared to PDN. PDN+Sal and
PDN treatment significantly inhibited TNF-α by 82 and 83%, respectively, and both
suppressed inflammation in CIA rats. However, there was no significant difference
between PDN+Sal and PDN treatment alone in regard to bone formation parameters
or the management of inflammation and arthropathy. Sal significantly increased Osterix,
OPN, and Col1a1 while decreasing RANKL, TRAF6, and TRAIL gene in TNF-α-induced
MC3T3-E1 osteoblasts. Sal significantly increased Osterix, OPN and RUNX2 while
decreasing NF-κB, TRAF6 and IL-1β protein in TNF-α-induced MC3T3-E1 osteoblasts.
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The results suggested that salvianolate treatment ameliorated osteopenia and improved
bone quality in prednisone-treated RA rats, and the potential mechanismmay be related to
the regulation of the RANKL/RANK/OPG signaling pathway, TRAIL-TRAF6-NFκB signal
axis, and downregulation of inflammatory cytokines. Salvianolate could be used as a
promising supplemental therapeutic strategy to ameliorate osteopenia and improve bone
quality in GC-treated RA patients.

Keywords: rheumatoid arthritis, osteoporosis, salvianolate, glucocorticoid, collagen-induced arthritis, rats

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease that
often leads to severe joint damage, disability and even death
(Guler-Yuksel et al., 2010). Bone loss and bone erosion around
joints are serious issues in RA. RA is closely associated with
periarticular osteopenia and leads to a high risk of generalized
osteoporosis (Fassio et al., 2016; Okano et al., 2017; Coury et al.,
2019). Current treatments for RA, such as nonsteroidal anti-
inflammatory drugs (NSAIDs), disease-modifying antirheumatic
drugs (DMARDs), biologics and glucocorticoids (GCs), have
limited bone protection effects and even accelerate bone loss
around joints or induce generalized osteopenia. GCs play an
important role in the treatment of severe RA patients. Their
potent anti-inflammatory effect significantly ameliorates RA
symptoms; however, their potential side effects (e.g., GC-
induced osteoporosis, GIOP) significantly limits the
application of GCs in RA. Secondary osteoporosis is one of
the major problems associated with long-term GC therapy.
Bone mineral density (BMD) seemed to increase immediately
in response to GC therapy but was ultimately reduced at a later
time (Earp et al., 2008). Another report indicated that GCs
(dosage ≥ 7.5 mg/day) were related to treatment failure in
osteoporotic patients with RA (Wen et al., 2016). Concerns
about these effects have prompted the development of new
strategies to prevent bone loss and the deterioration of bone
quality induced by RA or RA treatment with GCs.

Salvia miltiorrhiza Bunge is a traditional Chinese medicine
that is widely used in clinical practice for the prevention and
treatment of cardio-cerebral vascular diseases. Previous studies
have shown that Salvia miltiorrhiza has anticoagulant,
vasodilatory, and anti-inflammatory effects and other activities
(Ji et al., 2000; Adams et al., 2006; Li et al., 2018; Jiang et al., 2019;
Ren et al., 2019). Salvia miltiorrhiza-extracted cryptotanshinone
significantly ameliorated inflammation and joint destruction in
rats with collagen-induced arthritis (Wang et al., 2015). Salvia
miltiorrhiza injection decreased the protein expression of NF-κB
and TNF-α in RA rats (Liu et al., 2015). In addition, our previous
studies demonstrated that bioactive components of Salvia
miltiorrhiza prevented bone loss in prednisone-treated rats by
stimulating osteogenesis, inhibiting bone absorption and
suppressing adipogenesis in the bone (Cui et al., 2009; Cui
et al., 2012; Yang et al., 2016). Salvianolate contains the total
polyphenols extracted from Salvia miltiorrhiza. Salvianolate
injection has been approved by the China SFDA for coronary
heart disease treatment since 2005 (Approval number:

Z20050248). Accordingly, salvianolate injection has been used
for coronary heart disease treatment in the clinic for more than
15 years in China. It has been used in clinical practice for the
treatment and prevention of cardio-cerebral vascular diseases,
and its safety profile is well established in China (Chen et al.,
2016; Zhang et al., 2016; Dong et al., 2018; NanZhu et al., 2018;
Shen et al., 2020; Chai et al., 2021). Our previous study showed
that salvianolate attenuated osteogenic inhibition and
suppressed hyperactive bone resorption, which lead to the
recovery of bone mass and bone mechanical properties in
prednisone-treated lupus mice (Liu et al., 2016). However,
whether salvianolate can ameliorate bone loss in RA or GC-
treated RA individuals is still unknown. Since GCs are potent
anti-inflammatory agents, it would be greatly beneficial if the
burden of side effects of GC treatment could be reduced,
especially the side effects involving the bone. Based on
previous studies, we speculated that salvianolate might
ameliorate osteopenia and provide joint protection in GC-
treated RA individuals. In this study, we aimed to investigate
the combined effect of prednisone and salvianolate on
preventing joint damage and systemic bone loss in a CIA
rat model.

MATERIALS AND METHODS

Drugs and Reagents
Bovine type II collagen (Collagen II) was purchased from
Sichuan University (Chengdu, China). Incomplete Freund’s
adjuvant (IFA) was purchased from Sigma-Aldrich, China.
Prednisone acetate was obtained from Guangdong South
China Pharmaceutical Group Co., Ltd. (Guangdong, China).
The salvianolate commercial injection product was purchased
from Shanghai Green Valley Pharmaceutical Co., Ltd.
(Shanghai, China). Salvianolate injection has been approved
by the China SFDA for coronary heart disease treatment since
2005 (Approved number: Z20050248). Accordingly,
salvianolate injection has been used for coronary heart
disease treatment in the clinic for more than 15 years in
China. According to the manufacturer’s instructions, one
unit of salvianolate injection (50 mg) contained 40 mg
salvianolic acid B magnesium salt (Magnesium
lithospermate B, CAS. No: 122021-74-3 Supplementary
Figure S1). The certificate of analysis and HPLC analysis
were provided by manufacturer (Supplementary Figures
S2, S3).
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Experimental Protocols
Forty-three female 6-week-old Lewis rats weighing 122 ± 12 g
were obtained from Beijing Vital River Laboratory Animal Co.
Ltd. (Beijing, China) [permit number: SCXK (Beijing) 2012-001].
All rats were housed in the animal facility of Guangdong Medical
University for 2 weeks prior to the study. All protocols followed
the Principles of the Care and Use of the National Laboratory
Animal Monitoring Institute of China and were approved by the
Academic Committee on the Ethics of Animal Experiments of
Guangdong Medical University, Zhanjiang, People’s Republic of
China, Permit Number: SYXK (GUANGDONG) 2008-0007.
Forty-three 8-week-old female Lewis rats weighing 138 ± 13 g
were randomly divided into two groups: a control (CON) group
included seven rats, and the remaining 36 rats were used to
induce the CIA rat model. The CIA rat model was induced as
previously described (Mohammad Shahi et al., 2012). Briefly, rats
were injected intradermally on the back at the base of the tail with
0.4 ml of collagen II emulsion (1.5 mg/ml). The same
immunization procedure was performed again 1 week later to
strengthen arthritis induction. Rats in the CON group were
administered 0.4 ml acetic acid (0.05 mol/L) as a control. Four
weeks after immunization, twenty-one CIA model rats had been
successfully established (arthritis index≥4) for further study. The
twenty-one CIA rats were randomly divided into three groups
with seven rats per group: 1. the CIA rat group; 2. The
prednisone-treated CIA rat group (CIA+PND); and 3. The
prednisone and salvianolate combination treatment CIA rat
group (CIA+PND+Sal). Rats in the CON and CIA groups
were administered saline as a control, while rats in the
CIA+PND and CIA+PND+Sal groups were treated with
prednisone at 4.5 mg/kg/day (gavage) or/and salvianolate at
20 mg/kg/day (intraperitoneal injection). Drugs were
administered every day after the CIA model was established,
and the treatment continued for 90 days. On the 14th, 13th,
fourth, and third days before the end point, all rats received
subcutaneous injections of calcein (7 mg/kg) for in vivo bone
formation fluorescence labeling. Rats were sacrificed by cardiac
puncture under anesthesia.

Bone Mineral Density and Biomechanical
Property Analysis
The left femurs were collected and used for BMD analysis with a
dual-energy X-ray absorptiometry system (DEX) (QDR-4500A,
Hologic Inc. Bedford, MA, United States). After BMD analysis,
the femurs were used for bone mechanical property analysis with
a three-point bending test using an MTS Mini Bionix testing
system (Mini Bionix 858, MTS System Co., Eden Prairie, MN,
United States). Samples were tested with a 15-mm span at a speed
of 0.01 mm/s. Force (F) and deflection (D) were automatically
recorded in the system. The elastic load, maximum load, break
load and stiffness coefficient were calculated for each sample.

Micro-computed Tomography Analysis
The left distal femurs were collected for micro-CT analysis using a
Viva CT40 analysis system (Scanco Medical, Zurich,
Switzerland). The scan region was set to 500 slices with a

9.50-mm thickness in the distal femur, an integration time of
200 ms, energy of 70 kVp and a current of 114 mA. The lower and
upper threshold was set at 170–1,000. The regions of interest
(cancellous bone between 1- and 4-mm distal to the growth plate-
metaphyseal junctions of the distal femur) were chosen for
analysis. Bone volume/total volume (BV/TV), trabecular
number (Tb.N), trabecular separation (Tb.Sp), trabecular
thickness (Tb.Th), connectivity density (Conn.D), and the
structure model index (SMI) were calculated with the built-in
analysis software provided by the vendor.

Bone Histomorphometric Analysis
The right proximal tibial metaphysis (PTM) and the fourth
lumbar vertebra (LV) were processed to generate
nondecalcified sections. The samples were cut to expose the
bone marrow cavity with an Isomet Low Speed Saw (Buehler,
Lake Bluff, Illinois, United States) and fixed in 10% formalin for
24 h, followed by 70% ethanol fixation and gradient alcohol
dehydration. They were embedded in methyl methacrylate for
nondecalcified sectioning. Frontal sections of the PTM/LV were
prepared at thicknesses of 5 and 8 μm. The 5-μm sections were
stained with Masson-Goldner Trichrome for static
histomorphometric analysis. The 8-μm sections without
staining were used for dynamic histomorphometric
fluorescence measurements.

The region of interest in the PTM was located between 1- and
4-mm distal to the growth plate-epiphyseal junction. A
semiautomatic digitizing image analysis system (Osteometrics,
Decatur, GA, United States) was used for bone
histomorphometric analysis. Static histomorphometric
parameters included the total tissue area, trabecular area,
trabecular perimeter, and osteoclast number (Oc.N). Dynamic
histomorphometric parameters included the single-labeled
perimeter, double-labeled perimeter, and interlabeled width.
These parameters were used to calculate the percentage of
trabecular bone volume (BV/TV), Tb.N, Tb. Sp, Oc.N number,
the percentage of the osteoclast surface perimeter (%Oc.S.Pm),
the percentage of the osteoblast surface perimeter (%Ob.S.Pm),
the percentage of the labeled perimeter (%L.Pm), mineral
apposition rate (MAR) and bone formation rate (BFR) per
unit of bone surface (BFR/BS).

For the midtibial diaphyseal cortical bone, cross sections of
the tibial shaft (3 sections per site) were cut to a 200 μm
thickness using a low-speed metallurgical saw. Then,
sections were ground to a thickness of 20 μm and cover
slipped for histomorphometric analysis. The total cross-
sectional area, cortical area, marrow area, single- and
double-fluorescently labeled perimeter and interlabeling
width for both periosteal and endocortical surfaces were
measured, and the percentage of cortical area (%Ct.Ar), the
percentage of marrow area (%Ma.Ar), and bone formation
rates for periosteal (P-BFR/BS) and endocortical surfaces
(E-BFR/BS) were calculated. The abbreviations of the bone
histomorphometric parameters used were recommended by
the American Society for Bone and Mineral Research
Histomorphometric Nomenclature Committee (Dempster
et al., 2013). All histomorphometric parameters and
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procedures were in accordance with a previously published
study (Liang et al., 2019).

Histological Evaluation
Right hind ankle samples were collected and fixed in 10%
formalin. Then, the samples were decalcified in 15%
ethylenediaminetetraacetic acid (EDTA) solution before
paraffin embedding. The tissues were prepared in 4 µm-thick
paraffin sections, followed by staining with hematoxylin and
eosin (H&E) and histological score evaluation (Sajti et al.,
2004). The histological scores were calculated with a
comprehensive histological scoring system as described
previously (Wu et al., 2016).

Enzyme-Linked Immunosorbent Assay
Blood was collected from cardiac puncture under anesthesia. The
serum was separated and stored at −80°C before analyses. Serum
levels of tumor necrosis factor-α (TNF-α, catalog number: E-EL-
R2856c), interleukin-6 (IL-6, catalog number: E-EL-R0015c),
receptor activator of nuclear factor-κB ligand (RANKL, catalog
number: E-EL-R0841c), and osteoprotegerin (OPG, catalog
number: E-EL-R3005) were detected by enzyme-linked
immunosorbent assay (ELISA) kits (Elabscience Biotechnology
Co., Ltd., Wuhan, China.) according to the manufacturer’s
instructions.

Immunohistochemical Analysis
Immunostaining for tumor necrosis factor-α (TNF-α), RANKL
and osteoprotegerin (OPG) was performed on 4-μm
decalcified right distal femoral sections. Briefly, all sections
were deparaffinized in xylene, rehydrated, and washed in PBS.
The sections were then heated for 20 min in citrate buffer (pH
6.0) at 95°C and incubated with an anti-tumor necrosis factor-
α (TNF-α) monoclonal antibody (1:100, catalog number:
ab199013, Abcam, United States), anti-RANKL polyclonal
antibody (1:200, catalog number: BA1323, Wuhan Boster,
China), and anti-Osteoprotegerin (OPG) polyclonal
antibody (1:500, catalog number: ab73400, Abcam,
United States) overnight at 4°C. Phosphate-buffered saline
(PBS) was used as a negative control. Then, the sections
were incubated with secondary antibodies for 30 min at
26°C. 3,3′-Diaminobenzidine (DAB) staining and
hematoxylin counterstaining were performed to visualize
the expression of biomarkers. Immunohistochemical
analysis was performed with Image-Pro Plus 6.0 software to
evaluate immunostaining.

Western Blot Analysis
Left hind ankles were snap-frozen in liquid nitrogen and ground
into powder. Tissue homogenates were prepared and analyzed by
western blotting. Protein expression of RANKL and OPG was
detected using an anti-RANKL polyclonal antibody (1:200,
catalog number: BA1323, Wuhan Boster, China) and anti-
OPG polyclonal antibody (1:3,000, catalog number: ab203061,
Abcam, United States), respectively. An anti-β-actin antibody (1:
2,000, Catalog number: AP80340, SAB, United States) was used as
a control. IgG antibodies (Beyotime, China) were used as

secondary antibodies. Quantification was performed using Gel-
Pro analyzer 4 software.

MC3T3-E1 cells were treated with TNF-α (50 ng/ml) or TNF-α
(50 ng/ml) + Sal (1 μM), and the cells were collected for western blot
analysis. The osteogenesis-related biomarkers OPN, Osterix and
RUNX2 were analyzed after treatment for 24 h, while NF-κB,
TRAF6 and IL-1β were analyzed after treatment for 72 h. Cell
proteins were extracted and separated by SDS-PAGE. Proteins
were then transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked with 5% skim milk in
TBST, followed by incubation with primary antibodies overnight at
4°C. OPN (1:1,000, catalog number: ab8448, Abcam, United States),
Osterix (1:1,000, catalog number: ab22552, Abcam), RUNX2 (1:
1,000, catalog number: 12556, Cell Signaling, United States), NF-
κB (1:1,000, catalog number: sc-8008, Santa Cruz, United States),
TRAF6 (1:1,000, catalog number: ab33915, Abcam, United States),
IL-1β (1:1,000, catalog number: 12242, Cell Signaling, United States),
α-tubulin (1:1,000, catalog number: sc-32293, Santa Cruz,
United States), and phosphor-NF-κB (1:1,000, Cell Signaling,
catalog number: 3033S, United States) primary antibodies were
used. After washing with TBST three times, the membranes were
incubated with a horseradish peroxidase-conjugated secondary
antibody (1:5,000 dilution, Santa Cruz, United States) at room
temperature for 1 h. The immunoreactive bands were visualized
by using an Immobilon® western chemiluminescent HRP
substrate (WBKLS0100, Millipore, United States). The protein
band images were subjected to semiquantitative analysis using
ImageJ software and normalized to α-tubulin. Western blots were
repeated a minimum of three times.

Quantitative RT-PCR Assay
MC3T3-E1 cells were treated with TNF-α or TNF-α+Sal for 24 h,
and the cells were collected for RT-PCR analysis. Total RNA was
isolated from cells with TRIzol Reagent and quantified by a
microspectrophotometer. HiScript® III All-in-one RT
SuperMix Perfect for qPCR (333-01, Vazyme, China) was used
to generate reverse-transcribed cDNA. PCR was performed using
TB GreenTM Premix Ex TaqTM II (RR820A, TaKaRa, Japan)
with the corresponding primers (Table 1). Osteopontin (OPN),
Osterix (Osx), Collagen 1a1 (Col1a1), receptor activator of
nuclear factor-kappa B ligand (RANKL), TNF-related
apoptosis-inducing ligand (TRAIL), and TNF receptor
associated factor 6 (TRAF6) were analyzed by RT-PCR. The

TABLE 1 | The biomarker primers for RT-PCR analysis.

No. Genes Primers

1 OPN-Forward GAGATGGAGTCTTGCTCTGTCACC
OPN-Reverse AGGCGGATCACGAGGTCAGG

2 Osterix-Forward TCGTCTGACTGCCTGCCTAGTG
Osterix-Reverse CTGCGTGGATGCCTGCCTTG

3 Col1a1-Forward TGAACGTGGTGTACAAGGTC
Col1a1-Reverse CCATCTTTACCAGGAGAACCAT

4 TRAF6-Forward AGGAATCACTTGGCACGACACTTG
TRAF6-Reverse TCGCACGGACGCAAAGCAAG

5 TRAIL-Forward CCTCAGCTTCAGTCAGCACTTCAG
TRAIL-Reverse GTAAGTCACAGCCACAGACACAGC
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real-time PCR primers were synthesized by Shanghai Sangon
Biotech, Shanghai, China.

The PCR program was as follows: preheating at 95°C for 30 s,
95°C heating for 5 s, and 60°C heating for 34 s, followed by 40 cycles
of 95°C heating for 15 s and 60°C heating for 1 min. A Roche Light
Cycler Detection System (Roche Diagnostics, Mannheim,
Germany) was used to record the fluorescence signal and
convert it into numerical values for statistical analysis. Relative

gene expression was calculated by employing the comparative CT
method, and the expression of the target gene was normalized to
that of the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The experiment was repeated 3 times.

Statistical Analysis
Data are presented as the means ± SD and were analyzed using
SPSS software 17.0 (SPSS Inc., Chicago, IL, United States). Data

FIGURE 1 | Representative micro-CT images (A); micro-CT analysis of the distal femur metaphysis (B); BMD analyses of the whole femurs (C); bone
histomorphometric analysis and representative images of the midshaft of the tibia (D) and bone biomechanical analysis of the femur (E) in different groups of rats. The
femurs were collected for BMD analysis with a dual-energy X-ray absorptiometry system (DEX) and further used for biomechanical analysis. The distal femur metaphysis
of rats was scanned and analyzed by a micro-CT system. The midshaft of the tibia were prepared for bone histomorphometric analysis. CON: healthy control rat
group; CIA: collagen II-induced arthritis rat group; CIA+PND: prednisone-treated CIA rat group; CIA+PND+Sal: combination treatment with prednisone and salvianolate
CIA rat group. ΔΔp < 0.01 vs. CON, ΔΔΔp < 0.001 vs CON; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CIA; #p < 0.05, ###p < 0.05 vs. CIA+PDN (n � 7).
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were analyzed by one-way ANOVA followed by post hoc Fisher’s
protected least significant difference test with the homogeneity of
variance or Dunnett’s T3 test with the heterogeneity of variance.
p < 0.05 was considered significant.

RESULTS

The Micro-CT and BMD Analysis of the
Femur
Representative micro-CT analysis images are shown in Figure 1.
Compared with the control group, BV/TV, Tb.N, Tb.Th and
Conn. D were significantly decreased, while Tb. Sp and SMI were
significantly increased, in the CIA group (Figure 1A). BMD in
the CIA group was significantly decreased by 19.6% compared to
that in the control group (p < 0.01) (Figure 1B). Prednisone
treatment in CIA rats (CIA+PDN) significantly increased BV/
TV, Tb.Th, and Conn. D while decreasing Tb. Sp and SMI
compared to those in CIA model rats(Figure 1C). Prednisone
and salvianolate combination treatment in CIA rats
(CIA+PDN+Sal group) significantly increased femur BMD and
decreased Tb. Sp compared to those in the CIA and CIA+PDN
group. Compared to the CIA model group, prednisone and
salvianolate combination treatment significantly increased BV/
TV, Tb.N, Tb.Th and Conn. D while significantly decreasing Tb.
Sp and SMI (Figures 1A–C).

Bone Biomechanical Property Analysis and
Bone Histomorphometry Analysis of
Cortical Bone
Histomorphometric analyses of the midshaft of the tibia
demonstrated that %Ct.Ar in CIA group was significantly
decreased, while %Ma.Ar and E-BFR/BS were increased in the
CIA model group compared to those in the control. CIA+PDN
significantly decreased %Ct.Ar and E-BFR/BS while increasing %
Ma.Ar compared to that in the CIA control. CIA+PDN+Sal
significantly increased %Ct.Ar, while decreasing %Ma.Ar
compared to those in the CIA+PDN group. There was no
significant difference in P-BFR/BS among the groups (Figure 1D).

The biomechanical properties of the femur (maximum load,
break load, elastic load, and stiffness coefficient) in the CIA group
were significantly decreased compared with those in the control
group. Compared with those in the CIA group, the maximum
load, break load, and stiffness coefficient were significantly
increased in the CIA+PDN+Sal group. Compared to the
CIA+PDN group, the CIA+PDN+Sal group had a significantly
increased maximum load (Figure 1E).

Bone Histomorphometry Analysis of
the PTM
Histomorphometric analysis demonstrated that %Tb.Ar and
Tb.N of PTM in CIA rats were significantly decreased, while
Tb. Sp, Oc. N, %Oc.S.Pm, MAR, %Ob.S.Pm and BFR/BS were
significantly increased in the CIA model group compared to the
control group. CIA+PDN significantly increased %Tb.Ar and

Tb.N while decreasing Tb. Sp, Oc. N, %Oc.S.Pm, MAR and BFR/
BS compared to those in the CIA control. CIA+PDN+Sal
significantly increased %Tb.Ar, %Ob.S.Pm and Tb.N while
decreasing Oc. N and %Oc.S.Pm compared to those in the
CIA group and CIA+PDN group. Combination treatment with
CIA+PDN+Sal did not increase MAR or BFR/BS compared to
those in the CIA+PDN group (Figures 2A,C). The
histomorphometric images of the lumbar vertebra showed the
same trend as the PTM (Figure 2B).

Histological and Immunohistochemistry
Analyses
As shown in Figure 3, the histopathologic scores of ankle sections
in the CIA group were significantly increased compared to those
in the control group. The histopathologic scores were
significantly decreased in the CIA+PDN and CIA+PDN+Sal
groups compared to the CIA and control groups. Although
CIA+PDN+Sal decreased histopathologic scores compared to
CIA+PDN, there was no significant difference between the
two groups.

Immunohistochemistry analyses demonstrated that the
expression of TNF-α and RANKL in CIA rats was significantly
increased compared to that in the control group. Compared with
that in the CIA group, the expression of TNF-α and RANKL was
decreased in the CIA+PDN group and CIA+PDN+Sal group. OPG
expression in the CIA group was decreased compared to that in the
control group. The CIA+PDN+Sal group had increased OPG
expression compared to the CIA group (Figure 3).

Western Blot Analyses of in vivo Samples
The results of femur western blotting analysis showed that the
expression of RANKL and the RANKL/OPG ratio in CIA rats
were significantly increased by 308 and 276%, respectively, while
the expression of OPG was not significantly changed. The
expression of RANKL and the RANKL/OPG ratio were
significantly decreased by 72 and 49%, respectively, compared
to that in the CIA group. CIA+PND+Sal also significantly
increased OPG by 118% and decreased the RANKL/OPG ratio
by 65% compared to those in the CIA+PDN group (Figure 4A).

Serum Biomarker Analyses
Compared with the control group, the levels of IL-6, TNF-α,
RANKL and the RANKL/OPG ratio were significantly increased
in the CIA group. CIAmodel induction caused a decrease in OPG
expression in the serum. CIA+PDN and CIA+PDN+Sal
decreased serum IL-6 and TNF-α levels compared to those in
the CIA group. CIA+PDN+Sal significantly decreased sRANKL
and sRANKL/OPG and increased OPG levels in serum compared
to those in the CIA group (Figure 4B).

RT-PCR and Western Blot Analyses of
in vitro Samples
RT-qPCR results demonstrated that TNF-α-induced
inflammatory medium significantly decreased Osterix, OPN,
and Col1a1 expression and increased RANKL, TRAF6, and
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TRAIL gene expression in MC3T3-E1 osteoblasts compared to
that in the control. Salvianolate treatment significantly
upregulated Osterix, OPN, and Col1a1 gene expression and
downregulated RANKL, TRAF6 and TRAIL gene expression
in TNF-α-induced MC3T3-E1 osteoblasts compared to that in
the TNF-α-induced group (Figure 5A).

The results of western blotting revealed that TNF-α
significantly decreased OPN and RUNX2 protein expression
and increased NFκB, TRAF6, and IL-1β protein expression.
Salvianolate treatment significantly increased OPN, Osterix,
and RUNX2 protein expression and decreased NFκB, TRAF6,
and IL-1β protein expression compared to that in the TNF-
α-induced group (Figure 5B).

DISCUSSION

A previous report revealed that 24.8% of female RA patients
developed osteoporosis after an average follow-up of 7.4 years

after diagnosis (Hwang et al., 2017). There is a large amount of
evidence suggesting that accelerated BMD loss occurred in the
hands, spine and femoral neck of RA patients compared to that in
healthy individuals (Guler-Yuksel et al., 2010; Fassio et al., 2016).
Our data showed that CIA induced significant joint destruction
and inflammation, and systemic osteoporosis was also found in
CIA rats with trabecular and cortical bone degradation, BMD
reduction, and bone biomechanical deterioration (Figures 1–3).
In our previous study, we found that CIA rats developed systemic
osteoporosis along with CIA development (Wu et al., 2016).
These results are consistent with previous clinical reports on RA
(Kim et al., 2010; Hoes et al., 2015). Previous studies indicated
that inflammatory cytokines (such as TNF-α, IL-1β, and IL-6)
significantly promoted osteoclastogenesis (Lam et al., 2000;Moon
et al., 2013; Wu et al., 2017; Shiratori et al., 2018). In this study,
TNF-α and IL-6 in the serum were significantly increased in CIA
rats compared to that in normal control rats. Our data indicated
that bone resorption (including parameters of Oc. N, %Oc.S.Pm,
and RANKL in the serum and femur) was significantly enhanced

FIGURE 2 | Representative images of the tibial metaphysis (A) and the lumbar vertebra (B) and bone histomorphometric analysis of the proximal tibial metaphysis
(C) Nondecalcified tissue sections of the tibial metaphysis and lumbar vertebra were stained with Masson-Goldner trichrome. ΔΔp < 0.01 vs. CON, **p < 0.05, **p < 0.01
vs. CIA, #p < 0.05 vs. CIA+PDN (n � 7).
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in CIA rats compared to that in healthy controls (Figures 2C, 3,
4). In addition, our data also demonstrated that the bone
formation rate and osteoblast number parameter in the PTM
was significantly increased in the CIA group compared to the
normal control group (Figure 2C). Interestingly, we noticed that
periosteal bone formation did not show a significant difference
among the groups; however, endocortical bone formation rates
significantly increased in the CIA group compared to the other
groups (Figure 3B). These results suggest that RA induced high

bone turnover in the trabecular and endocortical regions and that
elevated bone formation was insufficient to compensate for the
higher bone resorption, ultimately resulting in bone loss.

Glucocorticoid (GC) therapy is a main treatment strategy in
RA because of its ability to effectively manage inflammation and
reduce disease progression in RA (Bakker et al., 2012; Engvall
et al., 2013). In this study, GC therapy effectively controlled
progressive inflammation in CIA rats (Figure 4). However, some
reports have suggested that long-term, high-dose or even low-

FIGURE 3 | Histological and immunohistochemical analyses of ankle joints in different groups of rats. Paraffin sections of the ankle joint were prepared for H&E
staining and immunohistochemical staining of TNF-α, RANKL, and OPG. The expression of biomarkers was evaluated by semiquantitative analysis with Image-Pro Plus
software. ΔΔp < 0.01 vs. CON, **p < 0.01 vs. CIA, #p < 0.05 vs. CIA+PDN (n � 7).
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dose GC therapy in RA accelerated bone loss and led to a high risk
of fractures (Engvall et al., 2008; Wang et al., 2020). A previous
study demonstrated that the BMD of the spine and femoral neck
continued to decrease after GC therapy in RA patients and that
subsequent GC dose adjustments did not help to ameliorate the
decline in BMD (Fassio et al., 2016). A high dose of daily GCs via
systemic administration was associated with elevated fracture risk
in RA patients (Balasubramanian et al., 2016). In this study,
compared to the CIA group, the CIA+PDN group had
significantly suppressed the elevated osteogenesis and
osteoclastogenesis and decreased the high bone turnover
induced by RA. Prednisone treatment partially alleviated the
bone loss in trabecular and trabecular bone microstructure
deterioration induced by RA, which may have been due to its
effective control of inflammation and the decreased in the high
bone turnover of RA. However, prednisone treatment still
significantly induced cortical bone loss and increased cortical
bone marrow area in CIA rats (Figure 1D). These results suggest
that prednisone monotherapy partially ameliorates joint damage
and bone loss in trabecular, but still induces cortical bone loss and
does not improve bone quality or reduce fracture risk in CIA rats.

In this study, our data demonstrated that CIA+PDN+Sal
significantly increased BMD and biomechanical properties,
ameliorated bone loss in both trabecular and cortical bone and
improved trabecular microstructure compared to those in the

CIA and CIA+PDN groups, which suggests that salvianolate
treatment significantly improved bone quality. Our previous
study demonstrated that salvianolate treatment significantly
decreased bone loss in prednisone-treated lupus mice (Liu
et al., 2016). In this study, salvianolate significantly inhibited
osteoclast number and activity (Oc.N and %Oc.S.Pm), and bone
resorption decreased accordingly. RANKL and the RANKL/OPG
ratio significantly decreased in the serum, femur and ankle of the
CIA+PDN+Sal group, while the serum level of OPG increased
significantly.

In addition, we found that salvianolate did not adequately
improve bone formation in prednisone-treated CIA rats
compared to prednisone treatment alone according to bone
histomorphometric analysis. These results were different from
those of a previous study in which salvianolic acid B (one of the
main bioactive components in salvianolate) promoted the
osteogenesis of bone marrow stromal cells and human
mesenchymal stem cells in vitro (Xu et al., 2014) and
increased bone formation by promoting osteoblastic
differentiation and bone matrix mineralization in zebrafish
larvae (Luo et al., 2016). This may be partly because RA
induced significantly increased bone formation with high bone
turnover compared to that in the normal control, and salvianolate
did not adequately increase bone formation. In addition,
prednisone treatment may provide some suppression of bone

FIGURE 4 |Western blot analysis of RANKL and OPG expression in the hind ankle (A) and serum biomarker analysis (B) in different groups of rats. ΔΔp < 0.01 vs.
CON, **p < 0.01 vs. CIA, #p < 0.05 vs. CIA+PDN (n � 7).
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formation (Rauch et al., 2010; Chotiyarnwong and McCloskey,
2020) to partially block the effects of salvianolate in prednisone-
treated CIA rats. Salvianolate showed some synergistic anti-
inflammatory effects with prednisone treatment (serum TNF-α).
However, the synergistic effect did not reveal a significant difference

compared to prednisone treatment alone. These results suggest that
combination therapy with prednisone and salvianolate ameliorated
bone loss mainly by inhibiting bone resorption through the regulation
of the RANKL/RANK/OPG signaling pathway. Previous studies
demonstrated that the main bioactive components of salvianolate

FIGURE 5 | The impacts of salvianolate treatment on TNF-α-induced MC3T3-E1 cells. (A) Osterix, OPN, Col1a1, RANKL, TRAF6, and TRAIL gene expression in
TNF-α-inducedMC3T3-E1 cells after salvianolate treatment based on RT-PCR analyses. (B)OPN, RUNX2, NFκB, TRAF6, IL-1β, and p-NF-κB p65 protein expression in
TNF-α-induced MC3T3-E1 cells after salvianolate treatment based on western blot analyses. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CON, #p < 0.05, ##p < 0.01,
###p < 0.001 vs. TNF-α.
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(salvianic acid A and salvianic acid B) increased the expression of OPG
in GC-induced osteoporosis rats (Cui et al., 2009; Cui et al., 2012). In
addition, salvianolate ameliorated bone loss in prednisone-treated
lupus mice partially through the RANK/RANKL/OPG signaling
pathway (Liu et al., 2016). The results of this study were consistent
with those of previous reports and indicated that combination therapy
with prednisone and salvianolate was superior to prednisone treatment
alone for ameliorating systemic bone loss and joint damage in RA rats.

In vivo results suggested that RANKL overexpression and
OPG suppression in CIA rats and salvianolate treatment could
suppress RANKL, increase OPG, and decrease RANKL/OPG
ratio. First, we wondered where the OPG and RANKL came
from? OPG is a glycoprotein secreted by bone marrow stromal
cells (BMSCs) and osteoblasts. OPG acts as an effective inhibitor
of osteoclast differentiation, activation and survival and therefore
inhibits bone resorption. RANKL is an important cytokine
secreted by osteoblasts and their immature precursors, T
lympho-cytes, B lymphocytes and megakaryocytes and
endothelial cells. RANKL/RANK/OPG is an important
osteoclastogenesis signaling pathway that regulates bone
resorption (Kong et al., 2000; Thirunavukkarasu et al., 2000;
Buckley and Fraser, 2002; Wright et al., 2009; Fumoto et al., 2014;
Lee et al., 2018).

To further evaluate the effects of salvianolate under
inflammatory conditions, we investigated the effects of
salvianolate in MC3T3-E1 osteoblast in this study, as
osteoblast secreted both OPG and RANKL to regulate
osteoclast activity. The role of osteoblast is important in
regulating osteoclast function and activity.

The results demonstrated that salvianolate significantly
downregulated RANKL, TRAF6, and TRAIL gene expression
a TNF-α-induced inflammatory osteoblast model. In addition,
salvianolate significantly upregulated the gene expression of
osteogenic markers (Osterix, OPN, and Col1a1). The results
further revealed that salvianolate significantly suppressed the
protein expression of IL-1β, NF-κB, and TRAF6 and promoted
the protein expression of osteogenic markers (Osterix, OPN,
and RUNX2) (Figure 5). TRAF6 is a downstream protein of
RANKL. The decrease in TRAF6 further downregulated the
NF-κB signaling pathway. The suppression of the RANKL/
TRAF6/NF-κB signaling axis and inflammatory cytokine
inhibition contributed to osteoclastogenesis suppression. In
addition, salvianolate also downregulated TRAIL levels
compared to those in the TNF-α-induced group. Decreased
TRAIL expression was reported to decrease the apoptosis of
osteoblasts (Mori et al., 2009), inhibit RANK signaling and
suppress osteoclast activation (Yen et al., 2008; Yen et al.,
2012).

In vitro study, we confirmed that osteoblast involves in the
regulation of the overexpression RANKL and TRAIL-TRAF6-
NFκB signal axis was further activated to stimulate
osteoclastogenesis in vitro. Salvianolate treatment significant
increased osteogenesis (Ostetix, OPN, and Col1a1) and
suppress RANKL/RANK/OPG signaling pathway and
TRAIL-TRAF6-NFκB signal axis in vitro (Figure 6).
RANKL and inflammatory cytokines play a key role in the
pathogenesis of joint damage and systemic bone mass loss

during RA. Previous studies have suggested that the RANKL/
RANK/OPG signaling pathway plays a critical role in joint and
bone destruction in the pathology of RA. A close relationship
among inflammatory cytokines and the NF-κB and RANKL/
RANK/OPG signaling pathways has been reported (Zhang
et al., 2001; Popova et al., 2019; Ilchovska and Barrow,
2021). It was reported that RANKL-targeted peptides
inhibited osteoclastogenesis and attenuated adjuvant-
induced arthritis by inhibiting RANKL activation and
downregulating inflammatory cytokines (Naidu et al., 2013).
In this study, salvianolate inhibited RANKL/RANK/OPG
activation, suppress TRAIL-TRAF6-NFκB signal axis,
downregulated inflammatory cytokines, and promoted
osteogenesis under inflammatory conditions in vitro. Due to
the high bone turnover of CIA rats and the potent anti-
inflammatory effects of GC, salvianolate did not have
significant osteogenic and anti-inflammatory effects in vivo;
however, salvianolate significantly inhibited bone resorption
and improved bone quality in the CIA+PDN+Sal group
compared to that in the CIA+PDN group in vivo.

In this study, the effect of Salvianolate on CIA/GC-treated rat
model is more based on bone resorption inhibition other than the
stimulation of bone formation. The effects of salvianolate on bone
resorption inhibitionmay due to salvianolate suppress osteoblast-
mediated RANKL/OPG signal and TRAIL-TRAF6-NFκB
signal axis.

There is a limitation in this study, osteoclast is an important
cell in CIA and it is currently unknown whether salvianolate have
a direct effect on osteoclast in CIA/GC-treated CIA rats and the
underlying mechanism. Further studies are needed to investigate
on this point.

FIGURE 6 | The potential mechanism by which salvianolate ameliorates
bone loss in GC-treated RA-OP.
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In conclusion, combination therapy with prednisone and
salvianolate was superior to prednisone monotherapy for
ameliorating joint damage and improved bone quality in CIA
rats through the regulation of the RANKL/RANK/OPG signaling
pathway and TRAIL-TRAF6-NFκB signal axis, thus reducing
fracture risk. Salvianolate demonstrated significant
osteoclastogenesis suppression, ameliorates osteopenia and
improves bone quality, which could be used as a promising
antiosteopenia therapeutic strategy to improve bone quality in
RA patients.
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The Essential Oil of Artemisia argyi
H.Lév. and Vaniot Attenuates NLRP3
Inflammasome Activation in THP-1
Cells
Pengxiao Chen1,2,3†, Qi Bai 1,2†, Yanting Wu1,2, Qiongzhen Zeng1,2, Xiaowei Song1,2,
Yuying Guo1, Pengjun Zhou4, Yao Wang5, Xiaofeng Liao1, Qiaoli Wang1, Zhe Ren1,2* and
Yifei Wang1,2*

1Guangzhou Jinan Biomedicine Research and Development Center, Institute of Biomedicine, College of Life Science and
Technology, Jinan University, Guangzhou, China, 2Key Laboratory of Bioengineering Medicine of Guangdong Province,
Guangzhou, China, 3Biology Postdoctoral Research Station, Jinan University, Guangzhou, China, 4The First Affiliated Hospital of
Jinan University, Guangzhou Overseas Chinese Hospital, Guangzhou, China, 5Guangdong Provincial Key Laboratory of Large
Animal Models for Biomedicine, School of Biotechnology and Health Sciences, Wuyi University, Jiangmen, China

Artemisia argyiH. Lév. and Vaniot is a traditional medical herb that has been used for a long
time in China and other Asian counties. Essential oil is the main active fraction of Artemisia
argyi H. Lév. and Vaniot, and its anti-inflammatory potential has been observed in vitro and
in vivo. Here, we found that the essential oil of Artemisia argyi H. Lév. and Vaniot (EOAA)
inhibited monosodium urate (MSU)- and nigericin-induced NLRP3 inflammasome
activation. EOAA suppressed caspase-1 and IL-1β processing and pyroptosis. NF-κB
p65 phosphorylation and translocation were also inhibited. In addition, EOAA suppressed
nigericin-induced NLRP3 inflammasome activation without blocking ASC oligomerization,
suggesting that it may inhibit NLRP3 inflammasome activation by preventing caspase-1
processing. Our study thus indicates that EOAA inhibits NLRP3 inflammasome activation
and has therapeutic potential against NLRP3-driven diseases.

Keywords: Artemisia argyi H. Lév. & Vaniot, essential oil, NLRP3 inflammasome, NF- kappa B, ASC oligomerization

INTRODUCTION

Pattern recognition receptors (PRRs) are responsible for the detection of microbial components,
endogenous danger signals and environmental irritants, leading to the activation of inflammatory
cascades in immune cells that contribute to pathogen clearance and tissue repair (Takeuchi and
Akira, 2010). NLRP3, a member of the Nod-like receptor family, is a vital pattern recognition
receptor mediating the response to broad stimuli, including lipopolysaccharide (LPS), bacteria, virus,
pore-forming toxin, adenosine triphosphate (ATP) and monosodium urate (MSU) crystals
(Swanson et al., 2019). Once activated, NLRP3 self-oligomerizes and binds with ASC, which
subsequently recruits caspase-1 to form a multiprotein complex called the NLRP3
inflammasome, resulting in the self-cleavage and maturation of caspase-1 (Fernandes-Alnemri
et al., 2007). Activated caspase-1 further cleaves pro-IL-1β and pro-IL-18 to produce active and
mature forms, which are indispensable for the secretion of IL-1β and IL-18 (Martinon et al., 2002).
Gasdermin D (GSDMD) is also cleaved by caspase-1 and migrates to the plasmamembrane, forming
nonselective pores and inducing pyroptosis (He et al., 2015; Kayagaki et al., 2015; Shi et al., 2015).
Typically, NLRP3 inflammasome activation requires two steps: priming and activation. During the
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priming process, NF-κB-mediated upregulation of NLRP3 and
pro-IL-1β is critical for the activation of the NLRP3
inflammasome (Bauernfeind et al., 2009). To date, the NLRP3
inflammasome is the most extensively studied inflammasome.
Dysfunction of the NLRP3 inflammasome is implicated in
various inflammatory diseases, such as type 2 diabetes
(Masters et al., 2010), neuron degenerate diseases (Halle et al.,
2008; Venegas et al., 2017; Ising et al., 2019) and gout (Martinon
et al., 2006). Therefore, regulating the activation of the NLRP3
inflammasome is a promising therapeutic strategy for controlling
inflammation-related disorders.

In recent years, in vitro and in vivo studies have revealed that
several phytochemicals possess inhibitory effects on the NLRP3
inflammasome. Oridonin, a major active ingredient of Rabdosia
rubescens, directly targets NLRP3 to mediate its preventive effects
in mouse models of peritonitis, gouty arthritis and type 2 diabetes
(He et al., 2018). Artemisinin attenuates uric acid-induced
inflammation by interfering with the interaction between
NEK7 and NLRP3 (Kim et al., 2019). Traditional medicine
may be potentially useful resource for exploring therapeutic
agents for the treatment of NLRP3 inflammasome-related
diseases.

Artemisia argyi H. Lév. and Vaniot is a traditional Chinese
medicinal herb that has been widely used to treat inflammation,
dysmenorrhea, abdominal pain, uterine haemorrhage and
pruritus (Song et al., 2019). Essential oil is the main
component of Artemisia argyi H. Lév. and Vaniot. Gas
chromatography-mass spectrometry (GC-MS) revealed that the
essential oil of Artemisia argyi H. Lév. and Vaniot (EOAA)
contains eucalyptol, β-caryophyllene, terpinolene and other
ingredients (Guan et al., 2019). According to previous
research, EOAA suppressed the inflammatory responses in a
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced mouse
ear edema model and downregulated the gene expression of
the inflammatory mediators iNOS and COX-2 by inhibiting
JAK/STAT activation (Chen et al., 2017). In addition,
Artemisia princeps extract has been reported to suppress
NLRP3 inflammasome activation (Kwak et al., 2018).
However, the effect of EOAA on the activation of the NLRP3
inflammasome remains unknown.

Here, we found that EOAA extracted by steam distillation
(SDAO) and EOAA extracted from CO2 supercritical fluid
(SFEAO) inhibited the activation of the NLRP3 inflammasome
induced by MSU and nigericin. Thus, our results indicate that
EOAA has therapeutic potential for NLRP3 inflammasome-
related diseases.

MATERIALS AND METHODS

Materials
RPMI 1640 medium, fetal bovine serum (FBS) and penicillin-
streptomycin were purchased from Gibco (Grand Island, NY,
United States). Phorbol myristate acetate, cocktails of the protease
and phosphatase inhibitor, RIPA lysis buffer, PMSF, LDH
Cytotoxicity Assay Kit and SDS-PAGE solution kit were
obtained from Beyotime Biotech (Shanghai, China). Uric acid

(U2625-25G) was from Sigma-Aldrich (St. Louis, MO,
United States) which was used to prepare monosodium urate
according to the previous study. Nigericin (tlrl-nig) were
purchased from InvivoGen (San Diego, CA, United States).
Disuccinimidyl suberate (DSS, RH65890-1G) was from
BioRuler (Danbury, CT, United States). The ELISA kit for IL-
1β (CHE0001) and TNF-α (CHE0019) were purchased from
Beijing 4A Biotech (Beijing, China). Antibodies against NLRP3
(D4D8T), Phospho-NF-κB p65 (Ser536), NF-κB p65 (D14E12)
were from Cell Signaling Technology (Boston,MA,United States).
Antibody against GSDMDC1 (64-Y) was obtained from Santa
cruz (Santa Cruz, CA, United States). Antibody against ASC/
TMS1 was from ProteinTech (Des Plaines, IL, United States). IL-
1 β antibody (AF-401-SP) was from R&D systems (Minneapolis,
MN, United States). Anti-pro-Caspase-1 + p10 + p12 antibody
(ab179515) was from Abcam (Cambridge, MA, United States).
Donkey anti-Rabbit IgG (H+L) Secondary Antibody (Alexa Fluor
488) and Chicken anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody (Alexa Fluor 594) were purchased from
Life technology (Grand Island, NY, United States). Other
ordinary chemicals were from Guangzhou chemical reagent
factory (Guangzhou, China).

Extraction of Essential Oils
Hydrodistillation
500 g crushed dry leaves of Artemisia argyi H. Lév. and Vaniot
from Nanyang City in Henan province of China were filled in
round bottom boiling flask with 5 L distilled water for 3 h. Then,
the essential oil was extracted by hydrodistillation in a glass
Clevenger-type apparatus for 5 h as recommended by Chinese
Pharmacopoeia and collected into a container. The acquired oil
was subsequently dried over anhydrous sodium sulphate and
sealed in the dark under refrigeration until used.

Subcritical Extraction
500 g crushed dry leaves of Artemisia argyi H. Lév. and Vaniot
were filled in the supercritical extraction device. The subcritical
extraction systemwas provided by Guangzhou FengzeMachinery
Equipment Installation Co., Ltd. (Guangzhou, China). The
extraction temperature was set as 55°C and the extraction
pressure was 20 MPa. The flow rate of CO2 was constant at
25 L/h for 1 h. Resover I pressure was 7 MPa and resover II
pressure was 5 MPa. After extraction, two times amount of
ethanol was mixed the extract of Artemisia argyi H. Lév. and
Vaniot and stirred overnight. Precipitated wax composition was
removed through vacuum filtration. The ethanol in filtrate was
removed by vacuum distillation at 30°C to obtain the volatile oil of
Artemisia argyi H. Lév. and Vaniot.

Gas Chromatography-Mass Spectrometry
Analysis of EOAA
GC/MS analysis of the essential oil was carried out on a GC-MS
system (7890A-5975C, Agilent, Little Falls, DE, United States)
equipped with Agilent J&W HP-5 ms capillary column (30 m ×
0.25 mm × 0.25 μm) in the electron impact mode (Ionization
energy: 70 eV). The ion source temperature of mass spectrometer
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was 230°C. The temperature program was started at 50°C,
remaining at this temperature for 2 min, and increased to
200°C with a flow rate of 5°C/min, then held for 2 min,
followed by increasing to 240°C by 30°C/min, and then held
for 1 min. Split injection (1 μl) was conducted with a split ratio of
1:20. Helium was used as the carrier gas with a flow rate of 1.0 ml/
min. Volatile compounds were identified by comparing the
obtained mass spectra of the analytes with those of authentic
standards from the NIST libraries using MassHunter software.
The identified components were analyzed quantitatively by area
normalization.

Cell Culture and Stimulation
THP-1 cells were obtained from the American Type Culture
Collection and STR profiling authentication of THP-1 cells
(Supplementary material) was conducted by Cellcook Biotech
(Guangzhou, China). THP-1 cells were cultured in RPMI 1640
medium containing 10% FBS at 37°C in a humidified incubator
with 5% CO2 and 95% air. The cells were routinely tested for
mycoplasma contamination. Differentiated THP-1 cells were
acquired by incubation with 500 nM phorbol myristate acetate
(PMA) for 3 h. Before induction of inflammasome activation, the
medium was replaced with Opti-MEM. Then, the cells were
treated with 500 μg/ml MSU with or without essential oil for
6 h. Differentiated THP-1 cells were treated with nigericin for 1 h
to induce inflammasome activation. Essential oil was added to the
cell culture 1 h before nigericin induction.

Cell Viability Assay
PMA treated THP-1 cells (1 × 104 cells) were added in each well
of 96-well plated and allowed the attachment of cells for 12 h.
After washing with PBS, cells were exposed to series of diluted
SFEAO and SEAOwith 1640medium for additional 24 h. SFEAO
and SEAO were original mix with PEG400 at 10% v/v. The
medium in each well was then removed followed by washing with
PBS. 10ul CCK-8 in 100 ul 1640 medium was added to each well
and the plates were incubated at 37°C continually. The
absorptance of each well was measured at 450 nm every
30 min using microplate reader (ELX800, BioTek, Winooski,
VT, United States). Until it had reached above 1.0, the data of
absorptance was recorded. The percentage of viability was
calculated according to the following equation. Percentage of
viability � (OD of sample-OD of blank)/(OD of control-OD of
blank) × 100%. Wells only contained cell culture medium was set
as blank. Cells treated without SFEAO or SEAO were set as
control and cell treated with SFEAO or SEAO were set as sample.

ELISA
Cell culture supernatants were collected after separation from the
cell debris through centrifugation. Then, the levels of IL-1β and
TNF-α in the supernatants were assessed using ELISA kits
according to the manufacturer’s guidelines. In brief, a series
concentrations of standard and diluted cell supernatants were
added to the primary antibody coated plate and incubated at 37°C
for 90 min. Wash the plate for four times and flap the plate to dry.
Add biotinylated primary antibody to each well and incubated at
37°C for 60 min. Again, wash the plate for four times and flap the

plate to dry. Add enzyme conjugated-second antibody and
incubate in dark at 37°C for 30 min. Wash the plate for four
times and flap the plate to dry. Add chromogenic substrate and
incubate in dark at 37°C for 30 min. Finally, add stop solution into
wells and measure OD at 450 nm with microplate reader.
Calculate the concentration of IL-1β and TNF-α in cell
supernatant according to the standard curve fitted by four
parameters logistic fitting method.

Lactate Dehydrogenase Assay
The release of LDH in the culture medium was assayed with an
LDH cytotoxicity kit according to the manufacturer’s guidelines.
Cells were seeded on 96 wells plate. Select one group of wells as
“group of maximal LDH release rate.” Before treating cells as the
method in “Cell culture and stimulation” section, wash cells with
PBS and change to serum-free medium. 1 h before the end of
treatment, add LDH release reagent in wells of “group of maximal
LDH release rate.” At the end of treatment, the plate was
centrifuged at 400 g for 5 min. Transfer 120 μl supernatant in
a new plate. Add INT (2-p-iodophenyl-3-nitrophenyl tetrazolium
chloride) and lactic acid solution in each well and incubate the
plate in dark at room temperature for 30 min. Measure OD at
490 nm and calculate the release rate of LDH as the following
equation:

Release rate of LDH � (OD of treated sample-OD of control)/
(OD of “group of maximal LDH release rate”-OD of
control) × 100%

Immunoblotting
Cells were lysed in RIPA buffer on ice for 30 min, and then
supernatants were collected through centrifugation at 14,000 g/
min for 15 min. The protein concentration of the supernatants
was measured using the BCA method. After the addition of 5×
loading buffer, the cell lysate was heated to 100°C. The denatured
cell lysate sample was loaded on an 8% or 10% polyacrylamide
gel. After transfer to the PVDF membrane and incubation in
nonfat milk, the membrane was incubated overnight in the
indicated antibody solution at 4°C. The signal on the
membrane was detected with an enhanced chemiluminescence
detection kit (4AW012-1000, Beijing 4A Biotech) and acquired
via an imaging system (Tanon 4600 SF, Biotanon, Shanghai,
China). Antibodies against NLRP3 (D4D8T), Phospho-NF-κB
p65 (Ser536), NF-κB p65 (D14E12), GSDMDC1 (64-Y), ASC/
TMS1, IL-1β and pro-Caspase-1 + p10 + p12 were used for
detecting the corresponding proteins.

ASC Oligomerization Assay
After the treatment, the cells were lysed in AO buffer (1% Triton
× 100, 20 mMHEPES-KOH, pH 7.5, 150 mM KCl, and complete
protease and phosphatase inhibitor cocktail) by syringing
30 times through a 21-gauge needle. The lysates were
centrifuged at 3,200 g for 15 min at 4°C and separated into the
soluble fraction (the supernatant) and insoluble fraction (the
pellet). Equal amount of soluble fraction was collected, and 5×
loading buffer was added. The insoluble part was rinsed in PBS
twice and resuspended in 60 µl PBS containing 4 mM
disuccinimidyl suberate (DSS). The cross-linking reaction was
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performed at room temperature for 30 min with rotation (Lugrin
and Martinon, 2017). Then, the same volume of nonreducing
loading buffer was added. All the samples were boiled for 10 min
and loaded on polyacrylamide gels for immunoblotting.

Immunofluorescence
For detection of ASC specks and NF-κB p65 translocation, cells
were seeded on coverslips the day before the following
procedures. After the indicated treatment, the cells were fixed
with 4% paraformaldehyde, permeabilized with PBS containing
0.1% Triton × 100, and blocked with 3% BSA in PBST. The cells
were stained with ASC antibody and NF-κB p65 antibody
overnight at 4°C. The next day, anti-rabbit antibodies (Alexa
Fluor 488 and Alexa Fluor 594) were added for incubation at
room temperature for 1 h. The nuclei were counterstained with
DAPI. All of the images were acquired with a fluorescence
microscope (Zeiss LSM880 Airyscan, Zeiss, Germany).

Statistical Analysis
All data are expressed as the mean±SD and are representative of
at least three different experiments or biological replications.
Statistical analysis was performed in GraphPad using Student’s
t-test for two groups and one-way ANOVA for multiple groups.
Differences with p values less than 0.05 were considered to be
statistically significant.

RESULTS

GC-MS Analysis of EOAA
The Artemisia argyi H. Lév. and Vaniot used in this study was
collected from Henan Province of China and EOAA was extracted
with supercritical fluid extraction and hydrodistillation. The chemical
composition of the essential oil was analyzed by GC-MS and was
showed in Figures 1A,B. As listed in Tables 1, 2, a total of 29 and 26
compoundswere identified for the SFEAOand SDAO, accounting for
the 85.7 and 81.7% of total oil, respectively. The major components
were found to be monoterpenoids, sesquiterpenoids, phenols,
ketones, aldehydes in SFEAO and SDAO. Five major compounds
in common were eucalyptol, terpinen-4-ol, β-caryophyllene,
(+)-borneol, and α-terpineol. The most abundant composition
in SFEAO is eucalyptol. Differently, neointermedeol was most
abundnant in SDAO, accounting for 16.12 ± 0.95%. The
cytotoxicity effects of SFEAO and SDAO were determined by
CCK-8 assay. As showed in Figures 1C,D, the IC50 concentrations
of SFEAO and SDAO were 232.7 and 85.7 μg/ml respectively,
which indicated that SFEAO was less cytotoxic than SDAO.

EOAA Inhibits the Release of Processed
Caspase-1 and IL-1β Induced by MSU
When the NLRP3 inflammasome is activated, procaspase-1 self-
cleaves into activated caspase-1 (p10), which further cleaves

FIGURE 1 |GC-MS analysis of EOAA and the effect of EOAA on cell viability. Typical total ion chromatography (TIC) of SFEAO (A) and SDAO (B). THP-1 cells were
incubated with different concentrations of SFEAO and SDAO. The effect of SFEAO (C) and SDAO (D) on cell viability were determined by CCK-8 assay. IC50: the half
maximal inhibitory concentration. Data were from three independent experiments with biological duplicates in each (C,D; mean and SD of n � 6).
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TABLE 1 | Chemical compositions of SFEAO.

Rt (min) Compound CAS Peak area (%)

9.243 2,5,5-trimethyl-3,6-heptadien-2-ol 26127-98-0 2.33 ± 0.14
9.937 p-Cymene 99-87-6 0.91 ± 0.05
10.182 1,8-Cineole 470-82-6 8.96 ± 0.48
11.030 3,3,6-trimethylhepta-1,5-dien-4-one 546-49-6 1.08 ± 0.04
11.235 Sabinene hydrate 546-79-2 1.55 ± 0.12
11.738 3,3,6-trimethylhepta-1,5-dien-4-ol 27644-04-8 3.50 ± 0.38
12.170 trans-Sabinene hydrate 17699-16-0 1.59 ± 0.15
12.376 Thujone 546-80-5 1.02 ± 0.11
12.678 β-Thujone 471-15-8 1.95 ± 0.54
12.856 4-Isopropyl-1-Methyl-2-Cyclohexen-1-Ol 619-62-5 4.60 ± 1.40
13.449 cis-Sabinol 3310-2-9 5.24 ± 1.11
13.563 (±)-Camphor 464-49-3 0.29 ± 2.12
13.910 cis-Chrysanthenol 55722-60-6 1.26 ± 0.25
14.233 Borneol 507-70-0 6.31 ± 0.27
14.244 6-Camphenol 3570-04-5 1.93 ± 0.41
14.366 1,5-Heptadien-4-ol, 3,3,6-trimethyl-, 4-acetate, (4S)- (ACI) 3465-88-1 1.62 ± 0.08
14.565 Terpinen-4-ol 562-74-3 8.72 ± 0.36
14.931 α-Terpineol 98-55-5 5.26 ± 0.43
15.164 trans-Piperitol 16721-39-4 1.79 ± 0.23
15.388 (S)-Verbenone 1196-01-6 0.87 ± 0.16
15.704 cis-Carveol 1197-06-4 2.44 ± 0.24
18.987 γ-Terpineol 586-81-2 0.71 ± 0.08
19.463 Eugenol 97-53-0 2.07 ± 0.18
21.161 β-Caryophyllene 87-44-5 8.08 ± 0.45
21.968 Humulene 6753-98-6 1.50 ± 0.10
22.683 (±)-β-Copaene 18252-44-3 4.01 ± 0.36
22.805 (+)-β-Selinene 17066-67-0 0.82 ± 0.09
25.145 Caryophyllene oxide 1139-30-6 2.37 ± 0.28
26.784 Neointermedeol 5945-72-2 2.93 ± 0.32

TABLE 2 | Chemical compositions of SDAO.

Rt (min) Compound CAS Peak area (%)

9.263 2,5,5-trimethyl-3,6-heptadien-2-ol 26127-98-0 4.50 ± 0.13
9.699 4-Carene 29050-33-7 0.36 ± 0.17
9.941 p-Cymene 99-87-6 1.08 ± 0.13
10.068 β-Phellandrene 555-10-2 0.63 ± 0.11
10.188 1,8-Cineole 470-82-6 10.66 ± 1.38
10.947 γ-Terpinene 99-85-4 0.37 ± 0.25
11.003 3,3,6-trimethylhepta-1,5-dien-4-one 546-49-6 0.71 ± 0.06
11.712 3,3,6-trimethylhepta-1,5-dien-4-ol 27644-04-8 2.05 ± 0.12
12.838 trans-4-Isopropyl-1-methyl-2-cyclohexen-1-ol 29803-81-4 1.52 ± 0.07
13.407 cis-Sabinol 3310-2-9 2.06 ± 0.64
13.539 (±)-Camphor 464-49-3 3.39 ± 0.05
14.209 Borneol 507-70-0 7.24 ± 0.10
14.529 Terpinen-4-ol 562-74-3 5.85 ± 0.06
14.905 α-Terpineol 98-55-5 5.17 ± 2.10
15.310 trans-Piperitol 16721-39-4 0.90 ± 0.10
15.687 cis-Carveol 1197-06-4 2.00 ± 0.12
19.436 Eugenol 97-53-0 0.64 ± 0.06
21.148 β-Caryophyllene 87-44-5 5.85 ± 0.16
21.966 Humulene 6753-98-6 0.81 ± 0.04
22.666 β-Copaene 18252-44-3 1.33 ± 0.17
22.792 (+)-β-selinene 17066-67-0 0.80 ± 0.011
25.028 Espatulenol 6750-60-3 1.54 ± 0.19
25.165 Caryophyllene oxide 1139-30-6 4.87 ± 0.66
26.361 Bicyclo [7.2.0]undecan-3-ol, 11,11-dimethyl-4,8-bis(methylene)- (9CI, ACI) 79580-01-1 0.48 ± 0.34
26.867 Neointermedeol 5945-72-2 16.12 ± 0.95
27.123 trans-Longipinocarveol 889109-69-7 0.80 ± 0.11
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pro-IL-1β to form IL-1β (p17). The activated fragments of both
caspase-1 (p10) and IL-1β (p17) are secreted and thus can be
detected in the cell culture supernatant (Guey and Petrilli, 2016).
As shown in Figures 2A,B, SDAO and SFEAO at different
concentrations inhibited the processing of IL-1β after MSU

treatment for 6 h. Consistent with these results, the abundance
of the activated fragment of caspase-1 was decreased in SDAO-
and SFEAO-treated cell culture supernatants (Figures 2C,D). In
addition, the inhibitory effects of SDAO and SFEAO were dose-
dependent. MCC950 was used as a positive control (Coll et al.,

FIGURE 2 | EOAA inhibits the release of processed caspase-1 and secretion of IL-1β and TNF-α induced by MSU. PMA-primed THP-1 cells were treated with or
without MCC950 (20 μM) or different concentrations of SDAO or SFEAO and stimulated with MSU (500 μg/ml) for 6 h. The level of mature IL-1β (A,B) and caspase-1
(C,D) cleavage were assessed in the supernatant. The levels of pro-IL-1β and procaspase-1 were assessed in whole-cell extracts by immunoblotting. β-Actin was used
as an internal control. Concentrations of IL-1β (E,F) and TNF-α (G,H) in the supernatant were determined by ELISA. Data were from three independent experiments
with biological duplicates in each (E–H; mean and SD of n � 6) or are representative of at least three independent experiments (A–D). Statistics were analyzed using one-
way ANOVA by Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.
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2015), and the amounts of activated caspase-1 and IL-1β were
lowest with MCC950 among the different treatments. These data
indicate that SDAO and SFEAO can inhibit the activation of
NLRP3 inflammasome.

The activation of the NLRP3 inflammasome causes cell
membrane rupture, which allows the release of cytokines such
as IL-1β and other cellular components. This process is called

pyroptosis. LDH was released into the cell culture supernatant
only when the integrity of the cell membrane was disrupted
(Evavold et al., 2018). Thus, the concentrations of IL-1β and LDH
in the supernatant can indicate the extent of cell pyroptosis after
different treatments. As shown in Figures 2E,F, both SDAO and
SFEAO decreased the concentration of IL-1β after MSU
treatment. Moreover, the concentration of TNF-α was

FIGURE 3 | EOAA inhibits the cleavage of GSDMD, the release of LDH and the expression of NLRP3 after MSU treatment. PMA-primed THP-1 cells were treated
with or without MCC950 (20 μM) or different concentrations of SDAO or SFEAO upon stimulation with MSU (500 μg/ml) for 6 h. The release of LDH in cell supernatants
was measured by LDH assay (A,B). The cleavage of GSDMD and the amount of ASC in the whole-cell extract were assessed by immunoblotting (C,D). The protein
expression levels of NLRP3 (E,F) in the cytoplasm were measured utilizing immunoblotting. β-Actin was acted as internal reference. NLRP3 expression was
analyzed by densitometric quantification (G,H, n � 3 for G, n � 5 for H). Data were from three independent experiments with six biological duplicates in each (A,B; mean
and SD of n � 18) or are representative of at least three independent experiments (C–F). Arcsine-square root transformation of the percent data was used for statistical
analysis. Statistics were analyzed using one-way ANOVA by Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4 | EOAA inhibits the nuclear translocation of p65 and phosphorylation of p65 after MSU stimulation. The subcellular localization of p65 was determined by
indirect immunofluorescence using fluorescence microscopy after staining with a p65 antibody (green). Nuclear DNA was revealed by DAPI staining (blue). (A) PMA-
primed THP-1 cells were stimulated with MSU (500 μg/ml) for different durations. (B) PMA-primed THP-1 cells were treated with or without MCC950 (20 μM), SDAO
(45 μg/ml) or SFEAO (136 μg/ml) upon stimulation with MSU (500 μg/ml) for 6 h. Two magnifications of immunofluorescence pictures were acquired, and Z-stack
pictures at 63X were processed using the Image software package for orthogonal view. The green and red lines in 63X images indicate the positions within the image of
the projection given on the upper (XZ surface) and right (YZ surface), respectively. PMA-primed THP-1 cells were treated with or without MCC950 (20 μM) or different
concentrations of SDAO or SFEAO upon stimulation with MSU (500 μg/ml) for 6 h. The protein expression levels of p-p65 (C,E) and NF-κB p65 (D,F) in the cytoplasm
were measured utilizing immunoblotting. β-Actin was acted as internal reference.
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decreased by SDAO and SFEAO (Figures 2G,H). The release rate
of LDHwas also decreased by SDAO and SFEAO (Figures 3A,B).
This suggests that SDAO and SFEAO inhibit pyroptosis induced
by NLRP3 inflammasome activation.

The mechanism of cell pyroptosis involves the cleavage of
GSDMD. Activated caspase-1 cleaves GSDMD into GSDMD-N
and other fragments. This cleavage induces the oligomerization of
GSDMD-N on the cell membrane, which leads to the formation
of a nonselective pore and cell membrane collapse (He et al., 2015;
Kayagaki et al., 2015; Shi et al., 2015). We found that SDAO and
SFEAO decreased the amount of GSDMD-N (GSDMD p35)
(Figures 3C,D), which indicates their inhibitory effect on
pyroptosis induced by MSU.

EOAA Inhibits the Activation of NF-κB and
has Little Effect on Protein Expression of
NLRP3
There are two processes involved in the activation of the NLRP3
inflammasome. The first process is priming, in which the
activation of NF-κB is needed to promote the transcription of
NLRP3 and IL-1β. Without the accumulation of sufficient
amounts of NLRP3, the NLRP3 inflammasome cannot be
activated (Bauernfeind et al., 2009). We found that NLRP3
expression increased after MSU treatment. SDAO didn’t
significantly inhibited the expression of NLRP3 in MSU-
treated cells (Figures 3E,G). However, SFEAO (136 μg/ml)
induced a slight decrease on expression of NLRP3 in MSU-
treated cells (Figures 3F,H). Additionally, MSU induced a
mild increase in gene expression of NLRP3 and IL-1β
(Supplementary Figure S1), which was consistent with the
result of protein expressions. Notably, both SFEAO (136 μg/
ml) and SDAO (45 μg/ml) inhibited the gene expression of
NLRP3 and IL-1β upon MSU stimulation (Supplementary
Figure S1).

NF-κB is a crucial transcription factor in inflammatory
reaction and is composed of p50/p105 (NF-κB1) and p65
(RelA). In the resting state, NF-κB localizes to cells and binds
to an inhibitory protein, IκBα (Hayden and Ghosh, 2004). IKKβ is
the kinase to phosphorylate IκBα. Phosphorylated IκBα is
ubiquitinated and translocated to the proteosome for
degradation, which causes the release of p65 and exposure of
nuclear-located guide peptides (Karin and Ben-Neriah, 2000). At
the same time, p65 is phosphorylated by IKKβ, which is helpful
for the maximum activity of NF-κB (Chen and Greene, 2004).
Former study has shown that MSU induced NF-κB dependent
transcriptional activation of IL-8 promotor (Liu et al., 2000). We
detected the location of p65 in cells after MSU treatment for
different times. The data showed that nuclear p65 began to
translocate to the nucleus after MSU treatment for 2 h and
was sustained in the nucleus after MSU treatment for 6 h
(Figure 4A). Then, we detected the effect of SDAO and
SFEAO on the translocation of p65. The results shown in
Figure 4B suggested that SDAO and SFEAO inhibited the
translocation of NF-κB after MSU treatment for 6 h. Further,
we detected the phosphorylation of p65 at Ser536. Different
concentrations of SDAO and SFEAO decreased the

phosphorylation of p65 at Ser536 (Figures 4C,E). However,
neither SDAO nor SFEAO changed the expression of total p65
(Figures 4D,F). Although SDAO and SFEAO inhibited the
activation of NF-κB and decreased the transcriptional level of
NLRP3 slightly, the protein expression of NLRP3 was not altered
by SDAO and SFEAO.

EOAA Blocks the Oligomerization of ASC
After the priming process, NLRP3 assembles into an oligomer
under the stimulation of some molecules. Then, ASC links to the
NLRP3 oligomer through the PYD domain, and ASC molecules
aggregate with each other via the PYD domain, forming a large
scaffold for the combination of pro-caspase-1 at the CARD
domain that can be visualized as a speck (Fernandes-Alnemri
et al., 2007). The specks were visible under a microscope when the
cells were stained with a fluorescent antibody recognizing ASC
(Stutz et al., 2013). As shown in Figure 5A, cells treated with
MSU exhibited many ASC specks. The percentage of cells with
ASC specks was 22.2 ± 2.4% among the total cells when the cells
were treated with MSU. However, MCC950, SDAO and SFEAO
significantly decreased the percentage of cells with ASC specks to
respectively 4.0 ± 1.1%,1.8 ± 0.4% and 1.7 ± 0.7% (Figure 5B). We
found that both the dimerization and oligomerization of ASC
were blocked by SDAO and SFEAO (Figures 5C,D). These
results suggest that SDAO and SFEAO block the organization
process of the NLRP3 inflammasome, thus inhibiting its
activation.

Effect of EOAA on Phosphorylation of
MAPKs and IκBα
Some researchers have reported that the MAPK signaling
pathway is involved in the inflammation caused by MSU
(Jaramillo et al., 2004; Campillo-Gimenez et al., 2018; Bousoik
et al., 2020). In addition, the MAPK signaling pathway is
upstream of NF-κB. Therefore, we detected the
phosphorylation of several MAPKs, including p38, JNK1/2,
ERK1/2 and p65, to determine whether MAPKs could be
phosphorylated before p65. As shown in Figures 6B,C, JNK
and p65 were phosphorylated 60 min after MSU treatment. p38
was significantly phosphorylated at 90 min (Figure 6A).
However, the phosphorylation of ERK1/2 appeared in the
resting state and decreased gradually (Figure 6D). Our data
showed that MAPKs were phosphorylated after MSU
treatment and that JNK and p65 were phosphorylated at
almost the same time point.

Then, we detected whether EOAA inhibited the
phosphorylation of p38, JNK, ERK and p65 at 90 min after
MSU treatment. Figures 6E,F show that SDAO (45 µg/ml)
and SFEAO (136 µg/ml) inhibited the phosphorylation of
p38, JNK and p65. Further, we detected the
phosphorylation of IKKα/β and IkBα, which are indicators
of the initiation of NF-κB activation. Our results showed that
MSU treatment increased the phosphorylation of IKKα/β and
IκBα (Figures 6G,H). SDAO (45 µg/ml) and SFEAO (136 µg/
ml) inhibited the phosphorylation of IKKα/β and IκBα
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FIGURE 5 | EOAA inhibits the formation of ASC oligomers induced by MSU. PMA-primed THP-1 cells were treated with or without MCC950 (20 μM) or different
concentrations of SDAO or SFEAO upon stimulation with MSU (500 μg/ml) for 6 h. (A) Cells stained with anti-ASC antibody for ASC specks (red) and DAPI for nuclei
(blue). The concentrations of SDAO and SFEAO were 45 and 136 μg/ml, respectively. (B) The percentage of cells with ASC specks among all cells is presented. (C,D)
ASC oligomers were extracted from the Triton X-100 insoluble part of the cell extract by DSS crosslinking and measured by immunoblotting. ASC speck was
quantified by the cells with ASC specks relative to the total cells from three individual fields in each experiment. Data were from three independent experiments (B; mean
and SEM of n � 3) or are representative of at least three independent experiments (A,C,D). Arcsine-square root transformation of the percent data was used for statistical
analysis. Statistics were analyzed using one-way ANOVA by Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.
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(Figures 6G,H). These results indicate that EOAA inhibits
the NF-κB and MAPK signaling pathways.

EOAA Inhibits the Release of Processed
Caspase-1 and IL-1β Induced by Nigericin
To determine whether EOAA could inhibit the activation of
the NLRP3 inflammasome induced by other stimulators, we
activated the NLRP3 inflammasome with nigericin. In this
model, we found that high concentrations of SDAO and
SFEAO were needed to significantly inhibit the activation of
the NLRP3 inflammasome. The data showed that both SDAO
and SFEAO decreased the level of mature IL-1β (Figures
7A,B) and caspase-1 (Figures 7C,D) in the cell culture
supernatant. MCC950 and different concentrations of
EOAA significantly inhibited the secretion of IL-1β

(Figure 7E). The secretion of TNF-α was not induced by
NLRP3 inflammasome activation after nigericin treatment
(Figure 7F). Nigericin treatment induced the secretion of
TNF-α in an NLRP3 inflammasome activation-independent
way. In addition, MCC950 did not inhibit the secretion of
TNF-α. We found that only high concentrations of SDAO and
SFEAO inhibited the secretion of TNF-α. LDH release was also
inhibited by MCC950 and different concentrations of SDAO
and SFEAO (Figure 7G). Our results indicate that SDAO and
SFEAO inhibit the activation of the NLRP3 inflammasome
induced by nigericin.

EOAA Inhibits the Cleavage of GSDMD
Induced by Nigericin
Along with the inhibitory effect of SDAO and SFEAO on LDH
release, we further detected the cleavage of GSDMD in

FIGURE 6 | EOAA inhibited the phosphorylation of p65, p38, IKK, IkBα and JNK at 90 min after MSU treatment. PMA-primed THP-1 cells were stimulated with
MSU (500 μg/ml) for different durations. The protein expression levels of p-p38 (A), p-p65 (B), p-JNK (C) and p-ERK1/2 (D) in the cytoplasm were measured utilizing
immunoblotting. PMA-primed THP-1 cells were treated with or without MCC950 (20 µM), SDAO (45 µg/ml) or SFEAO (136 µg/ml) upon stimulation with MSU (500 µg/
ml) for 90 min. The phosphorylation of p65, p38 (E), JNK (F), IKKα/β (G), and IkBα (H) in whole-cell extracts was measured by immunoblotting. GAPDH was acted
as internal reference.
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nigericin-treated cells. As shown in Figures 8A,B, we found that
both SDAO and SFEAO decreased the expression of the
GSDMD-N fragment. However, the expression of NLRP3 was
not influenced under any condition, including nigericin
treatment and SDAO and SFEAO treatment (Figures 8C,D).
These data indicate that SDAO and SFEAO inhibits cell
pyroptosis by blocking the cleavage of GSDMD during
activation of the NLRP3 inflammasome.

Surprisingly, we found by detecting ASC specks (Figures
8E,F) and oligomers (Figure 8G) that the SDAO and SFEAO
did not influence oligomerization. These results indicate that
SDAO and SFEAO do not influence the organization process
of the NLRP3 inflammasome. Given that SDAO and
SFEAO eventually inhibit the activation of the NLRP3

inflammasome, we hypothesized that EOAA might influence
the downstream process of the ASC oligomerization and
then inhibit the processing of caspase-1 in nigericin-treated
cells.

DISCUSSION

Artemisia argyi H. Lév. and Vaniot is a traditional Chinese
medicine that is effective against inflammation. However, the
mechanism underlying it is not clear. Here, we demonstrated that
EOAA inhibits the activation of the NLRP3 inflammasome
induced by MSU and nigericin. Moreover, different
mechanisms underlie the inhibitory effects of EOAA on

FIGURE 7 | EOAA inhibits the release of processed caspase-1 and IL-1β induced by nigericin. PMA-primed THP-1 cells were treated with or without MCC950
(20 μM) or different concentrations of SDAO or SFEAO and stimulated with nigericin (10 μM) for 1 h. Mature IL-1β and caspase-1 cleavage were measured in the
supernatant. Pro-IL-1β (A,B) and procaspase-1 (C,D) levels were measured in whole-cell extracts by immunoblotting. β-Actin was used as an internal control. IL-1β (E)
and TNF-α (F) secretion was determined by ELISA. The release of LDH in cell supernatants was assessed by LDH assay (G). CT:Ctrl; NIG:nigericin; SDAOL,
SDAOM, SDAOH mean 45.5, 68, 91 μg/ml SDAO, respectively; SFEAOL, SFEAOM, SFEAOH mean 91, 138.5, 182 μg/ml SFEAO, respectively. Data were from three
independent experiments with biological duplicates in each (E,F; mean and SD of n � 6) or from three independent experiments with six biological duplicates in each (G;
mean and SD of n � 18) or were representative of at least three independent experiments (A–D). Arcsine-square root transformation of the percent data was used for
statistical analysis. Statistics were analyzed using one-way ANOVA by Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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NLRP3 inflammasome activation induced by MSU and nigericin,
suggesting that components of EOAAmay act on multiple targets
to hinder multiple processes during NLRP3 inflammasome
activation.

IL-1β is a critical proinflammatory cytokine belonging to the
IL-1 cytokine family. IL-1β binds with IL-1R to induce the
upregulation of MHC-II, adhesion molecules and IFN-γ in

innate immune cells (Dinarello, 2009). IL-1β exists in the
cytosol as a 31-kDa precursor that can be cleaved into 17–18-
kDa mature forms by caspase-1 during inflammasome activation
(Martinon et al., 2002). According to our results, both MSU and
nigericin treatment increased the amount of the mature forms of
caspase-1 and IL-1β in the cell supernatant, which was
significantly decreased by EOAA. Thus, our results

FIGURE 8 | EOAA inhibits GSDMD slicing and has no effect on NLRP3 expression and the formation of ASC oligomers after nigericin treatment. PMA-primed THP-
1 cells were treated with or without MCC950 (20 μM) or different concentrations of SDAO or SFEAO and stimulated with nigericin (10 μM) for 1 h. The levels of cleaved
GSDMD (A,B) and NLRP3 in whole-cell extracts were measured by immunoblotting (C,D). β-Actin was used as an internal control. PMA-primed THP-1 cells were
treated with or without MCC950 (20 µM), SDAO (91 µg/ml) or SFEAO (182 µg/ml) upon stimulation with nigericin (10 µM) for 1 h. (E) Cells stained with anti-ASC
antibody to detect ASC specks (green) and with DAPI to detect nuclei (blue). (F) The percentage of cells with ASC specks among all cells is presented. (G) ASC oligomers
were extracted from the Triton X-100 insoluble part of the cell extract by DSS crosslinking and measured by immunoblotting. NIG:nigericin. ASC speck was quantified by
the cells with ASC specks relative to the total cells from three individual fields in each experiment. Data were from three independent experiments (F; mean and SEM of n �
3) or representative of at least three independent experiments (A–G). Arcsine-square root transformation of the percent data was used for statistical analysis. Statistics
were analyzed using one-way ANOVA by Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.
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demonstrate that EOAA is effective at inhibiting NLRP3
inflammasome activation.

Unlike most cytokines, IL-1 cytokines lack an N-terminal
secretion signal sequence and thus are not released through a
classical ER–Golgi system (Piccioli and Rubartelli, 2013). Rather,
processed IL-1β is alternatively released via the pyroptotic and the
nonpyroptotic effects of GSDMD. Cleaved from GSDMD by
active caspase-1, the GSDMD-N domain aggregates at the cell
membrane, forming a pore structure with a diameter wide
enough for the passage of IL-1 cytokines (He et al., 2015;
Evavold et al., 2018). Furthermore, IL-1β leaks out through
the ruptured cell membrane during cell pyroptosis (Kayagaki
et al., 2015; Shi et al., 2015). In our research, EOAA inhibited
GSDMD cleavage and pyroptosis, as indicated by the release of
LDH upon stimulation with MSU and nigericin. These results
suggest that EOAA could contribute to suppressing the secretion
of IL-1β by blocking the cleavage of GSDMD and the subsequent
induction of pyroptosis.

Artemisia argyi H. Lév. and Vaniot is a well-known medical
herb with strong aromatic odours. It contains multiple
phytochemicals including essential oil, flavonoids, organic
acids, coumarins, and polysaccharides, among which essential
oil is themain composition (Ge et al., 2016). Previous studies have
demonstrated the anti-inflammatory effect of Artemisia argyi H.
Lév. and Vaniot extract. Artemisia argyi H. Lév. and Vaniot
extract from different research groups showed significant
inhibitory effect on dermatitis related lesions (Han et al., 2016;
Yun et al., 2016). Artemisia argyiH. Lév. and Vaniot extract could
play a protective role on gastric mucosa in ethanol-induced rat
model by decreasing the amount of inflammatory mediators,
superoxide dismutase, and malonaldehyde (Li et al., 2018),
suggesting that Artemisia argyi H. Lév. and Vaniot contains
effective anti-inflammatory components.

Essential oil is the main component of Artemisia argyi H. Lév.
and Vaniot, and it can be extracted via steam distillation and CO2

supercritical fluid. EOAA is mainly composed of abundant
monoterpenoids, sesquiterpenoids, alcohols, ketones, ethers,
phenols and a small quantity of aldehydes, organic acids,
esters, and aromatic compounds (Song et al., 2019). In our
research, a total of 29 compounds and 26 compounds were
identified in SFEAO and SDAO separately using GC–MS.
Additionally, monoterpenoids, sesquiterpenoids, took up large
proportions of SFEAO and SDAO. These results are in line with
those of previous studies (Ge et al., 2016; Guan et al., 2019). The
reported chemical composition of essential oil of Artemisia argyi
H. Lév. and Vaniot varied with localities of growth (Pan et al.,
1992), extracting and processing methods of Artemisia argyi H.
Lév. and Vaniot (Guan et al., 2019). Artemisia argyi H. Lév. and
Vaniot used in our research was grown at Nanyang City in Henan
Province, one of the main producing places of Artemisia argyi H.
Lév. and Vaniot in China. Artemisia argyi H. Lév. and Vaniot
from Qichun City in Hubei Province, named as Qi Ai, has long
been considered as geo-authentic medial plant (Ge et al., 2016).
Thus, many researches on essential oil of Qi Ai have been
conducted. Extraction methods and experimental parameters
may cause the deviation on chemical composition analysis in
different researches on essential oil of Qi Ai. However, the

dominant chemical compounds in essential oil of Qi Ai were
1,8-cineole, β-caryophyllene, α-thujone, borneol, terpinen-4-ol,
cis-sabinol, caryophyllene oxide and so on (Zheng-You et al.,
2009). Compared with the research of Xiao Guan et al. on
chemical compounds in essential oil of Qi Ai extracted by
CO2 subcritical fluid (Guan et al., 2019), 18 common
compounds, accounting for 41.15% of the whole content, were
found in SFEAO of our study. 12 compounds making up a
portion of 53.24% in SDAO of our study were same as that in
essential oil of Qi Ai. The common compounds separately
accounted for 58.68 and 51.51% of essential oil of Qi Ai
obtained by subcitical extraction and hydrodistillation. These
results indicate that the main chemical composition of
essential oil in our research is similar to that of Qi Ai.
However, 1,8-cineole and camphor, the major compounds in
SFEAO and SDAO, were not detected in research of Xiao Guan
et al. Thujone, a common compound made up a portion less than
1% in SFEAO and SDAO, accounted for 7.989 and 11.312% in
essential oil of Qi Ai obtained by subcitical extraction and
hydrodistillation. Thus, the proportion of some common
compounds in essential oil of Artemisia argyi H. Lév. and
Vaniot variated with its producing area. Remarkably,
compared with the research of essential oil extracted from
Nanyang Artemisia argyi (Duan et al., 2017), we also found
many major common compounds with different percentages
in SFEAO and SEAO.

EOAA has also been reported to inhibit the release of
proinflammatory mediators (NO, PGE2 and ROS) and
cytokines (TNF-α, IL-6, IFN-β and MCP-1) in LPS-induced
RAW264.7 macrophages, suggesting that EOAA has anti-
inflammatory potential. In addition, EOAA inhibited the
release of cytokines by inhibiting the phosphorylation of JAK2
and STAT1/3, but not the activation of MAPK and NF-κB (Chen
et al., 2017). Contrary to this report, our research found that
EOAA inhibits the phosphorylation of p65 and the translocation
of NF-κB upon treatment with MSU. The reason for these
opposite results may attribute to the difference of cell model
and essential oil components. The amount of eucalyptol, also
known as 1,8-cineole, account for most in both our research and
Chen et al. (2017)’s. However, it was quantified to 33.4% in Chen
et al. (2017)’ study, which was 12.3% in our study. Meanwhile, the
five most abundant compounds were eucalyptol, terpinen-4-ol,
β-caryophyllene, borneol, and alpha-terpineol in SFEAO and
SDAO, which is different from eucalyptol, cyclohexanol, α
-(-)-thujone, camphor, (-)-borneol in Chen et al. (2017)’ study.

Previous studies showed that multiple factors interfered with
the assembly of NLRP3 inflammasome, including but not limited
to the amount of NLRP3 protein (Bauernfeind et al., 2009), post-
translational modification and self-oligomerization of NLRP3 (Py
et al., 2013), the interaction of ASC and NLRP3 (Lu et al., 2014),
phosphorylation of ASC (Hara et al., 2013) and interaction of
NLRP3 with other regulatory proteins (Zhou et al., 2010). In
addition to being a transcription factor of inflammatory genes,
NF-κB plays a vital role in priming NLRP3 activation. In the
resting state, the intracellular amount of NLRP3 and pro-IL-1β is
not sufficient to initiate activation of the NLRP3 inflammasome.
Activation of NF-κB mediated by pattern recognition and
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cytokine receptors upregulates the transcription of pro-IL-1β and
NLRP3, which is necessary but not sufficient for NLRP3
activation (Bauernfeind et al., 2009). Our results showed that
EOAA inhibits the activation of NF-κB by blocking the
phosphorylation of its upstream kinase IKK, resulting in low
gene expression of NLRP3 after MSU treatment. However, only
SFEAO mildly inhibited the protein expression of NLRP3. Thus,
the main reason for EOAA inhibit the activation of NLRP3
inflammasome is not lowing the protein expression of NLRP3.
Meanwhile, MSU only induced a less than 2-fold increase of
NLRP3 at mRNA and protein expression. THP-1 cells used in our
study were primed with PMA at 0.5 μM for 3 h to differentiate
into macrophages, which may mask the effect of other stimuli
(Park et al., 2007).

Besides, phosphorylation of NLRP3 also indeed regulated the
assembly of NLRP3 inflammasome. JNK1-mediated NLRP3 S194
phosphorylation induced NLRP3 deubiquitylation, which is
essential for its oligomerization and assembly with ASC (Song
et al., 2017). Phosphorylation of NLRP3 on Ser295 by PKD at the
Golgi is required for release NLRP3 from MAMs, resulting in
assembly of the active inflammasome (Zhang et al., 2017).
However, it is contradictory about the effect of
phosphorylation on NLRP3. NLRP3 phosphorylation at S295
via NPR1/cGMP/PKG-1 axis contributed to disassembly of
NLRP3 inflammasome (Mezzasoma et al., 2020). Additionally,
the activation of JNK1 drive the phosphorylation of ASC at
CARD domain, which is critical for the assembling of ASC
speck (Hara et al., 2013).

Previous studies have noted that MSU treatment induces the
phosphorylation of JNK, p38, and ERK1/2, which contributes to
the activation of NF-κB and the inflammatory reaction of MSU
(Jaramillo et al., 2004; Campillo-Gimenez et al., 2018; Bousoik
et al., 2020). The results of this study showed that MSU treatment
induced the phosphorylation of p38 and JNK and slightly
decreased the phosphorylation of ERK1/2. EOAA inhibited the
phosphorylation of both p38 and JNK in MSU-stimulated THP-1
cells. Therefore, it is possible that EOAA inhibit the
phosphorylation of NLRP3 or ASC due to phosphorylation of
JNK, which need to be proved based on credible experimental
evidence.

Nigericin is an inducer of the NLRP3 inflammasome that
causes K+ influx and initiates its structural organization
(Perregaux and Gabel, 1994). In PMA-induced THP-1 cells,
nigericin activated the NLRP3 inflammasome. Administration
of EOAA to PMA-induced THP-1 cells before nigericin
treatment did not influence NLRP3 inflammasome priming
but interfered with the subsequent activation procedure. Our
results showed that EOAA did not inhibit the oligomerization of
ASC but indeed blocked the activation of the NLRP3
inflammasome, as indicated by the blockade of caspase-1

cleavage. IL-1β and GSDMD cleavage and the release of LDH
are the results of caspase-1 activation. Thus, EOAA might block
the process of caspase-1 activation.

At present, it is unclear how EOAA blocks the process of
caspase-1 activation. There are many ways to block this process,
such as interfering with the binding of ASC to caspase-1 or
inactivating the enzymatic activity of caspase-1 directly. In
addition, we did not study whether EOAA could inhibit the
activation of other forms of inflammasomes, such as AIM and
NLRC4 inflammasomes and the nonconventional NLRP3
inflammasome. Caspase-1 is the common effector of the above
inflammasomes. Our data indicate that EOAA could inhibit the
activation of caspase-1 without interfering with the
oligomerization of ASC. Thus, EOAA might inhibit the
activation of other inflammasomes. However, more
experiments need to be done to verify this assumption.
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The Mechanism Action of German
Chamomile (Matricaria recutita L.) in
the Treatment of Eczema: Based on
Dose–Effect Weight Coefficient
Network Pharmacology
Wenfei Wang1†, Yichun Wang1†, Junbo Zou1,2, Yanzhuo Jia1, Yao Wang1, Jia Li 1,
Changli Wang1,2, Jing Sun1,2, Dongyan Guo1,2, Fang Wang3, Zhenfeng Wu3, Ming Yang3,
Lei Wu4, Xiaofei Zhang1,2,3* and Yajun Shi1,2*

1Department of Pharmaceutics, College of Pharmacy, Shaanxi University of Chinese Medicine, Xianyang, China, 2Department of
Pharmaceutics, The Key Laboratory of Basicand New Drug Research of Traditional Chinese Medicine, Shaaxi University of Chinese
Medicine, Xianyang,China, 3Department of Pharmaceutics, Key Laboratory ofModernPreparationof Traditional ChineseMedicine,Ministry
of Education, Jiangxi University ofChineseMedicine,Nanchang,China, 4HenanFeinari AromaticBiotechnologyCo., Ltd, Zhumadian,China

To determine the active ingredients in German chamomile volatile oil and the mechanism of
action in the treatment of eczema, this study used two parameters (ingredient content and
oil–water partition coefficient) and established a new network pharmacology method based on
the dose–effect weight coefficient. Through the new network pharmacologymethod, we found
that German chamomile volatile oil regulated T-cell lymphatic subpopulations to inhibit the Th17
cell differentiation signaling pathway. This resulted in a reduction of interleukin 17 (IL-17), thereby
inhibiting the activation of the nuclear factor kappa beta (NF-κB) and MAPK pathways,
decreasing the secretion of the pro-inflammatory factors (tumor necrosis factor alpha (TNF-
α) and interleukin 6 (IL-6)), and reducing inflammation. In this study, a new dose–effect
relationship synergistic network pharmacology method was established to provide a new
method for the screening of effective ingredients and pathways of drugs, and to provide a basis
for the follow-up studies of German chamomile volatile oil in the treatment of eczema.

Keywords: German chamomile, eczema, weight coefficient, molecular docking, mechanism verification

INTRODUCTION

Eczema is an inflammatory skin disease usually accompanied by infiltration, hypertrophy,
and severe itching. Studies have shown that the occurrence of eczema is related to many
factors, including immune, environmental, and genetic factors, as well as infection. Eczema
has a long course and recurs easily, seriously affecting the quality of life. At present,
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antihistamines, anti-allergic drugs, and glucocorticoids are
commonly used in the clinic. However, these drugs only
temporarily relieve symptoms and may result in adverse
reactions with long-term use. Thus, it is important to
develop natural drugs with minimal side effects for the
effective treatment of eczema.

Chamomile (Matricaria recutita L.) is one of the oldest
aromatic plants, and the flower and essential oils have been
shown to exhibit anti-inflammatory and antispasmodic effects.
Chamomile is widely used in food, cosmetics, disinfectants, and
medicines. Therefore, it is a medicinal plant with great
developmental potential. German chamomile belongs to the
family Compositae, and its volatile oil is often used in
cosmetic care to eliminate inflammation, relieve skin irritation,
and reduce redness and swelling of the skin. This oil has been
used for healing skin wound and exhibits antibacterial, anti-
inflammatory, and antioxidant activities. The cyclic ethers,
flavonoids, and total volatile oils in chamomile have also been
shown to exhibit an inhibitory effect on fungal growth.
Polysaccharides isolated from its inflorescence also exhibit
anti-inflammatory activity. Several studies have reported
significant effects of German chamomile volatile oil in the
treatment of eczema (Anderson et al., 2000; Patzelt-Wenczler
and Ponce-Pöschl, 2000; Arsić et al., 2011; El-Salamouni et al.,
2020). However, neither the active components nor the
pharmacological mechanism of its volatile oil is clear. This
study used an eczema mouse model to explore the therapeutic
effects of German chamomile volatile oil on eczema and to
determine the therapeutic mechanism. The results provide a

reference for further elucidation of the mechanism of action in
future studies.

Network pharmacology explains the development of a disease
via establishment of a database, network, network analysis, and
experimental verification. It also attempts to determine the
interaction between drugs and the body and to guide the
discovery of new drugs. However, at present, most network
pharmacology research treats the content of all components
equally, ignoring the effects of both drug content and
concentration on efficacy. This may lead to the identification
of components with low content as key components. At the same
time, components with high content that play a key role in
treatment are often ignored. As a result, the existing network
pharmacology research has been unable to identify ingredients
and the mechanism of action that are responsible for observed
effects. Network pharmacology generally uses oral bioavailability
(OB) and drug-like (DL) property to screen for active ingredients
in drugs. However, this method cannot be applied to predict
transdermal drug delivery, resulting in the inability to obtain the
targets and mechanisms of transdermal drugs. To address the
above issues, a new method, “dose–effect weight coefficient
method and network pharmacology” method, has been
established, which can be used for transdermal drugs to mine
components, targets, and pathways. Component content and
oil–water partition coefficient, and molecular docking score
are combined to obtain the theoretical transdermal absorption
content of each component. Using this method, the contribution
score of the corresponding “weight coefficient” is established,
compared with the signaling pathways enriched by traditional
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network pharmacology, and the key pathways are selected. For
the purpose of this study, a mouse eczema model was established
using dinitrochlorobenzene (DNCB) to explore the mechanism of
action and to verify the efficacy of German chamomile volatile oil
in the treatment of eczema.

MATERIALS AND METHODS

Determination of Chemical Composition of
Volatile Oil From German Chamomile
German chamomile essential oil (purchased from Henan Feinari
Aromatic Biotechnology Co., Ltd,) was identified by gas
chromatography–mass spectrometery (GC–MS) analysis (Tai
et al., 2020). The chromatographic conditions were HP-5 MS
capillary column (30 m × 250 μm x 0.25 µm), carrier gas He,
carrier gas as shunt mode, injection of 1.0 μL, and a column
flow rate of 1 ml/min. The starting temperature was 40°C, and
the temperature was increased to 250°C at a rate of 6°C/min. The
mass spectrometry conditions were full scanmode, ionization source
EI, an ionization energy of 70 eV, transmission line temperature
280°C, ion source temperature 230°C, quadrupole temperature
150°C, solvent delay time 3 min, and scanning quality range of
20–450 amu (Fu et al., 2018).

Identification of Essential Oil
The data were processed using data analysis software. The NIST
standard spectral database was used to search, and the components
were screened according to the matching degree, retention index,
and related literature. The retention index was defined as the
retention time of n-alkanes (C8–C40) under the same gas
chromatographic conditions. According to the retention index
of n-alkanes, the retention index of German chamomile volatile
oil was as follows:

RI � 100Z + 100[tR(X) − tR(Z)]
tR(Z + 1) − tR(Z) (1-1)

where tR is the retention time, X is the compound to be analyzed,
and Z and Z+ 1 are the number of carbon atoms of the two
n-alkanes before and after the analyte, namely, tR (Z) < tR (x) <
tR (Z+ 1) (Yuandong et al., 2017).

Pharmacological Analysis of the
Ingredient-Target Network
Determination of Volatile Oil of German Chamomile
Targets
The Swiss Target Prediction database (Le-qi et al., 2020) and
meta TarFisher databases were used to predict the volatile oil
targets of German chamomile, and the targets of the active
components of German chamomile volatile oil were
obtained.

Acquisition of Eczema Disease Targets
Taking “eczema” as the keyword and setting the species as humans,
we searched the GeneCards database (Liu et al., 2020), DisGeNET

database (Wu et al., 2020), OMIM database (Kui et al., 2021), and
Comparative Toxicogenomics Database (CTD) (Tianmu et al.,
2021) to identify the qualified information of genes and target
proteins related to eczema.

Gene Expression Omnibus (GEO)database Chip
Differential Gene Verification
Based on the GEO database GSE57225 chip detection data (Liang
et al., 2021), the data set included 23 patients and 17 normal
control samples. The differential gene expression was analyzed
using Limma software package 15 of R. The screening criteria
were | logFC | > 1.2 and p < 0.05.

Construction of the Compound Composition–Target
Network
The volatile oil target, eczema target, and GEO differential gene of
German chamomile were intersected by using Venny 2.1.0
(https://bioinfogp.cnb.csic.es/tools/venny/index.html). The
active components of German chamomile volatile oil and the
three overlapping genes were introduced into Cytoscape 3.7.1
(Shi et al., 2020) to construct the compound component–target
network, Construction and analysis of the protein–protein
interaction (PPI) 1.3.5 (Xu et al., 2020) network.

The potential targets of the active components of volatile
oil, the disease targets of eczema, and the differential genes
mined by GEO were integrated, intersectedm and introduced
into the STRING database (Sang et al., 2020). The minimum
interaction threshold was set to “highest confidence.” The
free protein was hidden, and the protein relationship map
was obtained. Results were imported into Cytoscape 3.7.1
software, and the interaction network was drawn and
analyzed.

Establishment of the Weight Coefficient
The existing network pharmacology studies usually use oral
bioavailability (OB) and drug-like (DL) property to screen for
active ingredients in drugs. However, this method cannot be used
to predict transdermal drug delivery, especially transdermal drug
targets and mechanisms. To better explain the relationship
between the transdermal absorption components and activity
of chamomile, we introduced the log P value (an important
parameter in the measurement of transdermal drug
absorption) to convert the transdermal absorption rate and
correlate the two to establish a relationship:

logP � log
Coil

Cwater
� n

Coil

Cwater
� 10^n

Coil

Coil + Cwater
� 10^n
10^n + 1

.

Because the drug application is percutaneous, the concentration
of n-octanol (oil) indicates 100% complete absorption of the drug,
and C water can indicate the part of the drug that has not been
absorbed. Therefore, Coil/(Coil + C water) represents the
absorption rate of volatile oil.
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In order to better explain the relationship between oil–water
partition coefficient, relative content, and active components in
pharmacological mechanism, we correlate the three:

Z � ∑
n

i�1(
10^n

10^n + 1
· w)i (1-2)

Ti � ∑
n

i�1Zi (1-3)

N � T0 + T1 + . . . . . . + Tn (1-4)

In the formula, Z is the calculated score of each active component,
T represents the sum of the fractions of the related active
components contained in each target, and N is the sum of the
target fractions contained in each pathway.

Gene Ontology–Biological Process
Enrichment Analysis and Kyoto
Encyclopedia of Genes and Genomes
Pathway Enrichment Analysis
To further clarify the gene function of German chamomile volatile
oil and the role of potential signaling pathway targets in eczema,
profile in the Rstudio was used to analyze the key targets in GO–BP,
the basic biological processes and pathways were analyzed by the
KEGG pathway, and the results of the enrichment analysis were
reordered according to their weight coefficients. The weight
coefficients of each pathway were the sum of the weight
coefficients of all targets in a specific pathway.

Animal Experiments
Experimental Animals Mental Animal
Male Kunming mice (n � 42) weighing 18-22 g were purchased
from Chengdu Dashuo Experimental Animal Co., Ltd. under the
experimental animal license SCXK (Sichuan) 2020-030. This
study was approved by the Animal Ethics Committee of
Shaanxi University of Chinese Medicine.

Establishment of the Eczema Model
To establish the eczema model, all groups, except the normal group,
were sensitized on the back with 7% DNCB solution. In brief, the
back hair in a 2 cm × 2 cm area was removed, and all the groups,
except the normal group, were sensitized with 100 µL acetone olive
oil solution containing 7%DNCB. After 5 days, all the groups, except
the normal group, were challenged with 30 µL acetone olive oil
solution containing 1% DNCB on the inside and outside of the right
ear. The challenge was repeated three times in two consecutive days.
As a control, mice in the normal group were smeared with the same
amount of acetone olive oil solution on the left ear.

Experimental Grouping and Administration
The mice were adaptively fed for 3 days and randomly divided
into six groups (n � 7/group): normal group, model group,
positive drug group, low-dose chamomile group
(concentration 0.15%), medium-dose group (concentration
0.3%), and high-dose group (concentration 0.5%). Each group
was reared in separate cages. The aforementioned groups were
treated via skin smearing on the eczema site twice a day for 14

consecutive days. The German chamomile volatile oil group was
treated with 80 µL volatile oil each time in the positive drug
group, and 80 µL olive oil solvent was applied in the normal group
and model groups.

Mouse Skin Test and Determination of Spleen Index
After the completion of treatment, the skin water content, sebum
content, and skin elasticity of the treated area were measured using
an intelligent digital display multi-function skin detector (RBX-
916). The mice in each group were weighed before sampling, and
the spleen was removed after carefully separating the connective
tissue around the spleen. After absorbing the residual blood on the
organ surface with absorbent paper, the spleen mass was
immediately weighed with an analytical balance. The spleen
index was calculated as follows: spleen index � (spleen quality
(mg))/(experimental mouse quality (g)). Each groupwas compared
with the control group, and the difference was calculated.

Hematoxylin–Eosin Staining
Tissue specimens were fixed with 4% paraformaldehyde for 24 h
gradient dehydrated with 75, 85, and 95% anhydrous ethanol until
transparent and embedded in paraffin, cut into 4-µm-thick tissue
sections, and then spread in water at 43°C (Zhang et al., 2020). The
tissue slices were baked at a constant temperature and dried in a
blast drying box at 60°C for 2-4 h. After dewaxing, the tissue sections
were soaked in gradient alcohol and hydrated in distilled water for
several minutes. The tissue sections were stained with hematoxylin
and eosin. After dehydration, the tissue sections were sealed with
xylene, and the changes were observed under a microscope.

Toluidine Blue Staining
The paraffin-embedded tissue was sliced (4 µm) (Chen et al.,
2020). Each slice was stained with 0.5% toluidine blue dye
solution at room temperature for 30 min and rinsed quickly
with distilled water. The slices were placed in 0.5% glacial
acetic acid, differentiated for several minutes and sealed via
alcohol dehydration, rendered transparent with xylene, sealed
with neutral gum, and observed under a microscope.

Immunohistochemistry
The slices were incubated with 3% hydrogen peroxide for 25min and
incubated with 10% normal goat serum at room temperature for
30min. Serum was removed, the primary antibody was added, and
tissues were incubated overnight at 4°C. The tissues were then washed
three times with PBS for 5min per wash. The secondary antibody was
added, and tissues were incubated at room temperature for 50min.
DAB chromogenic solution was used to cover the tissues evenly, and
the tissues were sliced into hematoxylin for 2min and observed under
a microscope after dehydration, transparency, and sealing.

Enzyme-Linked Immunosorbent Assay
The content of IL-6, TNF-α, and IL-17 in the serum of mice from
each group was detected by ELISA, and a standard curve was
drawn according to the kit instructions (Jiangsu Meimian
industrial Co.,Ltd) (Šutovská et al., 2021). The cytokine content
in the serum of each group was detected via the double antibody
sandwich method and enzyme labeling instrument.
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Western Blot Analysis (Gao et al., 2018).
Skin tissues from the aforementioned groups were collected and
lysed with RIPA buffer, and the lysed samples were put on ice for
5min. The supernatantwas centrifuged in a cryopreserved centrifuge
at 4°C, 12,000 rpm for 10min. The supernatant was separated as the
protein extract. A total of 40 µg protein was separated via sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene fluoride (PVDF)membranes. The
membranes were sealed with 5% skimmed milk powder and then
incubated with antibodies for p38 (Wanleibio, WL00764, China),
p-p38 (Wanleibio, WLP1576, China), p65 (Wanleibio, WL01980,
China), and p-p65(Wanleibio, WL02169, China). Then, the
membranes were washed with Tris-buffered saline + Tween

(TBST) and incubated with the secondary antibodies. The
membranes were then washed in TBST six times, sprinkled
evenly with electrochemiluminescence (ECL)
photoluminescence solution, and transferred to a dark box
for exposure. The film was scanned, and the optical density
was calculated using Gel-Pro Analyzer software. The relative
expression value of the target gene (the gray value of the target
gene/the internal reference gray value of β-actin) was
determined using β-actin as an internal reference.

Molecular Docking
The active ingredients of German chamomile were selected as
ligands, the first five proteins of the prediction pathway were

FIGURE 1 | (A) Total ion current diagram of volatile oil of German chamomile. (B) Eczema differential gene volcano map. (C): Intersection map of German
chamomile volatile oil target, eczema target, and differential gene. (D) Volatile oil composition of German chamomile target map. (E) PPI network diagram of key targets.
(F,H) Enrichment results of BP and KEGG before sorting, respectively. (G,I) Enrichment results after sorting BP and KEGG.

TABLE 1 | Qualitative results of volatile oil from German chamomile by GC/MS

No. Library/ID CAS Pct Total RI

1 Trans-β-ocimene 3779-61-1 2.728 1,049.212
2 γ-Elemene 29873-99-2 3.882 1,343.234
3 α-Copaene 003856-25-5 0.756 1,382.972
4 (-)-Isocomene 065372-78-3 0.943 1,396.072
5 β-Copaene 018252-44-3 2.639 1,427.655
6 Aromandendrene 000489-39-4 0.653 1,448.85
7 β-Sesquiphellandrene 020307-83-9 18.527 1,467.285
8 Naphthalene, 1,2,3,4,4a,7-hexahydro-1,6-dimethyl-4-(1-methylethyl)- 16728-99-7 0.661 1,487.56
9 Germacrene D 023986-74-5 4.835 1,494.01
10 α-Funebrene 50894-66-1 1.452 1,499.08
11 Bicyclogermacrene 100762-46-7 4.822 1,509.228
12 α-Farnesene 000502-61-4 6.573 1,515.053
13 (+)-δ-cadinene 000483-76-1 0.86 1,533.014
14 Espatulenol 006750-60-3 2.127 1,597.092
15 (-)-α-bisabolol oxide B 026184-88-3 9.46 1,672.963
16 Cedr-8-ene 000469-61-4 9.606 1,718.242
17 Chamazulene 000529-05-5 6.398 1,952.009
18 Bisabolol oxide A 022567-36-8 12.071 1,970.864
19 Hexahydrofarnesyl acetone 000502-69-2 0.888 2,043.486
20 (Z)-ene-yne-dicycloether 004575-53-5 6.074 1,906.516
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used as targets, and the area where the positive drug ligand was
located was the active pocket (Jia et al., 2021). The LibDock module
in the discovery studio software was used to molecularly dock the
active ingredients with the target protein. After the docking was
completed, the established formula was used to calculate the score of
each component to screen out the key components of the target.

S � Z p
A

B
.

In the formula, S represents the final score of each component, Z
represents the score of each active compound, A represents the
score of each component obtained by molecular docking, and B
represents the score of positive drugs.

Statistical Analysis
All of the experimental data were statistically analyzed using SPSS
19.0 software. Results are expressed as mean ± standard deviations
(SDs). One-way analysis of variance (ANOVA) was applied to
determine the statistical significance of the differences between the
groups, p < 0.05 and p < 0.01 were regarded as significantly
different.

RESULTS AND ANALYSIS

Screening of Compounds and Selection of
Potential Targets
The essential oil of chamomile was analyzed by gas
chromatography–mass spectrometry (GC–MS), and the ion

mass spectrum of the essential oil was obtained (Figure 1A).
By searching the NIST database and combining with the retention
index, 23 active components were obtained and 20 qualified
components were identified. Specific composition information
is shown in Table 1, and specific compound structures are shown
in Figure 2. A total of 541 targets of German chamomile volatile
oil were obtained using the PubChem database, the Swiss
TargetPrediction online target screening platform, and the
meta TarFisher database. Additionally, 24,226 eczema targets
were obtained from the GeneCards, DisGeNet, OMIM, and
CTD databases. Based on the intersection, 509 potential
targets of German chamomile volatile oil for the treatment of
eczema were obtained.

GEO Chip Differential Gene Verification
The GSE57225 chip and platform data were downloaded from the
GEO database. A total of 62 samples were collected, including 17
normal samples and 23 eczema samples. Based on the screening
conditions (| logFC | > 1.2 and p < 0.05), 560 genes with
significant differences were obtained. The upregulated gene
expression (red), downregulated gene expression (green), and
the volcano plot are shown in Figure 1B. The intersection
between differentially expressed genes (DEG) and possible
eczema targets of German chamomile volatile oil produced 29
candidate genes, as shown in Figure 1C.

Network Construction and Analysis
Network pharmacology provides a new perspective on analyzing
the effects of drugs. It can analyze network characteristics

FIGURE 2 | (A–T) Chemical structures of 20 active components.
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through the connections and relationships of nodes in biological
networks, and further clarify the mechanism of drug action.
We analyzed the relationship between the active ingredients
and key targets of the volatile oil of German chamomile and
then created a “component–target” map with a merge
function. We then used Cytoscape 3.7.1 software to
visualize the network. The results are shown in Figure 1D.
The purple ellipse represents the key components screened
out by the volatile oil, the pink rectangle represents the key
target points screened out, the node represents the active
ingredient, and the edge is used to connect the target to the
active ingredient. The greater number of links indicates that
the active ingredient or the target is more important in the
network.

German Chamomile–Eczema–Differential
Gene PPI Network Construction and Key
Target Screening
The 29 DEGs were introduced into STRING to construct a
network map, as shown in Figure 1E. Through the screening
of the set conditions, the key targets were identified as IL-6,
MMP1, MMP3, MMP9, JAK3, CCR1, CCR5, ZAP70, and
PRKCQ. The network diagram had 29 nodes with an average
degree of freedom of 0.828. The size of the node in the diagram

represents the size of the value. The thickness of the edge indicates
that the thicker the edge, the greater the combined score value
and the greater the interaction between the nodal protein and
other proteins.

GO–BP and KEGG Enrichment Analysis
Through GO–BP enrichment analysis of the selected key
targets, 145 biological processes and 16 signaling pathways,
were identified (Figures 1F–I). These involved the
neuroinflammatory response, extracellular matrix
disassembly, response to amyloid-beta, positive regulation
of T-cell proliferation chemokine signaling pathway, Th17
cell differentiation, IL-17 signaling pathway, and viral
protein interaction with cytokine and cytokine receptor,
among other signaling pathways. After recalculating the
formula, Th17 cell differentiation was determined to be the
most important one.

Animal Experiment and Efficacy Verification
Comparison of the Degree of Inflammation
After DNCB induction, each group exhibited skin erythema,
exudation, thickening, a rough surface, and moss-like
lesions, suggesting that the model was successful. After
treatment with the positive drugs and different doses of
German chamomile volatile oil, the exudate, redness, and

FIGURE 3 | (A): Effects of volatile oil of German chamomile on back inflammation in mice (A1: normal group, A 2: model group, A 3: positive drug group, A 4: low-
dose German chamomile group, A 5: middle-dose German chamomile group, and A 6: high-dose German chamomile group). (B): Mice skin sebum content test results.
(C): Mice skin water content results. (D): Mice skin elasticity test results. (E): Mice spleen index measurement results (note: data are expressed as mean ± SD (n � 6),
compared with the normal group #p < 0.05, ##p < 0.01, compared with the model group *p < 0.05, **p < 0.01).
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swelling were reduced. In the positive drug and high-dose
German chamomile volatile oil groups, eczema was reduced,
as shown in Figure 3A.

Skin Test Results
Skin test results showed that when compared with the normal
group, the skin sebum content (Figure 3B), the skin water
content (Figure 3C), and skin elasticity (Figure 3D) in the
model group decreased. Compared with the model group, the
skin water content and sebum and skin elasticity of different
dose groups increased to different degrees, with significant
differences.

Comparison of Spleen Index Among Different Groups
of Mice
The effect of volatile oil from German chamomile on the immune
response was preliminarily evaluated by the spleen index
(Figure 3E). The chart shows that the spleen index of the
model group was lower than that in the normal group, and
the spleen index of different dose groups was higher than that in
the model group, with significant differences.

H&E Staining Results
The results of H&E staining (Figure 4A) showed that the
structure of the epidermis and dermis in the normal group
appeared normal, without edema, congestion, or lymphocyte
infiltration. In the model group, the epidermis had proliferated,
and the spinous layer was hypertrophic. The dermis showed

inflammatory cell infiltration accompanied by vasodilation and
hyperemia. In the positive drug group, the epidermis had
proliferated slightly, and most of the dermis had recovered.
No edema, hyperemia, or lymphocyte infiltration was apparent.
The epidermal hyperplasia and cell edema significantly
decreased, with the increase in dose in the treatment group.

Toluidine Blue Staining Results
Results of toluidine blue staining are shown in Figure 4B. The
number of mast cells was low in the normal group and high in the
model group. The mast cell number was significantly reduced, in
the positive drug group and decreased in a dose-dependent
manner in the low, middle, and high German chamomile
volatile oil groups.

CD4 and CD8 Staining Results
CD4 and CD8 cells are located in the cytoplasm and cell
membrane. CD4 and CD8 cells were weakly positive in the
skin tissues of the back of mice. Compared with the normal
group, the distribution of CD4 cells in the cytoplasm and cell
membrane of the skin lesions on the back of the eczema model
group was reduced, the staining became lighter, and the
positive expression of CD4 cells was reduced (p < 0.001,
n � 3). Compared with the eczema model group, different
doses of German chamomile volatile oil increased the
expression of CD4 cells to varying degrees, and the medium
and high doses were significantly different from the model
group (p < 0.001, n � 3).

FIGURE 4 | (A)H&E staining results of mice skin tissue. (B)Mast cell count by toluidine blue staining. (C)CD4 cell staining results. (D)CD8 cell staining results (note
1: normal group, 2: model group, 3: positive drug group, 4: low-dose group, 5: middle-dose group, and 6: high-dose group). (E) Immunohistochemical detection of CD4
cell expression in skin lesions on the back of mice. (F) Immunohistochemical detection of CD8 cell expression in skin lesions on the back of mice (note: data are
expressed as mean ± SD (n � 3) compared with the normal group ##p < 0.01, compared with the model group, *p < 0.05, **p < 0.01).

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7068368

Wang et al. Chamomile Treatment Mechanism of Eczema

150

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


Compared with the normal group, CD 8 cells in the skin
lesions on the back of mice in the eczema model group showed
brownish-yellow particles in the cell membrane and cytoplasm,
and the positive expression level of CD8 cells increased (p < 0.001,
n � 3). Compared with the eczema model group, different
doses of German chamomile volatile oil caused different
degrees of reduction in the number of cells expressing
CD8. There were significant differences between the high-
dose group and the model group (p < 0.001, n � 3), as shown
in Figures 4C–F.

Serum Levels of TNF-α, IL-6, and IL-17
Compared with the normal group, serum TNF-α, IL-6, and IL-17
in the eczema model group increased significantly (p < 0.001, n �
6). Compared with the model group, these factors were reduced
in the positive drug group and the German chamomile volatile oil
groups. The results are shown in Figures 5A–C.

Western Blot Analysis
The expression levels of p-P38 and p-P65 proteins in the
positive drug group and the treatment group were lower than
those in the model group. Compared with the normal group,

the expression of p-P38/p38 and p-P65/p65 protein in the
mouse eczema model group was higher than that of the
mouse eczema model group (p < 0.001, n � 3). Compared
with the mouse eczema model group, both the treatment
group and the positive drug group had reduced protein
expression of p-P38/p38 and p-P65/p65 (p < 0.001, n � 3),
which indicates that German chamomile volatile oil can
inhibit the MAPK and NF-κB pathways. The results are
shown in Figures 5D–I.

Molecular Docking Verification
The molecular docking results are shown in Figure 6A–K. The
molecular docking of the core active component and the target
was conducted using Discovery software, and the molecular
docking score was calculated using the new weight formula. The
higher the score of the component, the higher the importance of
the component to the target and the greater the role of the
component in the Th17 cell differentiation pathway. The results
are shown in the heat map in Figure 6L. These results suggest
that chamazulene, bisabolol oxide A, (-)-α-bisabolol oxide B,
and γ-elemene may be key active components of German
chamomile volatile oil in the treatment of eczema.

FIGURE 5 | (A) ELISA detection of TNF-α. (B) the ELISA detection of IL-6. (C) ELISA detection of IL-17 (note: the data are expressed as the mean ± SD (n � 3),
compared with the normal group ##p < 0.01, compared with the model group, *p < 0.05, **p < 0.01). (D–I)Western blot was used to detect the protein expression levels
of p-p38, p38, p-p65, p65,p-p38/p38, and p-p65/p65. (D,E)Quantitative protein expression levels of p-p38, p38, p-p65, and p65. (F,G) Protein expression level of p38,
p-P38, p65, and p-P65. (H,I) Ratio of p-P38/p38 and p-P65/p65 in mouse skin lesions. (x�±s (n � 3), compared with the normal group ###p < 0.001, ##p < 0.01,
compared with the model group ***p < 0.001,*p < 0.05).
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Mechanism Description
We used the dinitrochlorobenzene (DNCB) method to establish a
mouse eczema model. The models were treated with low,
medium, and high doses of German chamomile volatile oil.
During the experiment, the mice were observed. Skin
conditions include sebum content, water content, and
elasticity index. The serum levels of inflammatory factors
IL-6, IL-17, and TNF-α in different groups of mice were
detected by ELISA, and the inflammatory cells,
lymphocytes, and mast cells in the skin lesions of the mice
were observed by H&E staining and toluidine blue staining. To
detect the level of CD4 and CD8 cells of lymphocytes
immunohistochemistry was used, and finally, to show the
protein expression levels of p38, p65, p-P38, and p-P65 in
the skin lesions Western blot was used. Combined with the
results of each experiment, we believe that the mechanism of
action of German chamomile volatile oil in the treatment of
eczema may be German chamomile volatile oil can prevent the
differentiation of CD4+ cells into Th17 cells by regulating the
lymphatic subsets of T cells; inhibiting the activation of MAPK
and NF-κB pathways; reducing the secretion of inflammatory
factors IL-6,IL-17, and TNF-α; and thereby reducing the
inflammatory response (Figure 7).

DISCUSSION

In the treatment of eczema, German chamomile volatile oil is
administered transdermally. Therefore, our research included the

water–oil distribution coefficient (log P) and composition
content as key parameters in predicting absorption into
blood. We have established “weight coefficients” that can
be compared with the signaling pathways enriched by
traditional network pharmacology. This can be used to
reassess the results of biological enrichment analysis to
determine key pathways. Before and after the ranking the
contribution scores of the “weight coefficient,” we found that
the top five pathways enriched by traditional network
pharmacology were Th17 cell differentiation, the IL-17
signaling pathway, viral protein interaction with cytokine
and cytokine receptor, the NF-κB signaling pathway, and
transcriptional dysregulation in cancer. Following the
calculation using the new weighting coefficient, the top
five enriched pathways were the Th17 cell differentiation,
chemokine signaling pathway, nitrogen metabolism,
transcriptional misregulation in cancer, and IL-17
signaling pathway. Through literature review in
combination with sequencing the pathways, we determined
that Th17 cell differentiation is a key pathway for German
chamomile volatile oil in the treatment of eczema.

Studies (Liu et al., 2019) have shown that the occurrence of
dermatitis and eczema is related to an imbalance in T-cell
lymphatic subsets (Th1/Th2). TNF-α secreted by Th1 cells
induces the expression of ICAM-1 and L-selectin, causing
T cells and macrophages to infiltrate a large number of T cells
and macrophages to the inflammatory site. With inflammatory
stimulation, monocytes, macrophages, and endothelial cells will
release Th2 cell IL-6. The excessive secretion of Th2 type

FIGURE 6 | (A–C) Results of docking of JAK3 and components (Z)-ene-yne-dicycloether, bisabolol oxide A, (-)-α-bisabolol oxide B. (D–F) Results of docking of
PKC8 and components germacrene D, γ-elemene, and β-copaene. (G–I) Results of docking of RORC target with components germacrene D, chamazulene, and cedr-
8-ene. (J) IL6 target and component naphthalene, 1,2,3,4,4a, 7-hexahydro-1,6-dimethyl-4-(1-methylethyl)- docking result. (K) ZAP70 target and component
naphthalene, 1,2,3,4,4a, 7-hexahydro-1,6-dimethyl-4-(1-methylethyl)- docking result. (L) Comprehensive heat map display.
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cytokines is an important factor leading to eczema, and the
excessive secretion of Th1-type cytokines aggravates the
disease (Zhou et al., 2019). The level of Th17 in the peripheral
blood of patients with eczema is significantly higher than that in
normal people (Fan et al., 2019), and these cells secrete a large
number of inflammatory cytokines that induce tissue
inflammation. IL-17 secreted by Th17 cells can stimulate skin
keratinocytes, increase the secretion of pre-inflammatory
cytokines, and expand skin inflammation and tissue
destruction (Xu and Lv, 2020). Research studies had shown
that the levels of TNF-α, IL-6, and IL-17 cytokines in the
serum of mice treated with German chamomile volatile oil
were lower than those in the model group, indicating that the
decrease in TNF-α, IL-6, and IL-17 may be one anti-
inflammatory mechanism. After recognition by cell surface IL-
17 receptors, IL-17 can activate downstream signaling pathways
such as NF-κB and MAPK, leading to the expression of pro-
inflammatory chemokines and cytokines.

In multicellular organisms, especially mammalian cells, multiple
signaling pathways often must work together to accurately complete
cell functions (Yong and Xiao-Wei, 2000). The MAPK pathway is a

common intersection pathway for signal transduction pathways
affecting cell proliferation, differentiation, transformation, and
apoptosis (Lei et al., 2020). Some drugs participate in the
activation, proliferation, and migration of immune cells via the
MAPK signaling pathway to alleviate skin lesions due to AD allergic
disease (Pfalzgraff et al., 2016). Oxidative damage in skin cellsmay be
reduced via the use of a p38 inhibitor, which inhibits the
downregulation of IL-6. Effective substances may attenuate the
expression of NF-κB in keratinocytes and induce thromboxane
regulation, which is related to the downregulation of
inflammatory cells (Chang et al., 2017; Sur et al., 2019). NF-κB
plays an important role in regulating T-cell autoimmunity and
inflammation. The transcription factor p65 is a member of the
NF-κB family, which can induce the production of pro-
inflammatory chemokines induced by the TNF-α/IFN-γ in vitro
and can also induce an allergic inflammatory response. p38MAPK is
the upstreamkinase of NF-κB. It is a stress-induced protein kinase. It
is activated under the action of inflammatory factors and oxidative
stress and enters the nucleus from the cytoplasm to further induce
NF-κB activation, which eventually leads to the production of a large
number of inflammatory factors.

FIGURE 7 | Mechanism display.
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In this study, the model group showed hyperplasia of the damaged
epidermis, hypertrophy of the spinous layer, infiltration of a large
number of mast cells, infiltration of inflammatory cells in the dermis,
and obvious eczema-like manifestations such as vasodilation. In the
positive drug group and groups treatedwith different doses ofGerman
chamomile volatile oil, hyperkeratosiswas inhibited and inflammatory
cell infiltration in the eczema model epidermis was reduced. Also, the
water content and lipid content and elasticity of the skin increased,
suggesting a similar effect of volatile oil of German chamomile
and positive drugs. In T lymphocytes, CD4+ cells assist
macrophages, B lymphocytes, and killer T cells, whereas
CD8+ cells have a direct killing effect on antigen-carrying
target cells. CD4+ and CD8+ regulate each other to maintain
immune balance. The immunohistochemistry results showed
that after treatment with volatile oil, the positive expression of
CD4+ in the skin lesions on the backs of mice increased, and
the positive expression of CD8+ decreased, confirming that it
can reduce inflammation and infection by improving the
body’s immune level. Serum levels of IL-6, TNF-α, and IL-
17 in the model group were higher than in the normal group.
Compared with the model group, positive drugs and German
chamomile volatile oil reduced the content of inflammatory
factors in the serum. Additionally, this study showed that the
protein expression of P-p38/p38 p-p65/p65 increased after
modeling, indicating that by activating the MAPK and NF-κB
pathways, it promotes the differentiation of CD4+ cells into
Th17 cells to produce an inflammatory response, where
treatment with the German chamomile volatile oil
decreased their expression, suggesting the inhibition of the
MAPK signaling pathway via the prevention of p38
phosphorylation (Shen et al., 2020). We conclude that
German chamomile may reduce inflammation by regulating
Th17 cell differentiation, increasing IL-17 and further
affecting the MAPK and NF-κB pathways.

To furthe determine the key active components in
German chamomile volatile oil affecting the Th17 cell
differentiation pathway, we selected the five key targets,
namely, JAK3, RORC, PRKCQ, ZAP70, and IL6, and their
corresponding active components and positive drugs as
ligands. Molecular docking was used to verify the
interaction between the main active components of
German chamomile volatile oil and potential targets.
Using the combination of ligand fraction, positive drug
fraction, and component weight, a new formula for
judging components was obtained. The results showed
that chrysanthemum, red myrrh alcohol A, red myrrh
alcohol B, and γ-elemene may be the key components of
German chamomile volatile oil in the treatment of eczema.
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Network Pharmacology to Explore the
Molecular Mechanisms of Prunella
vulgaris for Treating Hashimoto’s
Thyroiditis
Xiao-xiong Gan1†, Lin-kun Zhong2†, Fei Shen1†, Jian-hua Feng1, Ya-yi Li 1, Si-jing Li1,
Wen-song Cai1* and Bo Xu1*‡

1Department of Thyroid Surgery, Guangzhou First People’s Hospital, School of Medicine, South China University of Technology,
Guangzhou, China, 2Department of General Surgery, Zhongshan City People’s Hospital Affiliated to Sun Yat-sen University,
Zhongshan, China

Purpose: Prunella vulgaris (PV), a traditional Chinese medicine, has been used to treat
patients with thyroid disease for centuries in China. The purpose of the present study was
to investigate its bioactive ingredients and mechanisms against Hashimoto’s thyroiditis
(HT) using network pharmacology and molecular docking technology to provide some
basis for experimental research.

Methods: Ingredients of the PV formula were retrieved from the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) database. Additionally, HT-related genes were
retrieved from the UniProt and GeneCards databases. Cytoscape constructed networks
for visualization. A protein–protein interaction (PPI) network analysis was constructed, and
a PPI network was built using the Search Tool for the Retrieval of Interacting Genes
(STRING) database. These key targets of PV were enriched and analyzed by molecular
docking verification, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment.

Results: The compound–target network included 11 compounds and 66 target genes.
Key targets contained Jun proto-oncogene (JUN), hsp90aa1.1 (AKI), mitogen-activated
protein kinase 1 (MAPK1), and tumor protein p53 (TP53). The main pathways included the
AGE-RAGE signaling pathway, the TNF signaling pathway, the PI3K–Akt signaling
pathway, and the mitogen-activated protein kinase signaling pathway. The molecular
docking results revealed that the main compound identified in the Prunella vulgaris was
luteolin, followed by kaempferol, which had a strong affinity for HT.

Conclusion: Molecular docking studies indicated that luteolin and kaempferol were
bioactive compounds of PV and might play an essential role in treating HT by
regulating multiple signaling pathways.

Keywords: Prunella vulgaris, Hashimoto’s thyroiditis, network pharmacology, molecular docking, anti-inflammatory
response

Edited by:
Xiao Bin Zeng,

Jinan University, China

Reviewed by:
Claudio Ferrante,

University of Studies G d’Annunzio
Chieti and Pescara, Italy

Hao Li,
China Academy of Chinese Medical

Sciences, China

*Correspondence:
Bo Xu

eyboxu@scut.edu.cn
Wen-song Cai

caiwensong@163.com

†These authors share first authorship

‡ORCID:
Bo Xu

https://orcid.org/0000-0001-6384-
6685

Specialty section:
This article was submitted to
Inflammation Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 27 April 2021
Accepted: 25 August 2021

Published: 06 October 2021

Citation:
Gan X-x, Zhong L-k, Shen F, Feng J-h,
Li Y-y, Li S-j, Cai W-s and Xu B (2021)
Network Pharmacology to Explore the

Molecular Mechanisms of Prunella
vulgaris for Treating

Hashimoto’s Thyroiditis.
Front. Pharmacol. 12:700896.

doi: 10.3389/fphar.2021.700896

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7008961

ORIGINAL RESEARCH
published: 06 October 2021

doi: 10.3389/fphar.2021.700896

156

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.700896&domain=pdf&date_stamp=2021-10-06
https://www.frontiersin.org/articles/10.3389/fphar.2021.700896/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.700896/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.700896/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.700896/full
http://creativecommons.org/licenses/by/4.0/
mailto:eyboxu@scut.edu.cn
mailto:caiwensong@163.com
https://doi.org/10.3389/fphar.2021.700896
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.2021.700896


INTRODUCTION

Prunella vulgaris (PV) is a perennial herbaceous plant in the
genus Prunella1. It is a Chinese medicine widely used to treat
inflammation, eye pain, and headaches (Wang et al., 2019; Chen
et al., 2020). The anti-inflammatory effects of PV have been
recognized during the long-term practice of traditional Chinese
medicine (TCM) (hui ZRGwsbydwy, 2000). Currently, PV is
combined with Western medicines, such as levothyroxine,
indomethacin, or prednisone, in liquid or capsules and has
been used to treat Hashimoto’s thyroiditis patients. It has been
shown that PV significantly reduces the antibody titers of thyroid
peroxidase antibody (TPO-Ab) and thyroglobulin antibody (TG-
Ab) (Yang et al., 2007; Zhang, 2014). However, the potential
underlying mechanisms by which PV might exert its anti-
inflammatory effects are poorly understood.

Hashimoto’s thyroiditis (HT) is a genetic autoimmune
disorder characterized by the destruction of thyroid cells by
cell- and antibody-mediated immune responses (Hu et al.,
2019). In developed countries, HT is the most common cause
of hypothyroidism. The estimated incidence of HT is 3.5 per
1,000 per year in women and 0.8 per 1,000 per year in men (Ala
et al., 2015). Effective treatment options for HT are limited. The
main method and purpose of HT treatment is the control of
hypothyroidism and consists of oral administration of a synthetic
hormone, levothyroxine 4 (L-T4) (Wiersinga and Wilmar, 2001).

Additionally, the association between vitamin D deficiency,
HT pathogenesis, and thyroid hypofunction has been
demonstrated in several studies (Liontiris and Mazokopakis,
2017; Roehlen et al., 2018; Chao et al., 2020). Therefore, due
to the low cost and minimal side effects of vitamin D, monitoring
and supplementation in patients with HT may be recommended
(Liontiris and Mazokopakis, 2017). Surgical therapy can be
recommended for patients with HT concurrent with nodules
or malignancies (Caturegli et al., 2013). However, HT patients
commonly have a higher prevalence rate of postoperative
complications than thyroid disorders (Gan et al., 2021).

Network pharmacology, combined with pharmacology and
pharmacodynamics, is a novel research field that clarifies
numerous compounds’ synergistic effects and underlying
mechanisms by analyzing various networks of complex and
multilevel interactions (Cao et al., 2018). The study explored
the potential pharmacodynamic material basis and molecular
mechanism of PV against HT using network pharmacology and
molecular docking technology and predicted their potential
targets and signaling pathways.

MATERIALS AND METHODS

Bioactive Compound Identification
Screening
The active constituents of PV were obtained from the Traditional
Chinese Medicine Systems Pharmacology Database, the Analysis
Platform (TCMSP, http://tcmspw.com/) database, and
subsequent network pharmacology (Tan et al., 2017). The
TCMIP database of Chinese herbal medicines is based on the

Chinese Pharmacopoeia (2015 edition), which contains 500 kinds
of Chinese herbal medicines and 30,069 ingredients (Ru et al.,
2014). The names and aliases of herbs and ingredients were used
as keywords. Then, two parameters of ADME (the absorption,
distribution, metabolism, and excretion screening method) drug-
likeness (DL) and oral bioavailability (OB) were used to predict the
bioactive compounds. In drug discovery and development processes,
absorption, distribution, metabolism, and excretion (ADME)
evaluations are necessary to predict biologically active compounds
(Su et al., 2007). In this study, OB > � 30% and DL quality > � 0.18
were selected as criteria for screening the active compounds
identified within the TCMSP database (Ning et al., 2017).

Identification of the Direct Protein Targets
The potential targets for the components of PV were retrieved
from both TCMSP databases (http://lsp.nwsuaf.edu.cn/tcmsp.
php), including 6,511 drug molecules and nearly 4,000 targets
as well as the interaction between them (Ru et al., 2014). The
UniProt Knowledgebase (UniProtKB) is a protein database
partially curated by experts and contains 54, 247, 468
sequence entries (Zhang et al., 2020). Gene information,
including the gene name and the gene ID, was confirmed by
the UniProt database (https://www.uniprot.org).

Predicting the Targets of HT
The GeneCards database (https://www.genecards.org/) and
selection according to the criterion of RiskScore >1, the
Therapeutic Target Database (TTD, https://db.idrblab.org/ttd/),
OMIM (https://omim.org/), PharmGkb (https://www.pharmgkb.
org/), and DrugBank (https://www.drugbank.ca/) were used to
collect information on HT related to target genes. The association
of PVwith HT was then gathered as the core targets of PV for HT.

Construction of the Component–Target
Gene Network
In this research, the network of component–target interactions
was established, and the interaction between active compounds
and their core target proteins was ascertained by Cytoscape 3.7.2
(http://www.cytoscape.org/) (Wang et al., 2011). Moreover, it was
visualized by Cytoscape software, an open-source platform for
visualizing complex networks (Shannonand et al., 2003). In the
network, nodes represent the herbal medicines, active
phytochemical compounds, targets, or signaling pathways, while
edges represent the interactions between the nodes (Barabási and
Oltvai, 2004). The top two compounds were chosen as the ligand
formolecular docking. The degree of a node represents the number
of connections (edges) that this node has with the rest of the
network (Tang et al., 2020). The larger the quantitative value, the
more important the node in the network, and the more likely the
component is the PV of the key ingredient.

Construction of the Protein–Protein
Interaction (PPI) Network
The candidate targets of PV for HT treatment were imported into
the STRING database (https://string-db.org/) (Consortium UP,
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2010) to construct a PPI network. The network analysis plug-in in
Cytoscape software was used to analyze network topological
features to screen the hub nodes in the PPI network (Saito
et al., 2012). Degree centrality denotes several direct
connections of a node to all other nodes in the network. The
value of degree was used as a reference for the importance of the
core target by the CytoNCA, a plug-in of Cytoscape for network
centrality analysis.

GO Functional Enrichment and KEGG
Pathway Analysis
Gene Ontology (GO) functional annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment were performed in R using the ClusterProfiler
package, and p. adjust (FDR) < 0.05 was considered
statistically significant (Yu et al., 2012).

Target Screening by Molecular Docking
The three-dimensional (3D) molecular structures of hsp90aa1.1
(AKI) (PDB ID: P31749) (Wu et al., 2010) and mitogen-activated
protein kinase 1 (MAPK1) (PDB ID: P28482) (Ward et al., 2017)
were downloaded from the RCSB Protein Data Bank (http://
www.rcsb.org/pdb). The protein structure was processed by
AutoDock Tools (Morris et al., 2009) to remove water
molecules and connect hydrogen atoms, and then Gasteiger
charges were added to the ligands and the protein templates
and saved as a PDBQT file. Two-dimensional (2D) structures of
luteolin and kaempferol were downloaded from PubChem
(available online: https://pubchem.ncbi.nlm.nih.gov/) as. sdf.
Luteolin and kaempferol were vital active compounds, and
AKI and MAPK1 were considered the major targets. Molecular

docking of the ligands luteolin and kaempferol to the AKI and
MAPK1 protein active sites was carried out using AutoDock Vina
1.1.2. Each docking calculation generated 20 structures, and the
molecular docking output was prioritized based on the frequency
of the possible ligand-binding site and a free energy score. Finally,
the best possible conformations and visualized using Discovery
Studio Visualizer 2.5 and PyMOL software (PyMol Molecular
Graphics System, Version 1).

RESULTS

Active Compounds of PV
Of these, 923 were targets of the herbs comprising PV, and the
Venn diagram of PV targets is shown in Figure 1. A Venn plot
showing the intersections of herbs and HT-related genes is shown
in Figure 2. The main active components of PV containing 11
compounds are shown inTable 1, and the structures are shown in
Table 2. Key targets containing Jun proto-oncogene (JUN), AKI,
MAPK1, and tumor protein p53 (TP53) are shown in Table 3 and
Figure 3C. Moreover, the scores of four centralities were
calculated by CytoNCA, and details are provided in Table 4.

FIGURE 1 | The Venn diagram of PV targets.

FIGURE 2 | Venn plot showing the intersections of herbs and HT-
related genes.

TABLE 1 | Basic information of some active components of Prunella vulgaris.

Mol ID Chemical component OB (%) DL

MOL000006 Luteolin 36.16 0.25
MOL000098 Quercetin 46.43 0.28
MOL000358 Beta-sitosterol 36.91 0.75
MOL000422 Kaempferol 41.88 0.24
MOL000449 Stigmasterol 43.83 0.76
MOL000737 Morin 46.23 0.27
MOL004355 Spinasterol 42.98 0.76
MOL004798 Delphinidin 40.63 0.28
MOL006767 Vulgaxanthin-I 56.14 0.26
MOL006772 Poriferasterol monoglucoside_qt 43.83 0.76
MOL006774 Stigmast-7-enol 37.42 0.75
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The Construction of
Herb–Compound–Target Network
The herb–compound–target network contained 77 nodes (11
compounds and 66 genes), as shown in Figure 3. The node
size represents the importance of a node, and the bigger size
indicates more importance. According to the degree of the
compound, we finally chose the eleven more important
compounds, including MOL000006 (luteolin), MOL000098
(quercetin), MOL000358 (beta-sitosterol), MOL000422
(kaempferol), MOL000449 (stigmasterol), MOL000737
(morin), MOL004355 (spinasterol), MOL004798 (delphinidin),
MOL006767 (vulgaxanthin-I), MOL006772 (poriferasterol
monoglucoside_qt), and MOL006774 (stigmast-7-enol), and
the details are shown in Table 1 and Table 2.

Prediction Results of Disease Targets and
the Construction of the PPI Network
A total of 66 disease-related targets, 11 PV-related targets, and 17
intersection targets were identified (Figures 3A,4). Our study
showed that targets had strong relationships in the PPI network.
There were 17 nodes in the PeLBD protein interaction network,
which were the core targets of PV in the treatment of HT
(Table 4). JUN, AKI, MAPK1, and TP53 (Aziz et al., 2018)
were considered hub genes (Figure 3B).

GO and KEGG Enrichment Analyses
To better understand the function of intersecting genes, we
conducted an enrichment analysis of Gene Ontology (GO).
The top 10 biological processes mainly an inflammatory
response, a cell-to-cell reaction, and a metabolic process are
ranked in Figures 5A, C. In the enrichment analysis of GO

TABLE 2 | Information for candidate targets from compounds of Prunella vulgaris.

Molecule name Structure

Luteolin

Quercetin

Beta-sitosterol

Kaempferol

Stigmasterol

Morin

Spinasterol

Delphinidin

Vulgaxanthin-I

Poriferasterol monoglucoside_qt

Stigmast-7-enol

TABLE 3 | Information for targets gene from compounds of Prunella vulgaris.

Gene name Code Structure

JUN P05412

AKI P31749

MAPK1 P28482

TP53 P04637
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pathways, cellular components mainly contained membrane
rafts, membrane microdomains, and membrane regions.
Meanwhile, the GO terms enriched for a molecular function
were mainly cytokine receptor binding, cytokine activity, and
receptor-ligand activity. Furthermore, the KEGG pathway
enrichment analysis was also conducted. A total of 30 top-
ranking pathways (Figures 5B, D) were identified (p < 0.05).
The relative enrichment analysis showed the following pathways:
the AGE-RAGE signaling pathway in diabetic complications, the
TNF signaling pathway, the PI3K–Akt signaling pathway,
pathways in cancer, the MAPK signaling pathway, and the
cancer-associated pathways, as shown in Figures 5B and
Figure 6.

Results of Molecular Docking
The molecular docking assay showed that the AKI and MAPK1
proteins have a stronger affinity for HT disease molecules.

Luteolin (MOL000006) was considered as the uppermost
active ingredient of PV against HT. Meanwhile, there was also
a strong association between kaempferol (MOL000422) and AKI
with MAPK1. The AKI and MAPK1 protein active pockets
showed that the small molecules luteolin and kaempferol have
a compact binding pattern (Figure 7).

DISCUSSION

The precise pathogenesis of HT remains unclear. HT is the most
prevalent autoimmune thyroid disorder; currently, there is no
effective means of preventing and treating HT. Hashimoto’s
thyroiditis (HT) is usually manageable by levothyroxine (L-T4)
administration, reducing the thyroid volume and supplementing
the lack of hormones. Despite thyroid hormone replacement,
some euthyroid patients with HT will continue to experience

FIGURE 3 | The herb–compound–target network.
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persistent symptoms that reduce their quality of life. PV has been
empirically used to treat thyroid disorders, including HT in
TCMSP, which has been applied for thousands of years. Some
of its basic mechanism remains unknown. Recent studies have
shown that PV plays an essential role in reducing the titers of

TPO-Ab, TG-Ab, and Th17 cells in autoimmune and
inflammatory disorders, including HT (Wang et al., 2019; hui
ZRGwsbydwy, 2000; Yang et al., 2007; Zhang, 2014; Hu et al.,
2019; Ala et al., 2015; Wiersinga and Wilmar, 2001). In addition,
several recent studies have demonstrated that the anti-
inflammatory effect of PV is related to NF-κB in stimulated
macrophages (Wu et al., 2010; Yu et al., 2012). This study
demonstrates that PV has a potential therapeutic effect on HT
and could explore novel anti-inflammatory therapies for its
treatment.

Studies have suggested that the innate immune response in
thyrocytes facilitates autosensitization, which may eventually lead
to thyroid autoimmunity (Akira et al., 2011; Kawashima et al.,
2013). In the study, eleven main active components were screened
of PV: luteolin, quercetin, beta-sitosterol, kaempferol, stigmasterol,
morin, spinasterol, delphinidin, vulgaxanthin-I, poriferasterol
monoglucoside_qt, and stigmast-7-enol. Molecular docking
showed that the active ingredients, including luteolin and
kaempferol, had a good affinity for the hub disease proteins in
clinical therapeutics (Xia et al., 2016; Habza-Kowalska et al., 2019).
The results demonstrated that luteolin has a strong affinity for
disease proteins of HT, and quercetin had a strong affinity for
serum thyroid peroxidase (TPO). These results indicated that
luteolin and kaempferol might play some important roles in the

TABLE 4 | The topological parameters of hub targets.

Target Degree Betweenness Closeness

JUN 11 51.61 0.76
TP53 10 28.12 0.73
AKT1 9 24.83 0.70
MAPK1 8 13.84 0.67
EGFR 7 9.07 0.59
VEGFA 7 19.16 0.64
FOS 6 6.04 0.62
CCL2 6 6.44 0.57
CXCL8 5 2.54 0.55
BCL2L1 5 1.25 0.53
CASP8 5 9.35 0.57
IL-1B 5 9.15 0.55
CCND1 5 1.57 0.59
EDN1 5 3.45 0.59
EGF 4 0.83 0.52
IL-4 4 0.00 0.50
CASP3 4 0.75 0.52

FIGURE 4 | The PPI networks of relative targets.
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treatment of HT. Flavonoids are a large group of plant-derived
compounds, and it is well established that certain flavonoids exhibit
anti-inflammatory properties (Lee et al., 2017). Luteolin is one of

the most common flavones with antioxidant, anticancer, anti-
inflammatory, and antiapoptotic properties in TCMSP (De
Stefano et al., 2021). A previous study also suggests that

FIGURE 5 | GO and KEGG functional annotation pathway enrichments. The barplot (A, B) and the bubble (C, D). The KEGG signaling pathways.

FIGURE 6 | The KEGG signaling pathways.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7008967

Gan et al. Network Pharmacology for Hashimoto’s Thyroiditis

162

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


kaempferol is a potential bioaccessible TPO activator based on
effective LOX inhibitors, further indicating potentially health-
promoting effects for HT (Habza-Kowalska et al., 2019). Some
studies have also shown that luteolin’s mechanisms showed potent
anti-inflammatory activity, including the activation of NF-κB,
which leads to the expression of IL-6 and COX-2 (Xagorari
et al., 2001; Ching-Chow et al., 2004). Additionally, kaempferol,
a polyphenol, is a bioactive substance with antioxidative,
antimutagenic, antibacterial, and antiviral activities.

The KEGG enrichment analysis revealed that the chief pathways
were concentrated in the AGE-RAGE signaling pathway in the
pathogenesis of diabetes and its complications, the TNF signaling
pathway, the PI3K–Akt signaling pathway, pathways in cancer, the
mitogen-activated protein kinase (MAPK) signaling pathway, and
some related to thyroid cancer. The present study identified JUN,
AKI, MAPK1, and TP53 hub genes using the PPI network analysis.
These results indicated that PV affected HT through the following
pathways. Furthermore, a GO functional analysis also demonstrated
many biological processes, including the inflammatory response, the
cell-to-cell reaction, and the metabolic process in the present study.
The TNF signaling pathway plays an essential functional role in
regulating the inflammatory response (Noack and Miossec,
2017). Luteolin acts as an anti-inflammatory agent
by regulating the TNF signaling pathway (Zhang et al., 2018;
Zhang et al., 2019). A previous study demonstrated that the
MAPK signaling pathway was revealed to be correlated with the
progression of HT (Luo et al., 2018). Several studies have exhibited
significant anti-inflammatory activity effects by inhibiting the
MAPK signaling pathways (Chen et al., 2016; Wei et al., 2016).

Luteolin is a common flavonoid that exhibits intense anti-
inflammatory activity through the MAPK signaling pathway
(Aziz et al., 2018). The key target gene of MAPK1 was involved
in the MAPK signaling pathway.

Meanwhile, theMAPK signaling pathway plays an important role in
developing thyroid carcinoma, including cell proliferation and cell
survival. The PI3K/AKT signaling pathway plays a key role in
regulating the activation of inflammatory response cells and releasing
inflammatory transmitters to the chronic inflammatory response in HT
(Li et al., 2018). By regulating the PI3K–AKT signaling pathway, luteolin
might be the critical pathway against inflammation, thus realizing the
treatment of HT (Huang et al., 2020). Kaempferol-activated PI3K/AKT
signaling exerts anti-inflammatory effects (Imran et al., 2019;
Harikrishnan et al., 2020; Jantan et al., 2021).

The present study included some limitations. First, some
further verified experiments need to be conducted. Second,
their specific molecular docking methods and locations need
to be verified by further experiments. A comprehensive
understanding of the key gene target of PV and HT is key
towards therapeutic discovery and development.

CONCLUSION

In summary, the network pharmacology andmolecular docking show
that luteolin and kaempferol were the main active components of PV,
which indicated that they might play an essential role in treating HT.
PV may act against HT mainly through the TNF signaling pathway,
the MAPK signaling pathway, and the PI3K–Akt signaling pathway.

FIGURE 7 | AKI protein: luteolin (A,B) and MAPK1 protein: kaempferol (C,D).
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Cyclophosphamide-Induced
Immunosuppression in Mice With
Traditional Chinese Medicine Xuanfei
Baidu Decoction
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Background and aims: Xuanfei Baidu decoction (XFBD), a traditional Chinese medicine
formulation, was designed and successfully applied for COVID-19 disease treatment in
China, while the mechanism is still not clear.

Methods: To evaluate the protective effect of XFBD on immunosuppression in
cyclophosphamide (CY)-treated mice, XFBD was orally administrated, the body weight
was measured, and the immune organ index was calculated. HE staining was performed
to analyze the pathological structures of the liver, spleen, and thymus. The levels of
cytokines and immunoglobulin in the serum and spleen were evaluated by ELISA and RT-
PCR. Splenic lymphocytes were isolated, and LPS-stimulated cell proliferation and the
number of CD4+ and CD8+ T lymphocytes were evaluated.

Results: XFBD significantly suppressed body weight loss and increased the indices of spleen
and thymus. The pathological alteration was much improved after XFBD administration. The
reductions of TNF-α, IFN-γ, IgG, and IgM levels in serumand IL-2, IL-4, and IL-6 expressions in
the spleen were all significantly alleviated by XFBD. Splenic lymphocyte proliferation in
response to LPS was further enhanced after treatment with XFBD. The reduction of CD4+

and CD8+ T lymphocytes in CY-treated mice was also highly increased in XFBD groups.

Conclusion: Our findings suggested that XFBD played a crucial role in protection against
immunosuppression in CY-treated mice and could be a potential candidate for immune
modification and therapy.
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INTRODUCTION

Cyclophosphamide (CY) is an alkylating agent that inhibits
both the humoral and cellular immune responses (Emadi et al.,
2009). It is widely used as a chemotherapeutic drug in the
treatment of various types of diseases including cancer,
autoimmune diseases, and organ transplants (Bensinger et al.,
2001; Mamounas et al., 2005; Passweg and Tyndall, 2007). More
importantly, the immunosuppressive state is one of the typical
symptoms for a series of diseases such as coronavirus disease
2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). It has been observed that the
number of total T cells, CD4+, and CD8+ T cells was
dramatically reduced in COVID-19 patients, especially in
patients requiring intensive care (Diao et al., 2020).
Therefore, many attempts are being made to obtain immune
enhancement.

Xuanfei Baidu decoction (XFBD) was designed by
Academician Boli Zhang and Professor Qingquan Liu for
COVID-19 treatment as one of the clinical prescriptions,
based on the recording of the famous traditional Chinese
medicine book titled Treatise on Febrile and Miscellaneous
Diseases (Pan et al., 2020). As the instruction described,

XFBD prescripts 13 herbs, including Ephedrae Herba,
Armeniacae Semen, Gypsum Fibrosum, Coicis Semen,
Atractylodis Rhizoma, Pogostemonis Herba, Artemisiae
Annuae Herba, Polygoni cuspidati Rhizoma, Verbenae Herba,
Phragmitis Rhizoma, Lepidii/Descurainiae Semen, Citri grandis
Exocarpium Rubrum, and Glycyrrhizae Radix (Wang et al.,
2020). A previous study has analyzed the chemical
composition of XFBD by HPLC-MS and HPLC-DAD-ESI-
MS/MS (data unpublished). It has also been reported that
XFBD in combination with conventional medicine
significantly improved COVID-19 patient’s clinical
symptoms, increased the number of white blood cells and
lymphocytes, and reduced C-reactive protein and erythrocyte
sedimentation rate, indicating a potential immune regulatory
effect of XFBD in certain diseases (Xiong et al., 2020). Recently,
our experimental data showed that XFBD ameliorated LPS-
induced lung fibrosis via alleviating inflammatory reaction and
attenuated staphylococcal protein A-induced inflammation in
mice (data unpublished). However, the immunomodulatory
effect of XFBD on immunosuppressed mice remains
unknown. Here, we elucidated the protective effect of XFBD
on immunosuppression in CY-treated mice, which may help
provide evidence of XFBD for its clinical application.

GRAPHICAL ABSTRACT |

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7305672

Yan et al. Xuanfei Baidu Decoction Improves Immunosuppression

167

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


MATERIALS AND METHODS

Reagents
Lipopolysaccharide (LPS) was provided by Biological Industries
(Shanghai, China). Injectable cyclophosphamide was obtained
from Shanxi Pude Medicine Co., Ltd (Shanxi, China). Anti-
CD4+ (FITC) and anti-CD8+ (APC) antibodies were provided
by Bio Legend, Inc. (San Diego, CA, United States). The IgG and
IgM kits were purchased from CLOUD-CLONE Co., Ltd
(Wuhan, China). ELISA kits for cytokine measurement were
purchased from Boaotuoda Biotechnology Co., Ltd (Beijing,
China). The total RNA extraction kit was provided by YEASEN
Co., Ltd (Shanghai, China). cDNA synthesis and qPCR kits were
provided by Transgen (Beijing, China). Levamisole
hydrochloride (LH) was produced from Renhe Church
Pharmaceutical Co., Ltd (Shandong, China). The cell
counting kit (CCK-8) was purchased from Invigentech, Inc.
(Irvine, CA, United States).

Extract of XFBD
XFBD was provided by the TianJin Modern TCM Innovation
Center (TRT 200302) in the form of a freeze-dried powder. To
prepare the XFBD extract, the freeze-dried powder of XFBD
(0.4000 g) was extracted with ultrapure water (1:25, g/mL) in
an ultrasonic water bath for 30 min. The solution was diluted
with 50% methanol at the ratio of 1:1 and vortex-mixed for
5 min. Then the solution was centrifuged at 14,000 rpm for
10 min before filtered with a 0.22 μm filter membrane. An
aliquot (2 μL) of the supernatant solution was injected into
UHPLC-PDA for analysis. A Waters Acquity UHPLC System
(Waters Co., Milford, MA) equipped with a photodiode array
detector (PDA) was used to separate the multiple components
in XFBD. All separations were performed using a ZORBAX
RRHD Eclipse XDB-C18 column (2.1 × 100 mm, 1.8 μm,
Agilent Technologies). The flow rate was 0.3 ml/min. The
column temperature was 40°C. The mobile phase comprised
(A) aqueous formic acid (0.1%, v/v) and (B) acetonitrile using
a gradient elution of 5–10% B at 0–8 min, 10–15% B at
8–13 min, 15–17% B at 13–18 min, 17–45% B at 18–30 min,
and 45–95% B at 30–35 min and the re-equilibration time of
gradient elution was 5 min. The detection wavelength was set
at 210 and 254 nm. The components in XFBD was
investigated by UPLC and the contents including 1.19 mg/g
for ephedrine, 4.97 mg/g for amygdalin, 3.63 mg/g for
sinapine, 5.04 mg/g for hastatoside, 4.49 mg/g for
verbenalin, 8.45 mg/g for polydatin, 3.40 mg/g for
liquiritin, 3.46 mg/g for acteoside, 54.91 mg/g for naringin,
and 4.80 mg/g for glycyrrhizic acid in the freeze-dried powder
of XFBD (data not shown).

Animals
Male BALB/c mice of 6–8 weeks old were purchased from the
Charles River Laboratories (Beijing, China. License number: SCXK
2016-0006). Themice were housed under a 12 h light/dark cycle and
were provided food and water. All experimental procedures were
approved by the Animal Care and Use Committee of Tianjin

University of Traditional Chinese Medicine (Animal Ethics
Committee approval number: TCM-LAEC2020090).

Cyclophosphamide-Induced
Immunosuppression Model
Mice were randomly assigned to four groups (n � 6): the normal
group (Normal), the immunosuppression model group (Model),
the XFBD group (XFBD), and levamisole hydrochloride group
(LH) as positive control. From day 1 to 3, mice in the normal
control group were treated once daily with sterile saline, mice
from the other three groups were intraperitoneally administered
with cyclophosphamide at 80 mg/kg. From day 4 to 10, mice were
given with the following treatment by gavage: the XFBD group
with XFBD at 3.9 g/kg based on the conversion from an
equivalent dose for patients in clinic (Xiong et al., 2020); the
LH group with LH at 20 mg/kg; and the other two groups with
water. Body weights were recorded every other day.

Calculation of Immune Organ Index
Mice were sacrificed 24 h after last intragastric administration, and
then the thymus and the spleen of each mouse were aseptically
removed and weighed. The spleen and thymus indexes were
calculated by the following formula: Spleen index or Thymus
index (%) � (spleen or thymus weight/body weight) × 100%.

Hematoxylin and Eosin Staining
After isolated from mice, the spleen, liver, and thymus tissues
were fixed with 4% paraformaldehyde, embedded in paraffin and
cut into 4 µm sections. Then, these sections were deparaffinized
and stained with hematoxylin and eosin. Finally, the slices were
then observed under a light microscope.

Determination of Immunoglobulin and
Cytokines in Serum by ELISA
The whole blood was obtained frommice killed by extracting eyeball
under sterile conditions on the day of sacrifice. Blood samples were
centrifuged at 2,500 rpm for 20min at 4°C to obtain serum. The levels
of immunoglobulin (IgG and IgM) and cytokine IFN-γ andTNF-α in
the serum were measured according to the ELISA kit instructions.

Lymphocyte Proliferation
The extirpated spleens obtained from the mice were washed with
cold PBS and passed through a 200-mesh filter to obtain a
homogeneous splenocyte suspension. The erythrocytes were
lysed and the remaining cells were centrifuged at 1,000 rpm
for 8 min. After centrifugation, cells were resuspended in

TABLE 1 | Primer sequences used for RT-PCR.

Gene Forward primer (59-39) Reverse primer (59-39)

IL-2 AGGAACCTGAAACTCCCCAG AAATCCAGAACATGCCGCAG
IL-4 TCTCGAATGTACCAGGAGCC ACCTTGGAAGCCCTACAGAC
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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RPMI-1640 medium with 20% FBS. Cells were placed into 96-
well plates in triplicate at a density of 5×106 cells/ml, and LPS
(2 μg/ml) was added and followed by incubation for 48 h at 37°C

in a humidified atmosphere containing 5% CO2. Then CCK-8
was added to each well, and after additional incubation for 2 h the
absorbance at 450 nm was detected by a microplate reader.

FIGURE 1 | Effect of XFBD on body weights and immune organ indices. (A)Body weights during treatment; (B) body weights after treatment; (C) spleen index, and
(D) thymus index. Normal, administered with saline; Model: intraperitoneally administered with cyclophosphamide; XFBD: intraperitoneally administered with
cyclophosphamide first and followed by XFBD at 3.9 g/kg/day; and LH: intraperitoneally administered with cyclophosphamide first and followed by LH at 20 mg/kg. Data
are expressed as mean ± SD (n � 6).*p < 0.05 and **p < 0.01 vs. Normal group, #p < 0.05 and ##p < 0.01 vs. Model group.

FIGURE 2 | Effects of XFBD on the morphological changes in the liver, the spleen, and the thymus in CY-treated mice. stained by H&E, 10× Normal, administered
with saline; Model: intraperitoneally administered with cyclophosphamide; XFBD: intraperitoneally administered with cyclophosphamide first and followed by XFBD at
3.9 g/kg/day; and LH: intraperitoneally administered with cyclophosphamide first and followed by LH at 20 mg/kg.
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Determination of CD4+ and CD8+ T
Lymphocytes in the Spleen
Spleen lymphocytes were first prepared as described above and
were resuspended in PBS and adjusted to 1 × 107/ml. Cell
suspensions per 100 µL were incubated with anti-CD4+ (FITC)
0.5 µL and anti-CD8+ (APC) 1.25 µL for 30 min at 4°C under
dark. The spleen lymphocytes were washed for two times with
PBS. Then the ratio of CD4+ and CD8+ T lymphocyte
subpopulations was analyzed by flow cytometry (BD FACS
Calibur, United States).

RNA Extraction and qRT-PCR Analysis
Total RNA of spleens was isolated by TRIzol (CWBIO, China).
The RNA purity was detected by spectrophotometry. Then, RNA
was reversely transcribed into cDNA according to a reverse

transcription kit (Transgen Biotech, China). Then 20 µL PCR
mixture containing 1 µL cDNA, 8 µL RNase-free water, 0.5 µL
forward, 0.5 µL reverse primers, and 10 µL 2x qPCR Master Mix
were prepared and a PCR reaction was then conducted on a real-
time PCR system (BIO-RAD, California, United States). Each
sample was tested three times. The relative gene expression
profiles were determined by normalizing the expression to that
of the reference gene (GAPDH) using the 2−ΔΔCt method. The
primer sequences are shown in Table1.

Statistical Analysis
Data were shown as mean ± SD. The statistical significance of the
differences between various groups was determined by an
ANOVA analysis for multiple comparisons by Prism version
8.0. Differences between groups at p < 0.05 were considered
statistically significant.

FIGURE 3 | Effect of XFBD on immunoglobulin levels and cytokines in the CY-treated mice. TNF-α (A), IFN-γ (B) IgG (C), and IgM (D) levels in serum were
determined by ELISA and IL-2 (E), IL-4 (F), and IL-6 (G) expressions in the spleen were determined by RT-PCR. Normal, administered with saline; Model:
intraperitoneally administered with cyclophosphamide; XFBD: intraperitoneally administered with cyclophosphamide first and followed by XFBD at 3.9 g/kg/day; and LH:
intraperitoneally administered with cyclophosphamide first and followed by LH at 20 mg/kg. Data are expressed as mean ± SD [(A–D), n � 5] [(E–F), n � 3]. *p <
0.05 and **p < 0.01 vs. Normal group, #p < 0.05 and ##p < 0.01 vs. Model group.
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RESULTS

XFBD Suppressed the Reduction of Body
Weight and Immune Organ Index in
CY-Induced Immunosuppression Mice
To investigate the immune modulation of XFBD, CY-induced
immunosuppression model was established in mice and there
was a remarkable decrease of body weight in the Model group
after injection of CY during the therapeutic 11 days.
Administration with XFBD significantly rescued the weight
lost (Figure 1A), which was most obviously observed on day
11 (Figure 1B). In addition, treatment with LH resulted in a
similar effect as that of XFBD in body weight. Furthermore, both
of the decreased spleen index and the thymus index were
observed in the Model group when compared with those in
the Normal group (Figures 1C,D) as we expected. However,
after administration with XFBD, the spleen and the thymus
indices were highly enhanced when compared with those in the
Model group and both of which were even better than those in
the LH group.

XFBD Improved the Pathological Alterations
of the Liver, Spleen, and Thymus in
CY-Induced Immunosuppression Mice
A pathological analysis by HE staining showed that the
arrangement of liver sinusoid and hepatocyte cords in the
Normal group were destroyed and massive inflammatory
cells were infiltrated in CY-induced immunosuppression
mice (Figure 2, liver). In the spleen, white pulp atrophy,
hemorrhage, and necrosis were easily observed in the Model
group, and red pulp and white red pulp were intermixed as well
when compared with those in the Normal group (Figure 2,
spleen). In the thymus, the clear tissue structures including
cortex, medulla, and thymic corpuscle were observed in the
Normal group, which were much destroyed in the Model group
(Figure 2, thymus). However, XFBD administration
significantly inhibited the pathological alterations in the
mouse liver, spleen, and thymus induced by CY. Besides, as
the positive control, the pathological alteration of the LH group
was also much rescued, similar to those in the XFBD group
(Figure 2).

FIGURE 4 | Effects of XFBD on LPS-induced splenic lymphocyte proliferation and T lymphocyte subsets in CY-treated mice. (A) LPS-induced splenic lymphocyte
proliferation; (B) representative flow cytometry analysis result of CD4+ subset; (C) representative flow cytometry analysis result of CD8+ subset; and (D) representative
images of Splenic T lymphocyte subsets detected by flow cytometry. Normal, administered with saline; Model: intraperitoneally administered with cyclophosphamide;
XFBD: intraperitoneally administered with cyclophosphamide first and followed by XFBD at 3.9 g/kg/day; and LH: intraperitoneally administered with
cyclophosphamide first and followed by LH at 20 mg/kg. Data are expressed as mean ± SD (n � 3).*p < 0.05 and **p < 0.01 vs. Normal group, #p < 0.05 and ##p < 0.01
vs. Model group.
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XFBD Enhanced the Serum Levels of
Cytokines and Immunoglobulin in
CY-Induced Immunosuppression Mice
CY injection caused significant reduction of cytokine TNF-α and
IFN-γ levels in serum, which were further rescued by XFBD
(Figures 3A,B). Similarly, we found that the concentrations of
IgG and IgM in serum were noticeably decreased in the Model
group when compared with that in the Normal control group but
highly increased in the XFBD group (Figures 3C,D). The effects
of XFBD on promotion of cytokines and immunoglobulin were
even better than those of LH.

XFBD Alleviated the Reduction of Cytokine
Expression in Spleen Isolated From
CY-Induced Immunosuppression Mice
The relative gene expressions of IL-2, IL-4, and IL-6 in the mouse
spleen were determined by RT-PCR. Data showed that CY
significantly decreased the expressions of IL-2, IL-4, and IL-6,
which were rescued after XFBD or LH treatment (Figures 3E–G).

XFBD Promoted Proliferation of Splenic
Lymphocytes Isolated From CY-Induced
Immunosuppression Mice in Response
to LPS
Splenic lymphocytes were isolated from different groups of mice
and LPS-stimulated cell proliferation was measured. As shown in
Figure 4A, LPS-induced splenic lymphocytes proliferation was
significantly reduced in the Model group, when compared with
that in the Normal group; however, it was further enhanced after
treatment with XFBD.

XFBD Induced Splenic Lymphocytes of
CD4+ and CD8+ T Cells in CY-Induced
Immunosuppression Mice
The number of CD4+ and CD8+ T lymphocytes in the spleen was
evaluated by flow cytometry. The percentages of CD4+ and CD8+

T lymphocytes in the Model group were significantly lower than
those in the Normal group. However, the reduction of CD4+ and
CD8+ T lymphocytes were then increased in XFBD groups,
indicating an effect of XFBD on immune promotion, which
was consistently observed in the LH group (Figures 4B–D).

DISCUSSION

Coronavirus disease 2019 (COVID-19) broke out in 2019 and
spread rapidly around the world, causing a global pandemic (Li
et al., 2020). Up to now, the National Health Commission of
China has published eight versions of diagnosis and treatment
guidelines (National Health Commission National
Administration of Traditional Chinese Medicine, 2020) for
COVID-19 therapy. Traditional Chinese medicine (TCM) has
a history of more than 2,000 years in prevention and treatment of

epidemics and plagues (Ren et al., 2020). By the systemic
diagnosis from TCM experts, it has been generally believed
that COVID-19 is a pestilence in view of its epidemic and
infectious nature, characterized with the external evils such as
toxin evil, wet evil, and cold evil (Zheng et al., 2021), and
therefore, COVID-19 is classified as “wet toxin pestilence.”

According to the previous reports, lymphopenia is a key
feature of patients with COVID-19, especially in severe cases.
Patients with severe COVID-19 are more likely to exhibit
lymphopenia on admission, resulted in a broad immune cell
reduction including CD4+ and CD8+ T cells, NK cells, and
monocytes and dendritic cells. (Yang et al., 2020; Xu et al.,
2020; Zhou et al., 2020). As far as we known, during SARS-
CoV-2 infections, the virus appears to first immunosuppress the
host and then taking advantage of the body’s natural system
(Jacques and Apedaile, 2020). It is well known that CY is a
common chemotherapeutic drug and administration of CY leads
to immunosuppression (Ahlmann and Hempel, 2016; Wang
et al., 2011) such as killing immune cells, interfering with the
proliferation and differentiation of B and T cells, and restraining
the humoral and cellular immune response (Sistigu et al., 2011;
Zhu et al., 1987; Shirani et al., 2015). Consistently, in our study,
we found that CY caused weight loss of the immune organs
(Figure 1), the reduction levels of cytokines in serum and the
spleen (Figures 3A,B,E–G), and the imbalance of IgG and IgM
production in the peripheral blood of mice (Figures 3C,D),
which eventually inhibited the immune function (Noh et al.,
2019). It is worthy to notice that COVID-19 links between
immunosuppression and hyperinflammation (Jacques and
Apedaile, 2020). The first stage is immunosuppression
characterized by lymphopenia combined with T-cell
exhaustion and an inadequate adaptive immune response,
aimed to evade the immune system allowing for unchecked
viremia. It has been found that the presence of SARS-CoV-2
virus induced T-cell lymphopenia and T-cell exhaustion (Diao
et al., 2020). The second stage in severe SARS-CoV-2 infection is
hyperinflammation characterized by a cytokine storm with
neutrophil, monocyte/macrophage infiltration, and activation.
The infected patients show increased level of cytokines,
chemokines, increased numbers of neutrophils, and
monocytes. In our study, we used CY-induced
immunosuppressive mice as an animal model mimic the
immunosuppressive state observed in COVID-19 patients.
However, we did not evaluate the effect of XFBD in the
second hyperinflammatory stage. Other available models such
as acute lung injury and the pulmonary fibrosis model, or SARS-
CoV-2–infected hACE2 mice need to be included to investigate
the anti–COVID-19 effects in pneumonia, viral replication,
multiple organ failure, and even death in future research.

XFBD was first created by Academician Boli Zhang and Professor
Qingquan Liu, and it is highly recommended by the National
Administration of Traditional Chinses Medicine concerning its
definite clinical effect for COVID-19 patients as an immune
modulator drug. In March 2021, XFBD got the drug approvement
by China Drug Administration (Zhang et al., 2020). In particular, the
toxicity of XFBD has been evaluated at the dose of 142.8 g/kg. The
only appearance of prone and decreased movement was observed
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1–4 h after administration of XFBD, while female mice showed
soft or loose stool for 1–3 days after administration of XFBD
(142.8 g/kg). No other abnormality such as body weight and
anatomic characteristics was found in groups. Therefore, we
thought that the maximum tolerated dose of XFBD given to
mice shall not be less than 142.8 g/kg.

In our study, we first found that XFBD has an
immunoregulatory role in CY-induced immunosuppression
mice. Data showed that compared to the Model group, the
thymus and the spleen indices of XFBD-treated groups were
significantly increased (Figure 1), the pathological alteration in
the liver, the spleen, and the thymus were much improved
(Figure 2), and splenic CD4+ and CD8+ T cells and LPS-
induced lymphocyte proliferation were also highly increased
(Figure 4). In cytokine expression, XFBD was able to
significantly reverse the decline of serum TNF-α and IFN-γ
and mRNA of spleen IL-2, IL-4, and IL-6 in CY-treated mice
(Figure 3). Taken together, our results gave evidence that XFBD
has multiple positive effects to enhance cellular immunity by
regulating component of immune systems in CY-treated mice.
For cellular assay, the anti-inflammatory effect of XFBD has also
been investigated in LPS-induced THP-1 monocytes and RAW
264.7 macrophages. As we expected, XFBD significantly inhibited
LPS-induced IL-6, IP-10, and TNF-α expressions in THP-1 cells
(data not shown) and TNF-α, IL-6, and IL-1β secretions in RAW
264.7 cells (data not shown), indicating an immune-modulatory
effect of XFBD in a bidirectional manner.

Previously, our group employed the network strategy to
predict the potential signaling pathways of XFBD which may
be involved in the anti–COVID-19 effect (Wang et al., 2011).
Data showed that the main biological pathways regulated by
XFBD included viral infection, energy metabolism, immunity
and inflammation, and parasites and bacterial infections,
which indicated a multi-herb, multi-constituent, and multi-
target pattern, with lung as the chief targeted organ for
therapy of XFBD in COVID-19. More efforts needed to
make to further uncover the mechanism of XFBD in
immunomodulation.

Taken together, our data first showed that XFBD might be
involved in immunomodulatory effects in vivo, providing an
evidence of basis use of XFBD for the prevention and
treatment of immunosuppressive diseases, and also indicating
the potential role of XFBD for COVID-19 treatment.
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Ethyl 2-Succinate-Anthraquinone
Attenuates Inflammatory Response
and Oxidative Stress via Regulating
NLRP3 Signaling Pathway
Burong Feng1,2, Xiuye Zhao1,2, Wei Zhao1,2, Huiwei Jiang1,2, Zijing Ren1,2, Yingfu Chen1,2,
Ye Yuan1,2 and Zhimin Du1,2,3*

1Institute of Clinical Pharmacy, The Second Affiliated Hospital of Harbin Medical University (The University Key Laboratory of Drug
Research, Heilongjiang Province), Harbin, China, 2Department of Clinical Pharmacology, College of Pharmacy, Harbin Medical
University, Harbin, China, 3State Key Laboratory of Quality Research in Chinese Medicines, Macau University of Science and
Technology, Macau, China

Aloe-emodin widely possesses antibacterial, anti-inflammatory, antioxidant, antiviral, and
anti-infectious properties. This study investigated the effect of ethyl 2-succinate-
anthraquinone (Luhui derivative, LHD) on inflammation. In vitro, a THP-1 macrophage
inflammation model, made by 100 ng/ml phorbol-12-myristate-13-acetate (PMA) and
1 μg/ml LPS for 24 h, was constructed. The LHD group (6.25 μmol/L, 12.5 μmol/L,
25 μmol/L, 50 μmol/L) had no effect on THP-1 cell activity, and the expression of IL-6
mRNAwas down-regulated in a concentration-dependent manner, of which the 25 μmol/L
group had the best inhibitory effect. The migration of THP-1 macrophages induced by LPS
was decreased by the LHD. Moreover, the LHD suppressed ROS fluorescence expression
by inhibiting MDA expression and increasing SOD activity. In vivo, we revealed that the
LHD, in different doses (6.25 mg/kg, 12.5 mg/kg, 25mg/kg, 50 mg/kg), has a protective
effect on stress physiological responses by assessing the body temperature of mice.
Interestingly, acute lung injury (e.g., the structure of the alveoli disappeared and capillaries
in the alveolar wall were dilated and congested) and liver damage (e.g., hepatocyte
swelling, neutrophil infiltration, and hepatocyte apoptosis) were obviously improved at
the same condition. Furthermore, we initially confirmed that the LHD can down-regulate
the expression of NLRP3, IL-1β, and caspase-1 proteins, thereby mediating the NLRP3
inflammasome signaling pathway to produce anti-inflammatory effects. In conclusion, our
results indicate that the LHD exerts anti-inflammatory activity via regulating the NLRP3
signaling pathway, inhibition of oxidative stress, and THP-1 macrophage migration.

Keywords: Luhui derivative (LHD), inflammation, oxidative stress, NLRP3, THP-1

INTRODUCTION

Inflammation, a body’s response to exogenous or endogenous damage factors, is a very common and
important pathological process. It has been found to mediate a wide variety of human diseases,
including diabetes, cardiovascular diseases, cancer, septic shock, and sepsis. Its basic pathological
changes include metamorphosis, exudation, and hyperplasia. According to the different duration,
inflammation can be classified into two types: acute inflammation and chronic inflammation (Hu
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et al., 2014; Furtado et al., 2016; Karim et al., 2019). In addition,
the inflammatory response can remove harmful substances from
the body and produce a positive protective effect through
initiating tissue repair. However, it should be emphasized that
the inflammatory response can release a large number of
inflammatory cytokines and inflammatory mediums such as
IL-6, IL-1β, and iNOS; if they cannot disappear in time, it
would be more severe. On the one hand, these inflammatory
cytokines can disturb the balance of anti-inflammatory and pro-
inflammatory reactions (Murray and Smale, 2012; Headland and
Norling, 2015; Yang et al., 2016). On the other hand, the release of
inflammatory factors can cause autoimmune and metabolic
diseases, chronic nervous system diseases (Foster and
Medzhitov, 2009; Headland and Norling, 2015), malignant
tumors, and other diseases, which seriously threaten human
health (Perez and Vago, 2014).

Lipopolysaccharide (LPS) is the component of the cell wall of
Gram-negative bacteria (Widdrington et al., 2018), which could
directly act on the cell membrane. Functionally, it can stimulate
macrophages to polarize into M1-type macrophages and exude a
large number of pro-inflammatory factors (Goodman and Brett,
2017; Skirecki and Cavaillon, 2019). However, by further
amplifying the inflammatory response, these inflammatory
factors could increase vascular permeability and inflammatory
cell infiltration, thereby promoting systemic inflammation
(Tandon et al., 2018). At the function level, LPS can cause
systemic inflammatory response syndrome, including sepsis,
shock, disseminated intravascular coagulation (DIC), and
multiple organ failure (MOF) (Wang et al., 2015). Therefore,
LPS is one of the important conditions to trigger an inflammatory
response.

Macrophages, including classically activated macrophages
(M1) and alternatively activated macrophages (M2) (Fuchs
et al., 2016; Gao et al., 2017), are a kind of immune cells,
which have functions of phagocytosis, antigen presentation,
and releasing various cytokines, and play an important role in
the physiological processes of inflammation, defense, repair, and
metabolism (Su et al., 2015; Cullis et al., 2017). Furthermore,
macrophage migration contributes directly to pathogen removal
and wound healing (Yang et al., 2018; Carestia et al., 2019).
Therefore, macrophages play a key role in mediating the
inflammatory response.

Aloe-emodin (1,8-dihydroxyl-3-hydroxymethyl-9,10-
anthraquinone) is widely found in aloe vera, rhubarb,
knotweed, cassia seed, and other Chinese herbs. It is a
representative anthraquinone compound of emodin type. A
variety of literature studies have mentioned that emodin
anthraquinone is a compound with a special structure of
hydroxyl group distributed on both sides of benzene rings.
Furthermore, emodin has been demonstrated to possess a
series of therapeutic effects, such as antibacterial, anti-
inflammatory, antioxidant, antiviral, and anti-infectious effects
(Mu and Zhi-min, 2015). Arosio et al. confirmed that aloe-
emodin could inhibit the inflammatory response after lipid
peroxidation by reducing the expression level of TNF-α
mRNA (Alshatwi and Subash-Babu, 2016). However, emodin
has been reported to exert toxicity and decrease absorption, so it

has not been directly used in clinical trials. Therefore, it is
necessary to optimize the structure of emodin anthraquinone
compounds. In this study, we reported the finding that the Luhui
derivative exhibits (Figure 1D) its anti-inflammatory effects by
mediating the NLRP3 inflammasome signaling pathway and
inhibits inflammatory cytokine expression in serum.

MATERIALS AND METHODS

Reagents
LPS (a surface glycolipid produced by Gram-negative bacteria)
was purchased from Sigma-Aldrich (St. Louis, MO), and stock
solutions of 1 mg/mL were prepared and stored at −20°C. Ethyl 2-
succinate-anthraquinone (Luhui derivative, LHD) is a novel
compound monomer formed by covalent binding of
monomethyl succinate to the anthraquinone mother nucleus
of aloe-emodin using chemical synthesis techniques in our
laboratory. Kits of MDA and SOD were purchased from the
Nanjing Jian Cheng Bioengineering Institute. IL-6, IL-1β, and IL-
18 ELISA kits were purchased from the Neobioscience Institute
(Shenzhen, China) and Elabscience Institute (Wuhan, China).
The antibodies used in this study with their working dilutions are
indicated in parentheses: NLRP3 (1:500) was purchased from the
Wanle Institute, IL-1β (1:500) was purchased from the
Elabscience Institute, and caspase-1 (1:500) and ASC (1:500)
were purchased from Proteintech Group, Inc. (Wuhan, China).

Animal Model
C57BL/6 mice (18–22 g) were provided by the Animal Center of
the Second Affiliated Hospital of Harbin Medical University. All
the animals were involved in the experiment with the approval of
the Ethics Committee of Harbin Medical University
(SYDW2019-258), and the experimental procedures were
performed in accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals.

After 3 days of adaptive feeding, according to the random
number table method, 56 male C57BL/6 mice were randomly
divided into seven groups (control group, model group, LHD
6.25 mg/kg, LHD 12.5 mg/kg, LHD 25 mg/kg, LHD 50 mg/kg,
and dextromethorphan (DXM) 5 mg/kg group), and there were
eight mice in each group. Then, the mice in each group were given
the drug by gavage at the experimental concentration for six
consecutive days (the blank control group and the model group
were given the same amount of physiological salt), and the weight
changes of the mice were recorded within 6 days. One hour after
gavage, each group was injected with normal saline and LPS,
respectively, to construct the model of inflammation in vivo. The
body temperature of the mice in each group was measured with a
frontal tester 6 h after LPS injection. Subsequently, orbital blood
was taken from mice to detect the changes of IL-6, IL-1β, and IL-
18 inflammatory factors by ELISA.

Cell Culture
The humanmyeloid leukemia mononuclear cell line (THP-1) was
obtained from the GEFAN Biotechnology company (Shanghai,
China) and cultured in RPMI 1640 medium (Corning,
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United States) supplemented with 10% fetal bovine serum (ExCell
Bio, China). The THP-1 cells were cultured at 37°C with 5% CO2

and 95% air after their isolation.

Histological Analyses
6 h after LPS injection, the whole lung tissue was fixed with 10%
formaldehyde for 24 h, followed by gradient dehydration with
sucrose and embedding in paraffin. Next, the tissue block was cut
into four-bedroom slices and placed at 65°C for overnight baking.
Then, xylene, anhydrous ethanol, 90% ethanol, 70% ethanol, and
distilled water were used for dewaxing. Hematoxylin staining
solution was used for staining, and neutral gum was used to seal

the tablet. Pathological changes of lung and liver tissues were
observed and photographed under a light microscope.

Cell Counting Kit-8
THP-1 cells were adhered by 100 ng/ml PMA in a 96-well plate
(1 × 104 per well) for 24 h. Then, different doses of LHD (6.25,
12.5, 25, and 50 µmol/L) were added to the 96-well plate. Finally,
CCK-8 (10 μl) was added to each well and kept in an incubator for
4 h (MedChemExpress, China). The culture plates were shaken
for 30 s, and the absorbance was recorded at 450 nm. The
wavelength was read by an Infinite M200 microplate reader
(Tecan, Salzburg, Austria).

FIGURE 1 | LHD can inhibit THP-1 macrophage inflammation induced by LPS. (A) Construction of the macrophage inflammation model. (B) After 100 ng/ml PMA
stimulation of THP-1 cells for 0, 9, and 24 h, the morphology of THP-1 macrophages was observed under an optical microscope (20×). (C) After 100 ng/ml PMA
stimulation of THP-1 cells for 0, 9, and 24 h, the expression of CD68 was detected by qRT-PCR, N � 4. (D) Structures of compound LHD (1,8-dihydroxy-3-
(hydroxymethyl)-anthraquinone ethyl succinate). (E) After 1 μg/ml LPS stimulated THP-1 macrophages for 12 and 24 h, besides 100 ng/ml PMA stimulation of
THP-1 cells for 0, 9, and 24 h, the expression of IL-6 was detected by qRT-PCR, N � 3. (F) After 6.25, 12.5, 25, and 50 μmol/L LHD were co-incubated with LPS- and
PMA-induced THP-1 macrophages for 24 h, and the expression of IL-6 was detected by qRT-PCR, N � 4 (***p < 0.001, **p < 0.01 vs. the PMA group; #p < 0.05, ##p <
0.01, ###p < 0.001 vs. the LPS group).
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Quantitative Real-Time Polymerase Chain
Reaction
Total RNA samples were extracted from cells using Trizol reagent
(Invitrogen, United States), and quantitative PCR and reverse
transcription were performed following the manufacturer’s
protocols. RNA quantity was detected with the NanoDrop TM
8000 spectrophotometer (Thermo Scientific, France). Sequences
of gene-specific PCR primers (Shanghai Generay Biotech Co.,
Ltd., China) used were as follows:

Quantitative PCR was performed in 20 μl volumes with SYBR
Green PCRMaster Mix (Roche, United States) at 95°C for 10 min
and 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s with
Light Cycler 480 (Roche, United States). IL-1β, IL-6, and TNF-α
levels were calculated according to the 2−ΔΔCt method, and
GAPDH mRNA was measured as an internal control.

Western Blot
Total proteins were extracted from THP-1 cells. The cells were
lysed with 40 μl of RIPA buffer (Beyotime, Jiangsu, China), and
then the protein content was measured with the Bicinchoninic
Acid (BCA) Protein Assay Kit (Bio-Rad, Mississauga, ON,
Canada). Protein samples (60–90 μg) were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) (10–15%) at 70 V for 30 min and 100 V for 1.5 h
and then transferred into nitrocellulose membranes and blocked
with 5% non-fat milk for 2 h at room temperature. The
membranes were incubated with primary antibodies (NLRP3,
ASC, IL-1, caspase-1, and GAPDH) in a shaker at 4°C overnight.
The strips were washed with PBST (PBS containing 0.1% Tween-
20) and incubated with IRDye secondary antibody (LI-COR,
United States) for 1 h. The protein expression was measured
by the Odyssey CLx Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE, United States). The bands were
quantified by measuring the band intensity using Odyssey CLx
version 2.1.

Cell Scratch Experiment
First, each hole in the six-well plate was covered with cells (5
× 105 cells). Then, the spear head was placed perpendicular to
the cell plane, and scratches were made on the cell layer along
the top of the six-well plate. The scratches were kept vertical
when the pipette head slid down to the bottom, and it is
ensured that the width of each scratch is the same. After the
scratch was completed, the cells were washed with sterile PBS
three times to remove the non-adherent cells, which could
ensure the gap left after the scratch could be clearly seen.
Then, the fresh RPMI 1640 medium was replaced, the cells
were cultured in a 37°C 5% CO2 incubator, and the cells were
taken out at 0, 24, and 48 h, respectively. The changes of

scratch width in each group were observed and recorded
under an inverted microscope.

ROS Assessment
Aerobic cells produce a series of reactive oxygen species in the
process of metabolism. DCFH-DA is a non-fluorescent probe that
can penetrate into cells. The fluorescence intensity of DCFH-DA
represents the changes in the level of reactive oxygen species in
cells. THP-1 cells were incubated with 10 μMDCFH-DA in a cell
culture box of 5% CO2 at 37°C for 20 min. Then, the cells were
washed with serum-free RPMI 1640 medium three times to fully
wash DCFH-DA from the cell surface in the six-well plate. Next,
the cells were fixed with 4% paraformaldehyde and washed with
PBS three times. Finally, DAPI was used to stain nuclei for
15 min. An FV1000 laser confocal microscope was used to
detect the fluorescence intensity of reactive oxygen species at
the excitation wavelength of 488 nm and the emission wavelength
of 525 nm.

Malondialdehyde and Superoxide
Dismutase Content Assessment
THP-1 cells were cultured in six-well plates. Then, the
differentiation of THP-1 cells into macrophages was induced
by addition of 100 ng/ml PMA. After 24 h, THP-1 macrophages
were stimulated by 1 μg/ml LPS to construct an inflammatory
model. Finally, different doses of LHD (6.25 µmol/L, 12.5 µmol/L,
25 µmol/L, 50 µmol/L) were added to co-stimulate the culture
with 1 μg/ml LPS for 24 h. THP-1 macrophages were digested by
0.25% trypsin solution. After centrifugation, the cells were broken
by sonication on ice, and the protein concentration was measured
and calculated by BCA. MDA and SOD contents were
determined by a commercial ELISA kit according to the
manufacturer’s instructions.

Inflammatory Cytokines Analyses
We used ELISA to economically detect the expression of IL-6 and
other inflammation. The animals were anesthetized, and blood
samples were collected via orbital puncture. Subsequently, the
blood samples were maintained at room temperature for 20 min
and centrifuged (3,000 rpm/min) at 4°C for 5 min. All the samples
were preserved at −80°C. The ELISA kits were used tomeasure the
level of IL-6 and other inflammation in mice serum after
administering different doses of LHD (6.25 µmol/L, 12.5 µmol/
L, 25 µmol/L, 50 µmol/L) according to the manufacturer’s
instructions.

Data Statistical Analyses
All the measurement data involved in this experiment were
expressed as mean ± SEM. One-way ANOVA was used to
distinguish the data of three or more groups. *p < 0.05, **p <
0.01, and ***p < 0.001 showed statistical differences. p > 0.05
indicated no statistical difference. The data analysis and
drawing involved in this experiment were processed by
GraphPad Prism version 8.0 (GraphPad Software,
United States).

Human CD68 Forward: 5′-CTACATGGCGGTGGAGTACAA-3′
Reverse: 5′-ATGATGAGAGGCAGCAAGATGG-3′

Human IL-6 Forward: 5′-GGTACATCCTCGACGGCATCT-3′
Reverse: 5′-GTGCCTCTTTGCTTTCAC-3′

Human β-actin Forward: 5′-AGCCTCGCCTTTGCCGA-3′
Reverse: 5′-CTGGTGCCTGGGGCG-3′
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RESULTS

Construction of THP-1 Macrophage
Inflammation Model
THP-1 cells were induced with 100 ng/mL phorbol-12-
myristate-13-acetate (PMA) for 0, 9, and 24 h (Reeves et al.,
2015). At 0 h, the cells were suspended. At 9 h, some cells showed
adherent state but no pseudopodia. At 24 h, the cells were all
adherent to the wall, and most of them had pseudopodia sticking
out, suggesting that THP-1 cells were differentiated into
macrophages (Figure 1A) and the cell morphology at different
time points was observed under a microscope (Figure 1B). Then,

the expression of CD68 mRNA was detected by qRT-PCR.
Compared to that at 0 h, the increase of CD68 mRNA was the
most obvious at 24 h, which was consistent with the observation
results of cell morphology (Figure 1C). In order to detect the
effect of LPS on the release of inflammatory cytokines (Ávila-
Román et al., 2018), THP-1macrophages were induced with 1 μg/
ml LPS for 12 h and 24 h and used qRT-PCR to detect the
expression of IL-6 mRNA (Figure 1E). After LPS treatment
for 12 and 24 h, the expression of IL-6 mRNA was
significantly increased compared to that in the PMA group,
and after LPS treatment for 24 h, the expression of IL-6
mRNA was nearly 500 times higher than that of the PMA

FIGURE 2 | Inhibitory effect of LHD on the oxidative stress and inflammatory cytokines in THP-1 macrophages. (A) 25 µM LHD was co-incubated with LPS-
induced THP-1 macrophages for 0, 24, and 48 h, and the cell migration capacity was detected by a cell scratch assay (20×). (B) Cell scratch width (cm), N � 3. (C)
Representative graph of ROS levels (200×). Scale � 100 mM. (D) Statistical graph of ROS levels,N � 5. (E) SOD activity,N � 5. (F)MDA content,N � 4 (***p < 0.001, **p <
0.01 vs. the PMA group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the LPS group).
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group. Therefore, we selected 1 μg/ml LPS to stimulate the THP-1
macrophages for 24 h to conduct the following experiments.

Inhibitory Effect of Luhui Derivative on
THP-1 Macrophage Release of
Inflammatory Factors
We next explored whether the LHD impacted the THP-1
macrophage release of inflammatory factors. Before we assayed
inflammatory factors, a CCK-8 assay was performed to reveal that
the LHD had no effect on cell activity after co-incubation for 24 h
at 6.25, 12.5, 25, and 50 μmol/L (Supplementary Figure S1). Next, the
effects of LHD on the release of inflammatory cytokines by THP-1
macrophages were detected by qRT-PCR. Compared to that in the
LPS group, the expression of IL-6 mRNA in the groups with different
doses of LHD was significantly reduced, and the three doses of 6.25,
12.5, and 25 μmol/L showed concentration dependence, amongwhich
25 μmol/L showed the most obvious inhibitory effect (Figure 1F). In
conclusion, 25 μmol/L LHD could inhibit the THP-1 macrophage
release of inflammatory factors.

Inhibitory Effect of Luhui Derivative on
THP-1 Macrophage Migration Function
The migration of macrophages plays a positive role in pathogen
clearance and wound healing. The relative migration distance of
cells at each time point was observed by a scratch experiment, and
the results are shown in Figures 2A,B. The inhibitory effect of the
LPS+25 μmol/L LHD group on lateral cell migration was most
obvious at 48 h and showed that the LHD could inhibit the
expression of the inflammatory response by inhibiting the
migration of macrophages.

Inhibitory Effect of Luhui Derivative on the
Oxidative Stress and Inflammatory
Cytokines in THP-1 Macrophages
Inflammatory reactions can lead to an excessive increase in free
radicals and superoxide anions. When THP-1 macrophages were
treated with LPS for 24 h and treated with LPS+25 μmol/L LHD for
24 h at the same time, compared to that in the PMA group, the total
fluorescence expression of ROS in the LPS group increased (Figures
2C,D). However, other relevant indicators of oxidative stress were
expressed as follows: MDA content increased statistically, but SOD
activity decreased statistically. Compared to the LPS group, the
LPS+25 μmol/L LHD group had an inhibitory effect on the level of
oxidative stress, which was reflected in the decrease of total ROS
fluorescence expression, the decrease of MDA content, and the
increase of SOD activity (Figures 2E,F).

Effects of Luhui Derivative on Animal
Models of Myocardial Infarction
First, we assessed the average body temperature of each group of
mice after treatment with different doses (6.25 mg/kg,
12.5 mg/kg, 25 mg/kg, 50 mg/kg) of LHD; compared to the
normal body temperature at 37°C, it did not change much.

The average body temperature of mice in the 25 mg/kg group
and the dextromethorphan (DXM) group was maintained at
about 35°C, and the temperature of mice in the other
concentration of the LHD group was maintained at about
34.5°C. The results showed that the LHD has a protective
effect against stress physiological responses (Figure 3A). Next,
we detected the changes of inflammatory cytokine IL-6 in the
serum of mice in each group by ELISA (Figure 3B). It has been
reported that LPS can cause multiple organ failure and even the
death of the patient by triggering tissue infusion and increased
release of pro-inflammatory mediators. So, in contrast with the
control group, the LPS group had severe pulmonary edema by
measuring the lung wet–dry weight ratio and body weight of mice
(Figures 3C,D and Supplementary Figure S2). In addition, by
observing lung tissue sections under the microscope, we found
that the normal structure of the alveoli in the LPS group had
disappeared, the capillaries in the alveolar wall were dilated and
congested, and the edema of the alveolar interval was widened,
accompanied by inflammatory cell infiltration, indicating that the
LPS group had acute lung injury. Moreover, we revealed that the
LPS group had hepatocyte swelling, neutrophil infiltration, and
hepatocyte apoptosis on the liver tissue. However, when given
different doses (6.25 mg/kg, 12.5 mg/kg, 25 mg/kg, 50 mg/kg) of
LHD, the above-mentioned injury symptoms of lung and liver
tissues in each group were significantly improved (Figure 3E).

Luhui Derivative Regulates the NLRP3
Inflammasome Signaling Pathway
According to reports in the literature, NLRP3 interacts with ASC
and caspase-1 to activate the NLRP3 inflammasome and then cleaves
the immature inflammatory factor pro-IL-1β to mature and secrete it
extracellularly, causing a series of inflammatory reactions. Next, we
performed western blot to detect that the expression level of related
protein in the LPS model group and LHD group (Figure 4A). The
expression level of NLRP3 protein in the LPS model group was up-
regulated, while the expression level of NLRP3 protein was
significantly down-regulated after treatment with 25 µmol/L LHD
(Figure 4B). In contrast, the expression level of ASC protein did not
change significantly before and after LPS or LHD administration
(Figure 4C). Additionally, compared to those in the PMA group, the
expression levels of IL-1β and caspase-1 proteins in the LPS group
were up-regulated, and the expression levels of IL-1β and caspase-1
proteins were significantly down-regulated after treatment with
25 µmol/L LHD. However, pro-caspase and pro-IL-1β protein
expression levels did not change significantly before and after LPS
or LHD administration (Figures 4D,E). The results showed that the
LHD down-regulated the expression of NLRP3, IL-1β, and caspase-1
proteins, thereby mediating the NLRP3 inflammasome signaling
pathway to exert anti-inflammatory effects.

Inhibitory Effect of Luhui Derivative on
Inflammatory Cytokines in THP-1
Macrophages and Serum
The release of a large number of inflammatory cytokines and
inflammatory mediators can lead to the occurrence of
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inflammatory diseases, such as diabetes, autoimmune diseases,
and sepsis. Therefore, we investigated the changes of
inflammatory cytokines (IL-6, IL-18, and IL-1β) in THP-1
macrophages and serum of mice in each group by ELISA. The
results showed that, after THP-1 macrophages were treated with
LPS for 24 h, compared to that in the PMA group, the expression
of inflammatory cytokines (IL-18 and IL-1β) significantly
increased. However, the IL-18 and IL-1β expression levels
were reduced when THP-1 macrophages were treated with

LPS+25 μmol/L LHD for 24 h at the same time (Figures
5A,B). Next, we detected the content of inflammatory
cytokines in the serum of mice. The results indicated that the
LPS group was significantly higher than the control group after
being infected with LPS for 6 h. On the contrary, compared to
that in the LPS group, the expression of inflammatory cytokines
in the serum of each group decreased significantly at different
doses of LHD (6.25 mg/kg, 12.5 mg/kg, 25 mg/kg, 50 mg/kg)
(Figures 5C,D). In conclusion, the results showed that the

FIGURE 3 | Inhibitory effect of LHD on LPS inflammation in vivo. (A) Temperature record of mice after intraperitoneal injection of 12 mg/kg LPS for 6 h, besides the
intragastric administration of different concentrations of LHD or 5 mg/kg DXM for 6 days, N � 6. (B) The IL-6 inflammatory cytokine was detected by ELISA. (C) Lung dry
weight of mice, N � 6. (D) Lung wet–dry weight ratio of mice, N � 6. (E) H&E staining results of lung tissue and liver tissue, N � 6 (***p < 0.001, **p < 0.01 vs. the PMA
group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the LPS group).
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FIGURE 4 | LHD regulates the NLRP3 inflammasome signaling pathway. The THP-1 cells were pre-treated with 1 μg/ml LPS for 24 h and subjected to 25 μmol/L
LHD for 24 h, and then the expression of NLRP3, ASC, caspase-1, and IL-1β proteins was detected by western blot analysis. (A) Protein representation diagram. (B)
Statistical map of NLRP3 protein level (N � 5; **p < 0.001 vs. the PMA group; ##p < 0.01 vs. the LPS group). (C) Statistical graph of ASC protein. (D) Statistical map of
caspase-1 protein level (N � 3; *p < 0.05 vs. the PMA group; #p < 0.05 vs. the LPS group). (E) Statistical map of IL-1β protein levels (N � 5; ***p < 0.001 vs. the PMA
group; ##p < 0.01 vs. the LPS group).

FIGURE 5 | Inhibitory effect of LHD on inflammatory cytokines in serum. (A,B) IL-1β and IL-18 inflammatory cytokines were detected by ELISA, N � 5. (C,D) The
different concentrations of LHDwere co-incubatedwith LPS-induced THP-1macrophages for 24 h, and the expression of IL-1β and IL-18 was detected by ELISA,N � 4
(***p < 0.001, **p < 0.01 vs. the PMA group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the LPS group).

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7198228

Feng et al. Luhui Derivative Attenuates Inflammatory Response

182

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


LHD could inhibit the high expression of inflammatory cytokines
caused by LPS.

DISCUSSION

Inflammatory response is an important immune defense
mechanism in the human body, which helps the body to resist
pathogenic microbial infection (Medzhitov, 2008). However, the
imbalance of inflammatory response can also lead to tissue and organ
damage, thus promoting the occurrence of diseases. Inflammatory
responses can be stimulated by a variety of sensors, for example,
pathogenicmicroorganisms can stimulate the TLR (Toll-like receptor)
family to mediate the inflammatory response (Ko et al., 2020). In
addition, physical, chemical, and other harmful stimuli can also induce
the secretion of inflammatorymediators and cytokines in the body via
mediating pressure receptors, temperature receptors, and other signal
transduction to cells, so as to induce the body to produce an
inflammatory response. In this study, we uncovered a functional
role of LHD inhibiting the THP-1 macrophage release of
inflammatory factors via regulating the NLRP3 inflammasome
signaling pathway.

It has been reported that aloe-emodin has antibacterial (Ji et al.,
2020), antiviral (Xu et al., 2021), hepatoprotective (Zheng et al.,
2019), anti-inflammatory (Chen et al., 2020), and anticancer
(Galiardi-Campoy et al., 2021) pharmacological functions and
has a broad clinical application prospect. For example, aloe-
emodin inhibits the growth of A375.S2 cells by inhibiting the
mRNA expression and enzyme activity of N-acetyltransferase
(Lin et al., 2005). Tao et al. also found that aloe-emodin plays a
neuroprotective role in Alzheimer’s disease by reducing the release of
NO, lactate dehydrogenase, and intracellular ROS to regulate oxidative
stress response (Tao et al., 2014). However, long-term and high-dose
use of aloe-emodin may result in high toxicity, poor intestinal
absorption, short half-life, and low bioavailability. For example,
Vath et al. showed that exposure of human skin fibroblasts to
aloe-emodin and ultraviolet radiation causes significant
phototoxicity (Vath et al., 2002). Zaffaroni et al. also showed that,
after intraperitoneal injection of aloe-emodin at a dose of 20mg/kg, it
rapidly distributes and disappears from the plasma, when a terminal
half-life of 78min was measured (Zaffaroni et al., 2003). Therefore,
further optimization is needed to improve the problemof high toxicity
of emodin anthraquinone-type compounds.

NLRP3 inflammasome is a novel high-molecular-weight
protein complex whose activation can promote the process of
inflammation (Kelley et al., 2019). In recent years, relevant studies
have shown that it is involved in the occurrence of a variety of
major human diseases such as type 2 diabetes (Rovira-Llopis
et al., 2018), gout (Goldberg et al., 2017), Parkinson’s disease
(Wang et al., 2019), and fatty liver disease (Zhang et al., 2018).
Therefore, it may become a potential intervention target of the
above diseases. When NLRP3 inflammasome activation is
inhibited, its secretion and release of inflammatory factors
such as IL-1β and IL-18 are reduced to play an anti-
inflammatory role. Therefore, activation of NLRP3
inflammasome becomes a new signaling pathway to prevent
and treat inflammatory diseases. It has been reported in the

literature that knockout of NLRP3 gene not only can inhibit the
activation of NLRP3 inflammasomes in vivo but also can reduce
the septic shock caused by LPS (Xu et al., 2018). Based on the
above study, we detected LPS-induced NLRP3 inflammasome
activation at the macrophage level and determined that the LHD
plays a role in regulating NLRP3 inflammasomes by down-
regulating NLRP3, caspase-1, and IL-1β protein expressions.
At the same time, we predicted the target of LHD on NLRP3
by AutoDock software, and subsequent experiments are required
to verify the specific role of its target.

On the one hand, our results showed that 25 μM of LHD
significantly inhibited cell migration and IL-1β and IL-18 expressions
in vitro. Thus, the LHD can play an anti-inflammatory role by
inhibiting macrophage migration and inflammatory cytokine
expression. On the other hand, 25 μM LHD can also significantly
inhibit ROS and MDA levels and increase SOD activity, showing the
inhibitory effect of LHD on oxidative stress response, and can also
inhibit the increase of IL-6 inflammatory factor expression caused by
LPS in a dose-dependent manner. In vivo, different doses of LHD
(6.25, 12.5, 25, and 50mg/kg) can reduce the increase of IL-6, IL-1β
and IL-18 inflammatory factors in serum and the increase of lungwet-
to-dry weight ratio in LPS model after preventive treatment, and the
three dose groups of 6.25, 12.5, and 25mg/kg showed a dose
dependent trend, and the decrease was more significant with the
increase of dose. At the same time, different doses of LHD can also
significantly alleviate the pathological injury of lung and liver tissues
and the physiological reaction of hypothermia. It is worth mentioning
that, in this study, the low dose of LHD was observed at 6.25 μM or
6.25mg/kg. Again, the anti-inflammatory effects of emodin
derivatives of aloe vera in vitro and in vivo are described.

The LHD is a new compound which has been chemically
modified. It has better anti-inflammatory and antibacterial
activity, lower toxicity, and easier absorption than aloe-
emodin. However, whether the LHD can specifically inhibit
the activation of NLRP3 inflammasomes remains to be further
studied in subsequent experiments. Clarifying the specific
relationship between the LHD and NLRP3 inflammasomes
will provide new ideas for the research and development of
other anti-inflammatory drugs.
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Analgesic and Anti-Arthritic Activities
of Polysaccharides in Chaenomeles
speciosa
Doudou Huang1,2†, Shenggui Jiang1†, Zenan Du1†, Yanhong Chen3†, Dan Xue1,
Xiujuan Wang1, Mengshuang Li1, Feng Zhang3*, Wansheng Chen2,3* and Lianna Sun1*

1Department of TCM Processing, Shanghai University of Traditional Chinese Medicine, Shanghai, China, 2Institute of Chinese
Materia Medica, Shanghai University of Traditional Chinese Medicine, Shanghai, China, 3School of Pharmacy, Changzheng
Hospital, Navy Military Medical University, Shanghai, China

Chaenomeles speciosa (Sweet) Nakai has been long used as a folk medicine for rheumatic
diseases treatment. This study aimed to investigate the effects and underlying mechanism
of polysaccharides in Chaenomeles speciosa (CSP) on the pro-inflammatory cytokines
and MAPK pathway in complete Freund’s adjuvant (CFA)-induced arthritis and LPS-
induced NR8383 cells. We used acetic acid (HAc)-induced writhing and CFA induced paw
edema to determine the analgesic activity and anti-inflammatory activity, respectively. CFA
rats were administered CSP (12.5, 25.0, and 50.0 mg/kg) daily for 3 weeks via oral gavage.
The analgesic test was done using three different doses of the extract (50, 100, and
200mg/kg). The anti-arthritic evaluation involved testing for paw swelling, swelling
inhibition, and histological analysis in CFA rats. Finally, ELISA, western blot, qRT-PCR
were done to determine the effect of CSP on the activation of MAPK pathway, production
of pro-inflammatory cytokines in lipopolysaccharide (LPS)-stimulated NR838 macrophage
cells. In pain models, oral uptake of CSP greatly reduced pain perception. Furthermore, in
CFA rats, CSP substantially decreased paw swelling as well as synovial tissue proliferation
and inflammatory cell infiltration. In addition, CSP was shown to inhibit pro-inflammatory
cytokines (TNF-α, IL-1β, and COX-2) as well as JNK and ERK1/2 phosphorylation in LPS-
stimulated NR8383 cells. Thus, pro-inflammatory cytokine secretion and MAPK signaling
downregulation promoted the analgesic and anti-arthritic effects of CSP.

Keywords: Chaenomeles speciosa, polysaccharides, anti-arthritic, analgesic, MAPK

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease, with the pathological features of
synovial tissue hyperplasia, pannus formation and cartilage erosion. The typical clinical features of
RA are joint swelling, pain, and irreversible joints damage, which eventually lead to severe disability
(Bang et al., 2009). Because of the characteristics of high disability rate, poor prognosis, and easy
recurrence of RA, it causes heavy economic burden to the patient’s family. Previous study suggested
the global incidence of RA is about 0.5–1.0%, with the highest incidence in 30–50 years old (Chung
et al., 2016). However, the pathogenesis of RA is still unclear, and the clinical treatment of RA is
mainly chemical drugs, such as non-steroidal anti-inflammatory drugs (NSAID), anti-rheumatic
drugs (ARD), glucocorticoids, etc (Smolen et al., 2016). Nevertheless, these treatments are expensive,
and long-term use of chemical drugs can cause a variety of adverse reactions, such as cardiovascular

Edited by:
Xiao Bin Zeng,

Jinan University, China

Reviewed by:
Jianxin Chen,

Beijing University of Chinese Medicine,
China

Amira Abo-Youssef,
Beni Suef University, Egypt

*Correspondence:
Feng Zhang

zhangfengky@aliyun.com
Wansheng Chen

chenwansheng@smmu.edu.cn
Lianna Sun

sssnmr@163.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Ethnopharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 21 July 2021
Accepted: 07 March 2022
Published: 24 March 2022

Citation:
Huang D, Jiang S, Du Z, Chen Y,

Xue D, Wang X, Li M, Zhang F, ChenW
and Sun L (2022) Analgesic and Anti-
Arthritic Activities of Polysaccharides in

Chaenomeles speciosa.
Front. Pharmacol. 13:744915.

doi: 10.3389/fphar.2022.744915

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 7449151

ORIGINAL RESEARCH
published: 24 March 2022

doi: 10.3389/fphar.2022.744915

186

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.744915&domain=pdf&date_stamp=2022-03-24
https://www.frontiersin.org/articles/10.3389/fphar.2022.744915/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.744915/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.744915/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhangfengky@aliyun.com
mailto:chenwansheng@smmu.edu.cn
mailto:sssnmr@163.com
https://doi.org/10.3389/fphar.2022.744915
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.2022.744915


disease, gastrointestinal bleeding, liver and kidney toxicity,
growth inhibition, infection, and tumor risks (Urushibara
et al., 2004; Andersson et al., 2008; Grosser, 2017; Chen et al.,
2018).

As the number of RA patients increases year by year, people
are eager to looking for alternative drugs that are inexpensive, safe
and effective, and have fewer adverse reactions to treat RA.
Traditional Chinese medicine has received more and more
attention because of its remarkable curative effect and few
adverse reactions (Newman and Cragg, 2016; Luo et al., 2019).

As a class of natural macromolecular substances, polysaccharides
have obvious advantages and can exert a wide range of
pharmacological effects by participating in the body’s
physiological reaction, such as anti-oxidation, hypoglycemic,
immune regulation, anti-tumor, anti-inflammatory and other
biological activities (Zou and Zhang, 2015).

Chaenomeles speciosa (Sweet) Nakai belongs to Rosaceae,
mainly distributed in China and Myanmar, and it has been
long used as food and medicine in China. Modern
pharmacological studies have shown that C. speciosa has a

FIGURE 1 | Workflow of analgesic and anti-inflammatory activities of CSP.
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variety of biological activities, including immune regulation, anti-
inflammatory, anti-tumor, antibacterial and antioxidant effects.
As a common medicinal and edible plant, C. speciosa is rich in
polysaccharides. At present, it has been reported that
polysaccharides in C. speciosa have antioxidant and anti-
inflammatory activities (Li and Chen, 2011; Xie et al., 2015).
However, the anti-inflammatory mechanism of C. speciosa
polysaccharide is not clear.

Here, we examined the potential medicinal effects of CSP
against Complete Freund’s Adjuvant (CFA)-induced
inflammation in an arthritic rat model. Additionally, we used
LPS-induced NR8383 cells to examine the role of CSP in
inflammation. The results showed that CSP exhibited anti-RA
activity by suppressing the activation of mitogen-activated
protein kinase (MAPK) pathway (Figure 1).

MATERIALS AND METHODS

Preparation of CSP Extract
We collected the fruits of C. speciosa from Bozhou, Anhui
Province, China, in October 2014 (authenticated by Prof.
Hanming Zhang). A voucher specimen (No. CS20141008)
for C. speciosa fruit was submitted to the authors’
laboratory. We performed hot water extraction of the fruits
of C. speciosa (100 kg; 1:15), followed by deproteinization
using 15% trichloroacetic acid, and precipitation with 70%
ethanol. After centrifugation, the precipitate was collected to
obtain the crude polysaccharide. The total carbohydrate
content of the polysaccharides was determined by the
phenol-sulfuric acid method with glucose as standard, and
determined the content was 52.97%.

Monosaccharide Compositions Assays
Mannose (B25303), rhamnose (YY91163), galacturonic acid
(B21894), glucose (B21882), galactose (YY91011), and
arabinose (B25845) were purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. PMP (1-phenyl-3-methyl-5-
pyrazolone) pre-column derivatization combined with high
performance liquid chromatography (HPLC) were used to
determine the monosaccharide compositions of CSP (Cao
et al., 2019). The polysaccharide (1.0 mg/ml) was hydrolyzed
using 4 M trifluoroacetic acid (TFA) at 110°C for 6 h. The residual
TFA was obtained by evaporating the residue under reduced
pressure in methanol (2 ml). The hydrolysate and the hybrid
standard monosaccharide solution (100 μl, glucose, D-mannose,
D-galactose, xylose, maltose, L-arabinose, all 1 mg/ml) were
dissolved in 200 μl water; the supernatant was mixed with
PMP and 0.3 M NaOH solutions. The reaction was carried out
at 70°C for 45 min before being stopped using an HCl solution.
The reaction product was removed thrice with chloroform, and
the upper layer was centrifuged, and filtered using a 0.22 μM
membrane, followed by HPLC analysis. We used the Agilent
Eclipse XDB-C18 chromatographic column (30°C), equipped
with a UV-detector. The mobile phase was PBS (pH 6.8)
mixed with acetonitrile (87: 13) and eluted isocratically for
60 min.

Animals and Experimental Design
We purchased the Sprague-Dawley (SD) (Male, weight:
120–140 g) rats from the Laboratory Animal Research Center
at the Second Military Medical University (SCXK (hu) 2017-
0010). The animal study was reviewed and approved by the
Animal Ethic Committee of Second Military Medical
University (No.CZ201705126) in the accordance with the
National Institutes of Health guidelines for animal care. These
animals were freely access to food/water and were hosted in rat
cages at (24 ± 2)°C, 12 h:12 h light/dark cycle, 40–70% humidity.

Our experimental protocols followed the guidelines of the
Animal Guidelines of Second Military Medical University. We
followed a previously described method to establish the CFA-
induced arthritis model in SD rats (Gupta et al., 2020). First, we
measured the volume of the foot (reference), and then
intradermally injected CFA (0.1 ml) into the foot pad and
recorded as day 0. On day 7, the immunized rats were divided
into five group, and then the five groups were administrated with
saline (model group), 12.5 mg/kg CSP (low-dose group),
25.0 mg/kg CSP (middle-dose group), 50.0 mg/kg CSP (high-
dose group), and 20.0 mg/kg imrecoxib (positive control group)
via oral gavage, respectively from day 8. Another 10 non-
immunized rats were treated with saline (“the control group”).
Each group had 10 rats who were treated daily for 3 weeks.

Paw Edema Measurement
After treatment initiation, foot volume was measured every
3 days and each time the joints were marked based on the
initial measurement. The swelling degree and swelling
inhibition were calculated based on the swelling volume as
follows:

Swelling degree (ΔmL) = paw volume after
inflammation—paw volume before inflammation.

Swelling inhibition rate (%) = (paw volume in model
group—paw volume in the treatment group)/paw volume in
model group × 100%

Serum Pro-Inflammatory Cytokines
Analysis
The pro-inflammatory cytokines in serum, including TNF-α,
COX-2, and IL-1β were measured by ELISA kits (Jiancheng
Bioengineering, Nanjing, China) according to the
manufacturer’s instructions.

Histopathological Analysis
On day 29, we used isoflurane to sacrifice the rats. The legs below
the knee joints (together with the feet) were simultaneously
excised, fixed with 10% formalin, and treated with 5% formic
acid. The paraffin-embedded tissues were sectioned, stained with
H&E stain, and analyzed histopathologically.

Acetic Acid (Hac)-Induced Writhing
The KM mice (male, weight 23 ± 0.5 g) were purchased from the
Laboratory Animal Research Center at the Second Military
Medical University and hosted under identical conditions as
the SD rats.
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The KM mice were divided into five groups (n = 10 each):
model, aspirin (positive group, 200 mg/kg), low-dose
(25 mg/kg CSP), medium-dose (50 mg/kg CSP), and high-
dose (100 mg/kg CSP). The animals were administered
respective treatments daily for 5 days, and 1 h post-
administration, each group was intraperitoneally injected
with HAc (10 mg/ml) and observed and recorded for 15 min
(Tadiwos et al., 2017).

The following formulas were used to calculate the number of
writhing turnovers of the mice in the group, and the writhing
inhibition rate:

Writhing Inhibition Rate (%) = (N1−N2)/N1 × 100%
N1: Number of writhing in model group; N2: Number of

writhing in CSP group.

Cell Culture
We cultured NR8383 murine macrophage cells (Institute of
Biochemistry and Cell Biology, Shanghai) in high-glucose
DMEM with 10% FBS and 1% antibiotics at 37°C in 5% CO2.
The CCK-8 assay was used to determine the cytotoxicity of CSP
(25.0, 50.0, 100.0, and 200.0 μg/ml) (Yu et al., 2020).

Determination of mRNA Levels of Cytokines
The Total RNA Kit was used to isolate total RNA from the spleen
tissues, followed by quantification via the µ Drop Plate (Thermo
scientific, Finland). A Revertaid First Strand cDNASynthesis Kit was
used to synthesize cDNA, followed by qRT-PCR using a SYBR
Green Master Mix using corresponding primers for cytokines. The
primer sequences were as follows: TNF-α: (F) 5′- GGGGCCACC
ACGCTCTTCTGTCTA-3′; (R) 5′- CCTCCGCTTGGTGGTTTG
CTACG -3′), IL-1β (F) 5′- CCTCTGTGACTCGTGGGATGATG-
3′; (R) 5′- CAGGGATTTTGTCGTTGCTTGTCT -3′), COX-2 (F)
5′- CTGGTGCCGGGTCTGATGATGTA-3′; (R) 5′- AGCAGG
TGTGGGTCGAACTTGAG -3′), β-actin (F) 5′- CCTAAGGCC
AACCGTGAAAAGATG-3′; (R) 5′- GTCCCGGCCAGCCAGGTC
CAG -3′). The following PCR conditions were used: pre-
denaturation for 5 min at 95°C, then for 10 s at 95°C, and
annealing for 20 s at 60°C for 40 cycles. The data was normalized
to β-actin to estimate the relative expression of these genes.

Measurement of Cytokine Expression
NR8383 cells (1 × 105 cells/well) were cultured in 96-well plates
for 24 h, followed by pretreatment with CSP (25, 50, 100, and
200.0 μg/ml) for 12 h, and p38 inhibitor (SB 203580, 10 µM) and
JNK inhibitor (SP600125, 10 µM) for 5 h, followed by LPS
stimulation (1 μg/ml) for another 30 min. Next, the
concentrations of IL-1β, TNF-α, and COX-2 were determined
in the supernatant using respective ELISA kits.

Western Blot
The samples for western blot were prepared following a previously
described protocol (Xiong et al., 2019). Briefly, NR8383 cells (1 × 105

cells/well) were cultured in 96-well plates for 24 h, followed by
pretreatment with CSP (25, 50, 100, and 200.0 μg/ml) for 12 h, and
p38 inhibitor (SB 203580, 10 µM) and JNK inhibitor (SP600125,
10 µM) for 5 h, followed by LPS stimulation (1 μg/ml) for another
30 min. Next, the cells were washed with cold PBS and lysed in ice-

cold lysis buffer containing the Mammalian Protein Extraction
Reagent. The cell lysates were centrifuged (4°C; 10,000 g; 5 min)
and the supernatant was used to measure the expression of MAPKs
(p-p38, p38, ERK 1/2, JNK, p-JNK) and GAPDH (Santa Cruz,
United States) was used as the internal control. The BCA method
was used for protein quantification. After separating the protein
specimens on SDS-PAGE, they were transferred to a PVDF
membrane, which was treated overnight with GAPDH (1:1,000),
ERK1/2 (1:600), p-ERK1/2 (1:400), p38 (1:800), p-p38 (1:600),
p-JNK (1:500), JNK (1:500) primary antibodies at 4°C. Next, the
membranes were treated with HRP-conjugated secondary antibody.
The protein bands were visualized using Pierce® ECL Substrate.

Statistical Analysis
All experiments were repeated at least thrice and data were
represented as means ± SEM. Statistical differences were
examined via GraphPad Prism 7.0 (GraphPad, La Jolla, CA,
United States) by one-way ANOVA, followed by Dunnett’s test.

RESULTS

The Monosaccharide Compositions of CSP
Monosaccharide content of CSP was evaluated post-PMP
derivatization. HPLC chromatogram showed the presence of
six peaks (19.12, 27.95, 37.98, 44.01, 51.02, and 56.89 min)
(Figure 2B), and were identified as mannose, rhamnose,
galacturonic acid, glucose, galactose, and arabinose, according
to the references (Figure 2A), which were found to be present in a
ratio of 1.66: 2.92: 4.72: 4.25: 9.42: 77.02.

CSP Attenuates the Development of
CFA-Induced Inflammation
Post-immunization, CFA mice were orally administered CSP (12.5,
25, and 50mg/kg) from days 8 to 29 to examine the inhibitory effects
of CSP (Figure 3A). The swelling volume of the injured paws was
used to evaluate CFA-induced disease progression. The rats in the
CFA group started showing substantially enhanced paw swelling
fromday 7 post-injection. Pain swelling was inhibited (p< 0.01) after
treatment with iremcoxib from day 20 (Figures 3B–C). In the high-
dose and medium-dose groups, CSP considerably improved paw
swelling from day 22 post-injection of CFA (p < 0.01, Figures
3B–C), which improved with time. Additionally, the swelling
inhibition rate of the high-dose group was similar to that of the
positive control (imrecoxib) from day 22 (Figure 3D).

Histopathological Analysis
The results of histopathological examination showed that the model
group showed more severe pathological changes compared with
normal rats not induced by CFA (Figure4). All rats exhibited
various degrees of pathological changes in the ankle joints and
feet, mainly due to the proliferation of ankle synovial cells,
inflammatory cell infiltration; the articular cartilage and bone
tissue in the joint cavity were severely damaged, there was fibrous
connective tissue proliferation on the cartilage surface, part of the
periosteal fibrosis, and even joint cavity stenosis; obvious soft tissue
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around the joint inflammation, etc., which suggested the successful
establishment of the rheumatoid arthritis model in rats. There was a
substantial reduction in the pathological changes in the mouse ankle
joint and foot tissue. There was relatively less infiltration of
inflammatory cells and proliferation of synovial cells in the ankle
joint of rats. The fibrosis of articular cartilage and bone tissue was not
severe, and there was no obvious articular surface stenosis. Also,
adhesions and inflammation of the surrounding soft tissues were not
severe. Additionally, the pathological changes in the 25.0 and
12.5 mg/kg CSP groups were slighter than that in the model
group. Thus, CSP could effectively reduce the inflammatory

response of the joint synovium and prevent the destruction of
cartilage tissue, bone tissue, and tissues around the joint.

Additionally, the degree of pathological changes was
quantified (Table 1). The pathological changes in the synovial
membrane, articular cartilage, and skin ulcer were divided into
four levels, including slight (±), mild (+), moderate (++), and
severe (+++). In this study, the number of pathological changes
(moderate and severe) in the CSP (50 mg kg−1) group were
reduced by 33 and 67% in the synovial membrane and skin
ulcer, respectively, than the model group. We observed no
significant change in the articular cartilage in the CSP

FIGURE 2 | HPLC analysis of CSP (A). Standard monosaccharide mixture. 1: Mannose; 2: ribose; 3: rhamnose; 4: Glucuronic acid; 5: galacturonic acid; 6:
glucose; 7: galactose; 8: xylose; 9: arabinose (B). The monosaccharide compositions of CSP.
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FIGURE 3 |CSP suppressed paw swelling in CFA induced arthritis. The schematic experimental schedule (A), paw swelling (B, C), and swelling inhibition (D). CSP
were administered for 3 weeks from the day 8 after the injection of CFA. *p < 0.05, **p < 0.01 compared with model group.

FIGURE 4 | Effects of CSP on the histologic changes in CFA rats (×40).
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(50 mg kg−1) group after 3-weeks administration, suggesting that
CSP could alleviate pathological changes in CFA-induced rats.

Effect of CSP on Pro-inflammatory
Cytokines in Serum
Figure 5 exhibits the production of various pro-inflammatory
cytokines in the serum of CFA-induced rats. When compared to the

normal group, themodel group had higher contents of TNF-α, COX-
2, IL-6, and IL-1β in the serum (p< 0.01), suggesting that an apparent
inflammation existed in the model group (Figures 5A–C). However,
the pro-inflammatory cytokines production decreased in the CSP
group compared with the model group, especially for the high group
with significant difference (p < 0.05). These findings suggested that
CSP has a significant anti-inflammatory activity in CFA-induced rats.

TABLE 1 | Statistical analysis of abnormal changes of hind paw in different groups.

Group Number Pathological changes of synovial
membrane

Pathological changes of articular
cartilage

Skin ulcer

± + ++ +++ ± + ++ +++ ± + ++ +++

Normal n = 10 0 0 0 0 0 0 0 0 0 0 0 0
Model n = 10 0 7 3 0 3 4 3 0 0 1 4 5
CSP 12.5 mg/kg n = 10 2 4 4 0 1 3 3 0 0 3 5 2
CSP 25 mg/kg n = 10 3 4 3 0 2 5 1 0 2 1 6 1
CSP 50 mg/kg n = 10 2 6 2 0 3 6 0 0 1 6 3 0
Imrecoxib n = 10 2 6 2 0 5 4 0 1 1 6 1 2

Slight (±), Mild (+), Moderate (++), Severe (+++).

FIGURE 5 | Effects of CSP on pro-inflammatory cytokine expression in the serum of CFA mice. The cytokines IL-1β (A), TNF-α (B), and COX-2 (C)were measured
by ELISA. The data are presented as the mean ± SEM (n = 5). *p < 0.05; **p < 0.01 vs. the CFA model group.

FIGURE 6 | Effect of CSP on acetic acid induced writhingmodel in mice. (A) The number of writhing during 15 min; (B) Percentage protection of CSP on acetic acid
induced writhing model in mice. **p < 0.01 compared with model group.
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Analgesic Activity
The results of HAc-induced writhing method showed that the
extract showed substantial analgesic activity. In the HAc-induced
writhing method, we found that CSP dose-dependently promoted
a reduction in writhing movement in mice compared with the
model group; especially for the high-dose group (100 mg/kg),
which showed a significant difference (p < 0.01) (Figure 6A). In
addition, 200 mg/kg Aspirin showed significant difference in
reduction in writhing movement (p < 0.01), compared with
the model group. Moreover, the writhing inhibition rate of

CSP (100 mg/kg) was around 43.2%, which is higher than the
positive control group (Aspirin 200 mg/kg).

EFFECT OF CSP ON THE PRODUCTION OF
PROINFLAMMATORY CYTOKINES AND
THEIR MRNA LEVELS NR8383 CELLS.
Here, we studied the effect of CSP on the production of
proinflammatory cytokines in vitro. Firstly, CCK-8 was

FIGURE 7 | CSP inhibited the pro-inflammatory cytokines in LPS-stimulated NR8383 cells. (A) Safe concentration test for CSP in NR8383 cells; (B) mRNA
expression of IL-1β, TNF-α, and COX-2 in LPS-stimulated NR8383 cells; (C) Expression of IL-1β, TNF-α, and COX-2 in LPS-stimulated NR8383 cells. *p < 0.05, **p <
0.01 compared with LPS group.
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used to screen the safe dosage of CSP (0–200 μg/ml), and there
was no obvious cytotoxicity (Figure7A). Thus, we chose
100 μg/ml for followed experiment. Then, qRT-PCR was
done to estimate the mRNA expression of a few related
cytokines in NR8383 cells after incubation with 100 μg/ml
CSP. The results demonstrated a substantial increase in the
mRNA expression of IL-1β, TNF-α, and COX-2 in the LPS
group (p < 0.01) than the normal group (Figure 7B).
Additionally, CSP could downregulate the mRNA levels of
IL-1β, TNF-α, and COX-2 (p < 0.01), which were similar to
sp600126 and SB3580. After that, ELISA was used to evaluate
the contents of IL-1β, TNF-α, and COX-2 in the supernatant
of NR8383, which were decreased after CSP treatment
(Figure 7C).

Effect of CSP on the MAPK Signaling
Pathway
We performed western blot to test evaluate the potential
mechanism involved in CSP-induced attenuation of
arthritis. In order to explain whether the improvement of
inflammation by CSP is related to MAPK signaling pathway,
the key proteins including extracellular signal regulated
kinase (ERK), p-ERK, p38 mitogen activated protein kinase
(p38), p-p38, c-Jun N-terminal kinase (JNK) and p-JNK were
measured (Figure 8). The results of this study demonstrated

that the protein expression levels of p-ERK, p-JNK were
significantly elevated in the model group. Furthermore,
CSP degraded the protein expression levels of p-ERK and
p-JNK, while p-p38 showed no significance after CSP
treatment. Moreover, when NR8383 cells were pretreated
with SP600125, a specific JNK inhibitor, this increase was
markedly inhibited, which was similar to the effects of CSP
treatment. Similar results were obtained when the inhibitor
was replaced by SB203580, which is a broad-spectrum
inhibitor of p38 (Figure 8).

DISCUSSION

C. speciosa is a TCM, which was first recorded in the book
“Ming Yi Bie Lu” (名医别录). It is commonly used in the
treatment of severe waist and knee joint pain. “Ben Cao Shu
Jing” (本草经疏) also recorded that C. speciosa could dredge
meridian and remove dampness. Polysaccharides, one of the
main chemical components found in C. speciosa, are known to
have various pharmacological activities, including anti-tumor
potential, immunological, and anti-diabetic effect. In this
study, we used CFA-induced arthritis in rats and writhing
experiments in mice to investigate the medicinal effects of CSP;
the LPS-induced NR8383 cell model was used to explore the
effects of CSP on the MAPK signaling pathway.

Inflammation is a normal defensive response that involves
the release of pro-inflammatory cytokines. Long-term and
chronic inflammation, on the other hand, might be
detrimental, causing fever, asthma, atherosclerosis, joint
diseases, neurodegeneration, and even cancer (Palladino
et al., 2003; Pu et al., 2014). Currently, anti-inflammatory
medications, both steroidal and non-steroidal, are used to
treat inflammation. However, steroidal anti-inflammatory
drugs have the potential to cause elevated blood pressure,
osteoporosis, immunosuppression, Cushing’s syndrome, etc.,
while non-steroidal anti-inflammatory drugs may cause
hemorrhagic gastritis, liver toxicity, asthma, and other side
effects. These side effects question the long-term use of
steroidal and non-steroidal anti-inflammatory medications
(Ma et al., 2016). Natural products are secondary
metabolites synthesized in different species with distinct
chemical structures, indicating their significance as
candidates for drug molecules. The natural source-derived
polysaccharides are composed of >10 monosaccharide
molecules, with different connectivity and a complex
molecular structure. Recently, polysaccharides have been
used as safe, highly efficient, anti-inflammatory, immune
regulators, etc. (Guo et al., 2018).

The pain sensation, as another complication of
inflammation, is always accompanied by tissue disruption,
and the degree of pain depends on the type of trauma, the
healing process as well as the other immune factors. Analgesics
are a type of drugs used for relieving pain; thus, they might be
useful in the process of short-term wound healing (McHugh
and McHugh, 2000; Ronchetti et al., 2017). Pain treatment
includes the evaluation of the cytokines and other immune

FIGURE 8 | CSP inhibited the phosphorylation of MAPKs in LPS-
stimulated NR8383 cells. NR8383 cells were pretreatment with CSP (100 μg/
ml) for 12 h, and p38 inhibitor (SB 203580, 10 µM) and JNK inhibitor
(SP600125, 10 µM) for 5 h, followed by LPS stimulation (1 μg/ml) for
another 30 min. GAPDH was used as loading control.
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molecules involved in the pain mechanism, which cause
inflammation, mediating the formation of wounds and local
pain (Widgerow and Kalaria, 2012; Aquino et al., 2013). The
analgesic activity of CSP was determined using HAc-induced
writhing methods. However, the HAc-induced writhing
method, is commonly used to assess peripheral analgesic
activity (25). During constriction, the tissue phospholipids
release arachidonic acid (AA) via COX pathway
(Muhammad et al., 2012; Jing et al., 2019). The nociceptive
effect of HAc could be prevented using NSAIDs. Aspirin, a
COX inhibitor, eliminates inflammatory mediators in the
peripheral tissues, thus inhibiting HAc-induced pain. Here,
high-dose CSP (100 mg kg−1) substantially decreased the
writhing in mice in response to intraperitoneal
administration of HAc, with a greater effect compared with
aspirin (15). The analgesic effect of CSP was probably
mediated via the inhibition of local peritoneal receptors or
COX-related AA pathways.

The CFA-induced rat foot swelling model has been
commonly used for the identification of therapeutic drugs
of RA in the past (Paunovic and Harnett, 2013; Saleem et al.,
2020). After injecting CFA, a gradual increase in the
pathological manifestations of RA was observed. Here,
CSP substantially improved these pathological changes and
paw swelling, indicating that CSP exhibited anti-RA effect.

The elevated levels of proinflammatory cytokines, such as IL-
1β, TNF-α, and COX-2, could aggravate the progression of
RA and could contribute to synovial inflammation and
cartilage damage (29). Therefore, inhibition IL-1β, TNF-α,
and COX-2 expression could be a target for RA treatment.
Here, CSP declined IL-1β, TNF-α, and COX-2 levels,
indicating that the anti-RA effect of CSP was directly
responsible for the inhibition of secretion of
proinflammatory cytokines.

MAPK is a family of serine/threonine protein kinases
involved in the inflammatory process, including ERK,
JNKs, and p38 (Wu et al., 2016). Wu et al. discovered that
a polysaccharide found in Sargassum cristaefolium inhibited
iNOS expression by inhibiting p38, ERK, and JNK
phosphorylation in LPS-stimulated RAW264.7 cells (Meier
and McInnes, 2014). The MAPK signaling pathway molecules
ERK and p38 are involved in the pathogenesis of RA (Liang
et al., 2012). Our results indicated that CSP could inhibit
MAPK signaling pathway activation by preventing the
phosphorylation of JNK, and ERK (Figure 9). Previous
studies have suggested that MAPK activation was essential
for COX-2 expression in peripheral inflammation (Xu et al.,
2010), thus, the MAPK signal transduction pathway is partly
involved in the regulatory mechanism of this analgesic effect.
In our research, we both examined the COX-2 level in CFA-
induced arthritis and LPS-induced NR8383 cells, which were
both decreased by CSP. Moreover, the phosphorylation of
JNK and ERK1/2 were inhibited by CSP, which suggested the
analgesia effect of CSP might evolved in regulation of MAPK
pathway. However, the role of each MAPK component in
effects of CSP on NR8383 cell remains unclear, and an
activator of MAPK signaling pathway to antagonize the
effects of CSP is not designed in our study. So, further
investigations on the specific molecular mechanism of CSP
are encouraged.

CONCLUSION

Thus, our results showed that MAPK inhibition mediated the
beneficial effects of CSP on hind paw swelling and HAc-
induced writhing. The anti-inflammatory effect of CSP
showed its potential application for treating rheumatoid
arthritis.
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