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[ABSTRACT] Traditionally, Tripterygium hypoglaucum (Levl.) Hutch (THH) are widely used in Chinese folk to treat rheumatoid
arthritis (RA). This study aimed to investigate whether the anti-RA effect of THH is related with the gut microbiota. The main com-
ponents of prepared THH extract were identified by HPLC-MS. C57BL/6 mice with adjuvant-induced arthritis (AIA) were treated with
THH extract by gavage for one month. THH extract significantly alleviated swollen ankle, joint cavity exudation, and articular cartil-
age destruction in AIA mice. The mRNA and protein levels of inflammatory mediators in muscles and plasma indicated that THH ex-
tract attenuated inflammatory responses in the joint by blocking TLR4/MyD88/MAPK signaling pathways. THH extract remarkably
restored the dysbiosis of the gut microbiota in AIA mice, featuring the increases of Bifidobacterium, Akkermansia, and Lactobacillus
and the decreases of Butyricimonas, Parabacteroides, and Anaeroplasma. Furthermore, the altered bacteria were closely correlated
with physiological indices and drove metabolic changes of the intestinal microbiota. In addition, antibiotic-induced pseudo germ-free
mice were employed to verify the role of the intestinal flora. Strikingly, THH treatment failed to ameliorate the arthritis symptoms and
signaling pathways in pseudo germ-free mice, which validates the indispensable role of the intestinal flora. For the first time, we
demonstrated that THH extract protects joint inflammation by manipulating the intestinal flora and regulating the
TLR4/MyD88/MAPK signaling pathway. Therefore, THH extract may serve as a microbial modulator to recover RA in clincial prac-
tice.ver RA in clincial practice.
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Introduction diseases that cause disability " *.

. - . . . Emerging evidence has demonstrated that the gut micro-
Rheumatoid arthritis (RA) is an immune-mediated and g8 g

joint-based chronic inflammatory autoimmune disorder af-
fected by genetic and environmental factors, characterized by

pain, stiffness, synovitis, and articular erosive destruction !’ dition, intestinal bacteria help to maintain immune homeo-
9 9 2 .

biota participates in the pathogenesis of RA via the intestinal
flora-host immunity-joint axis. Under the physiological con-

stasis in hosts by stimulating the production of immuno-

RA induces the proliferation of local tissue cells, synovial . : )
globulin A (IgA) and promoting the maturation of regulatory

fibroblasts, and osteoclasts, which finally leads to irrevers-
ible damage to the cartilage and bone ™. The worldwide pre-
valence of RA is about 1%, ranking among the top 15% of

T cells P! However, dysbiosis of the host renders hosts sus-
ceptible to joint diseases. RA patients were reported with en-
riched Prevotella in the gut, accompanied by reduced abund-
ances of Clostridia, Lachnospiraceae, and Bifidobacter-
ium "7 In contrast, regulating gut microbiota by diet or pro-
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biotics weakened inflammatory responses and slowed down
the developoment of RA ™. Clinically, patients with a five-
year history of RA was greatly improved by fecal microbiota
transplantation, which indicated the direct relationship
between the gut microbiota and RA ©1,

The gut microbiota affects the development of RA in
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multiple ways. For instance, the disturbed intestinal flora
stimulateed the toll-like receptor 4/myeloid differentiation
factor 88 (TLR4/MyD88) signaling pathway and induced T
cell differentiation and maturation '’ . In addition, the colon-
ic bacteria might elevate the phosphorylation of mitogen-ac-
tivated protein kinases (MAPKSs) containing c-Jun N-termin-
al kinase (JNK), P38, and extracellular regulated kinase
1/2 (ERK1/2), followed by activation of systemic inflamma-
tion "', The above evidence demonstrates that the gut micro-
biota may be an indispensable environmental factor that af-
fects the pathogensis of RA.

Tripterygium hypoglaucum (Levl.) Hutch (THH) was
originally recorded in the Compendium of Materia Medica by
LI Shizhen. Traditionally, the roots of THH were used to treat
RA or to ameliorate inflammation and pain in Chinese
folk " In previous studies, THH decoction potently inhib-
ited inflammation, capillary permeability, exudation, and hy-

[13

perplasia in vivo "\ Furthermore, THH polyglycoside, one
main chemical component, has proved to inhibit humoral im-
munity during the development of RA, as reflected by the de-
creased levels of serum IgA and IgM ¥, For oral administra-
tion, THH decoction will inevitably encounter intestinal mi-
croorganisms and may affect their community structure.
However, no studies have focused on the possible role of the
gut microbiota in THH-mediated protection against RA.

In the current study, we hypothesized that THH decoc-
tion improved the local inflammation of the joints by regulat-
ing the composition of the gut microbiota and their metabolic
activities. To test this hypothesis, we prepared THH extract
and analyzed its components by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS). Based on the Com-
plete Freund’s adjuvant (CFA)-induced arthritis (AIA) mouse
model, we evaluated the anti-arthritis performance of THH
extract. Then, the regulatory effect of THH extract on the gut
microbiota and joint damage was measured. Finally, the crit-
ical role of the gut microbiota was confirmed in pseudo-
sterile mice treated with antibiotics.

Materials and Methods

Preparation of THH extract

Tripterygium  hypoglaucum (Levl.) Hutch (THH)
(Dechang, Sichuan, China, batch No. 20190401) was authen-
ticated by Professor YANG Yong in Chongqing Academy of
Chinese Materia Medica and deposited in Chongqing
Academy of Chinese Materia Medica. The dried roots of
THH were ground and decocted three times with five folds,
four folds, and three folds of water at 60 °C, respectively.
After the decoction was combined and filtered, the filtrate
was concentrated to clear paste with a relative density of
1.05-1.07 at 60 °C. After the addition of ethanol (final 70%)
and subsequent filtration, the filtrate was further concen-
trated to paste-like extract with a relative density of
1.20—1.25 at 60 °C. The THH extract was stored at —80 °C

®

for further experiments. The chemical composition was iden-
tified by high-performance liquid chromatography (HPLC)
and LC-MS/MS, and the details were depicted in Supple-
mentary Methods.

Animal experiment

Male C57BL/6 mice (six weeks old, 20 + 2 g) were pur-
chased from Hubei Provincial Center for Disease Control and
Prevention (Wuhan, China). The mice were acclimated for
one week with a 12 h/12 h light/dark cycle (relative humidity,
55% + 5%; temperature, 23 + 2 °C) and free access to food
and water. Then, the mice were randomly divided into four
groups (n = 8): a Con group, an AIA group, a THH group, and
an AIA + THH group. For mice in the AIA and AIA + THH
groups, 100 pL of 1 mg-mL™" CFA (Sigma, MO, USA) was
subcutaneously injected into the right footpad using a mi-
croinjector (Beijing Envta Technology Co., Ltd., Beijing,
China) on day one, while control mice were injected with 100
puL normal saline alone. Meanwhile, mice in the THH and
AIA + THH groups were treated with THH extract (250
mg-kg™'-d”" by gavage) for 35 days. The animal experiment-
al design is shown in Supplementary Fig. 1. In our prelimin-
ary study, both 125 and 250 mg-kg ' of THH extract showed
no observable toxicity on mice, and 250 mg-kg ' of THH ex-
tract exerted better effectiveness. With respect to the human
dosage of THH tablets (1.62 g-d™"), the mouse dosage used in
this study (250 mg-kg '-d™") was reasonable.

For pseduo-germ free experiments, male C57BL/6 mice
were divided into four groups (r» = 8): a Con group, an AIA
group, an Ab + AIA group, and an Ab + AIA + THH group.
During the whole experimental period, mice in the Ab + AIA
and Ab + AIA + THH groups were given sterilized water
with an antibiotic mixture (1.0 mg-mL™ ampicillin, 1.0
mg-mL™" neomycin sulfate, 0.5 mg-mL™" vancomycin, and
0.5 mg:mL™" metronidazole) (Aladdin, Shanghai, China)
every day, while those in the other two groups were treated
with normal sterilized water. From day 29, mice in the AIA,
Ab + AIA, and Ab + AIA + THH groups were administered
with CFA and THH extract, as described above. The animal
experimental protocol was detailed in Supplementary Fig.
4A.

After treatment, the mice were euthanized by ether anes-
thesia and the major tissues were collected, including plasma,
ankle, paw, ankle-adjacent muscle, intestinal tissue, and
caecal contents. All samples were stored at —80 °C for fur-
ther analysis. Animal experiments were conducted in accord-
ance with the Ethical Experimentation Committee of Hubei
University of Chinese Medicine (No. SCXK2020-0018).
Measurement of physiological and morphological indices

During the animal experiment, typical physiological in-
dices of mice were monitored, such as ankle thickness, paw
width, ankle circumference, and body weight. The arthritis
scores were also recorded according to the criteria in Supple-
mentary Table 1. The joint morphology was imaged using an
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X-ray machine (Xi'an Institute of Optics and Mechanics,
Xi'an, China), and the ankle thickness was measured by a di-
gital thickness gauge (Guanglu Measuring Instruments Co.,
Ltd., Guangxi, China).
RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from muscle tissues (including
synovial tissues) adjacent to mouse ankle using Trizol re-
agent (Summerbio, Beijing, China). The mRNA was reverse-
transcribed into cDNA using the cDNA first-strand synthesis
kit, according to the manufacturer’s protocol (Summerbio,
Beijing, China). The relative mRNA levels of target genes
were detected by qRT-PCR using SYBR QPCR mixtures on
an ABI 7500 real-time fluorescent quantitative PCR instru-
ment system (Arlington, VA, USA). The reaction parameters
were set as followed: 95 °C pre-denaturation for 10 min and
40 cycles of amplification (95 °C denaturation for 10 s, 60 °C
annealing extension for 30 s). All the mRNA levels were nor-
malized using f-actin as an internal control and the relative
quantification of gene expression was calculated by the 27"
method. The primer sequences are listed in Supplementary
Table 2.
Determination of immunoglobulin and inflammatory  cy-
tokines in plasma

Immunoglobulins (IgG, IgM, and IgA) and cytokines (IL-
1B, IL-6, and TNF-0) in plasma were quantified using ELISA
kits, according to the manufacturer’s instructions (Elab-
science Biotechnology Co., Ltd., Wuhan, China). The absorb-
ance was measured at 450 nm by a multi-scanning spectrum
microplate reader (Molecular Devices Corporation, San Jose,
CA, USA), and the concentration was calculated based on the
standard curve.
Histopathological analysis

After the mice were sacrificed, the ankle joints stripped
of joint-adjacent muscles were collected from the right hind-
limb. The joints were fixed in 4% paraformaldehyde for 48 h
and decalcified with 15% EDTA-Na, (pH 7.3) at room tem-
perature for another 30 days. After sufficient decalcification,
the tissues were embedded in paraffin and cut into 4 pm thick
sections. Then, the sections were stained with hematoxylin-
eosin (H&E) and Safranin-O/Fast green (SO) (Servicebio,
Wuhan, China), respectively. Histopathological changes were
observed under a Leica DMI4000B microscope (Wetzlar,
Germany), and the images were captured by a Leica DFC310
FX digital camera (Wetzlar, Germany).
Western blot analysis

Total proteins from the right hind paw tissue of mice
were extracted with RIPA lysis buffer supplemented with a
protease inhibitor cocktail (Merck, Darmstadt, Germany).
The protein concentration was determined using a BCA pro-
tein assay kit (Beyotime, Shanghai, China). Protein samples
were separated on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis  (SDS-PAGE) gel and transferred to
polyvinylidene fluoride membrane. After blocking with 5%
skim milk for 1 h, the membrane was incubated with primary
antibodies at 4 °C overnight. Antibodies against MyDSS,

TLR4, p-P38, P38, p-ERK1/2, ERK1/2 and f-actin were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Cyclooxygenase-2, superoxide dismutase 2, p-JNK
and JNK were purchased from Cell Signaling Technology
Inc. (Beverly, MA, USA). After washing, the membrane was
incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Cell Signaling Technology, Danvers, MA,
USA). The protein bands were visualized using ECL lumin-
escent solution (Cell Signaling Technology, MA, USA), and
the densitometry was quantified with Image J2x software
(National Institute of Health, Bethesda, MD, USA).
16S rDNA sequencing and gut microbiota analysis

Fecal genomic DNA was extracted from 32 fecal
samples using the Fast DNA™ SPIN kit (MP Biomedicals,
CA, USA) for intestinal flora analysis. The V3-V4 region of
16S rDNA was sequenced on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA). Linear discriminant analys-
is of effect size (LEfSe), Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States (PICRUS),
and Spearman’s correlation analysis were performed to fur-
ther analyze the compositional and functional variation of the
gut microbiome "> ') The details are provided in Supple-
mentary Methods.
Statistical analysis

Data were analyzed by GraphPad Prism version 8.02
software (GraphPad Software, Inc, San Diego, CA, USA) and
are expressed as the mean + SD. Statistical significance was
evaluated by the one-way analysis of variance (ANOVA)
with Bonferroni post-hoc analysis among experimental
groups. LEfSe analysis was performed based on Kruskal-
Wallis and Wilcoxon test. A P value less than 0.05 was con-
sidered to be statistically significant.

Results

Component identification of THH extract

To identify the authenticity of THH, triptolide in THH
extract was analyzed as recorded in the Chinese Pharmaco-
poeia (2020 edition). The HPLC spectrum showed that the re-
tention time (fg) (47.471 min, Supplementary Fig. 2A) of the
major peak in THH extract was similar to that of triptolide
standard (47.323, Supplementary Fig. 2B), indicating the au-
thenticity of THH herb in this study. Furthermore, a total of
nine components of THH extract were identified by HPLC-
MS/MS in multiple reaction monitoring modes (Fig. 1A and
Supplementary Fig. 3). These components were determined
to be terpenoids (such as triptolide and tripterine) and alkal-
oids (such as wilfortrine and wilforgine) (Supplementary Ta-
ble 3).
Effect of THH extract on the physiological indices of AIA
mice

Relevant physiological indices were monitored to assess
the therapeutic effect of THH extract on arthritic mice. In
comparison with the Con group, the AIA group showed signi-
ficant increases in ankle thickness, claw width, and ankle cir-
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Fig.1 THH extract's composition and its effect on AIA mice. (A) Total ion flow diagram of THH extract using UPLC-MS ana-
lysis. M1, wilforlide B; M2, wilforidine; M3, triptolide; M4, wilformine; M5, wilfortrine; M6, wilfordine; M7, wilforgine; M8, wil-
forine; and M9, tripterine. During THH extract treatment (250 mg-kg'-d™"), the physiological indices of mice were monitored, in-
cluding ankle thickness (B), paw width (C), ankle circumference (D), the severity of ankle swelling (E), and arthritis score (F) in
four experimental groups. (G) H&E and SO staining analyses of ankle joint tissues. Black arrows indicate the width of joint cav-
ity. Blue arrows indicate the content of articular cartilage. Data are expressed as the mean = SD (n = 8). "P < 0.01 vs the Con
group; P < 0.05, *P < 0.01 vs the AIA group.
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cumference (P < 0.01, vs the Con group), which were statist-
ically reversed after THH extract treatment (P < 0.05 or 0.01,
vs the AIA group) (Figs. 1B-1D). As revealed by X-ray ima-
ging, the severity of swollen soft tissues in the ankle and paw
joint was remarkably ameliorated after THH extract treat-
ment (Fig. 1E). According to arthritis scores, THH extract
suppressed the development of arthritis in CFA-treated mice
(P <0.01, vs the AIA group), and THH extract itself had no
impact on arthritis scores in control mice (Fig. 1F). Further-
more, H&E staining illustrated that joint space was notably
narrowed in the AIA group (Fig. 1G). In addition, SO stain-
ing suggested the loss of cartilage proteoglycan (stained in
red) in the AIA group (Fig. 1G). In contrast, THH extract
treatment alleviated the reduction of joint space, the exuda-
tion of joint cavity, and the destruction of articular cartilage.
These results suggest that THH extract significantly amelior-
ates the histopathological damage to the joints in AIA mice.
Suppressive effect of THH extract on immune activation in
AIA mice

Furthermore, we detected the transcriptional expression
of pro-inflammatory cytokines and the secretion of immuno-
globulins in the four experimental groups. As indicated in
Fig. 2A, the mRNA levels of interleukin-1p (/L-1f), tumor
necrosis factor-a (7nf-a)), II-8, cyclooxygenase-2 (Cox-2),
monocyte chemotactic protein-1 (Mcp-1), and 1I-6 increased
in the synovial tissues of AIA mice (P < 0.01, vs the Con
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20} u

E’ls- ED

<10l

Z

Z 1

E 3

o

2

=

[}

~

[ Con  [] THH

10' ., MEAA [T]AIA+THH

c/(mg-mL™")

‘ : %
#
ﬁﬁ%
%
IgM

##
v
v
A
1gG IgA

group), which were significantly reversed after treatment with
THH extract (P < 0.05 or 0.01, vs the AIA group). In con-
trast, THH extract statistically inhibited the down-regulation
of IL-10 mRNA (an anti-inflammatory cytokine) (P < 0.05,
vs the AIA group) (Fig. 2A).

Next, the secretion of immunoglobulins (IgG, IgM, and
IgA) and pro-inflammatory cytokines (IL-1p, TNF-a, and IL-
6) in plasma were measured by ELISA. The results sugges-
ted that these factors except IL-13 were elevated in the AIA
group (P < 0.05 or 0.01 vs the Con group), whereas their ac-
tivation was effectively blocked by THH extract treatment
(P <0.05 or 0.01, vs the AIA group) (Figs. 2B and 2C).
Modulatory effect of THH extract on inflammation-related
regulators

Evidence shows that TLR4 plays an important role in in-
ducing synovial inflammation and arthritis . To decode the
molecular mechanism driving THH extract to prevent AIA in
mice, the key proteins responsible for the immune regulation
were detected by Western blot. As demonstrated in Fig. 3, the
levels of TLR4, MyD88, COX-2, SOD2, p-P38, p-ERK1/2,
and p-JNK remarkably increased in the paw of AIA mice,
where the elevation of TLR4, COX-2, SOD2, p-P38, and p-
JNK was significantly inhibited by THH extract treatment
(Figs. 3A-3E).

Remodelling of gut microbiota structure of AIA mice by THH
extract

Intestinal flora imbalance is closely associated with the
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Fig. 2 THH extract inhibits immune activation in AIA mice. (A) The mRNA levels of inflammatory cytokines in ankle-adjacent
muscle tissues (including synovial tissues) by qRT-PCR, including II-1f, Tnf-a, 1I-8, 1I-10, Cox-2, Mcp-1, and II-6. (B) Plasma im-
munoglobulins including IgG, IgM, and IgA. (C) Protein levels of pro-inflammatory cytokines in plasma, including IL-1f, TNF-a,
and IL-6. Data are expressed as the mean = SD (n = 8). "P < 0.05, P < 0.01 vs the Con group; “P < 0.05, P < 0.01 vs the AIA

group.
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Fig. 3 THH extract reverses the up-regulation of inflammation-related regulators in AIA mice. (A) Protein expression of TLR4,
MyD88, COX-2, SOD2, p-P38, P38, p-ERK1/2, ERK1/2, p-JNK and JNK in paw tissues by Western blot. (B-E) Quantitative ana-
lysis of the protein bands in (A). Data are expressed as the mean + SD (n=8). * P < 0.05, "P < 0.01 vs the Con group; *P < 0.05

vs the AIA group.

occurrence of RA "), To investigate the regulatory effect of
THH extract on the gut microbiota, 32 fecal samples from the
four experimental groups were analyzed by 16S rDNA se-
quencing. The Multy samples Shannon—Wiener curves re-
vealed that 16S rDNA sequencing generated enough data for
analyzing microbial composition (Fig. 4A). In addition, the
complete separation of intestinal flora clusters in principal co-
ordinate analysis (PCoA) depicted that THH extract exerted
significant effect on the intestinal flora structure (Fig. 4B).

At the phylum level, THH extract significantly enhanced
the abundances of Firmicutes, Verrucomicrobia, and Actin-
obacteria and reduced the levels of Bacteroidetes and Proteo-
bacteria in AIA mice (Fig. 4C). At the family level, THH ex-
tract reduced the contents of Bacteroidales S24-7 group, Pre-
votellaceae, and Rikenellaceae but elevated the abundances
of Lachnospiraceae, Erysipelotrichaceae, and Lactobacil-
laceae in AIA mice (Fig. 4D).

To figure out the microbial alteration at the genus level,

30 bacteria with the greatest variation were displayed in a
heatmap. Among them, six bacteria increased in AIA mice
including Butyricimonas, Parabacteroides, Bacteroides, Des-
ulfovibrio, Anaeroplasma, and Marvinbryantia, which were
significantly repressed by THH extract (Fig. 4E). On the con-
trary, over twenty bacteria decreased in the AIA group com-
pared with those of the Con group, such as Bifidobacterium,
Lactobacillus, Akkermansia, Turicibacter, Faecalibaculum,
and Ruminiclostridium (Fig. 4E). Most of them were effect-
ively restored by THH extract treatment (Fig. 4E). The
abundance quantification of these genera is presented in Sup-
plementary Fig. 4.

To determine the specific bacterial taxa in each experi-
mental group, LEfSe analysis was performed. As depicted in
the
Helicobacteraceae, and Desulfovibrionaceae families domin-
ated the AIA group, whereas there were several families that
greatly contributed to the gut microbiota community in the

branching diagram, Rikenellaceae, Prevotellaceae,
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Fig. 4 Improvement of THH extract on gut microbiota imbalance in AIA mice. After THH extract treatment, all the mice were
euthanized and their caecal samples were collected for 16S rDNA sequencing analysis. (A) Multy samples Shannon—Wiener
curves during microbial sequencing. (B) Beta diversity using principal co-ordinate analysis (PCoA). (C) Abundance changes of
the gut microbiota at the phylum level. (D) Abundance changes of the gut microbiota at the family level. (E) Bacteria with the
greatest variation at the genus level were displayed in a heatmap.

THH group, namely Bifidobacteriaceae, Verrucomicrobi- Lachnosplraceee NK4A4136 group, Corynebacterium 1 and
aceae, Oxalobacteraceae, and Erysipelotrichaceae (Fig. SA).
As for the AIA + THH group, Enterococcaceae was the rep-

resentative family (Fig. 5A). Furthermofd, LDA scores were

Ruminococcaceae UCG 007 for the Con group; Alloprevo-
tella and Alistipes for the AIA group; Akkermansia for the
THH group; and Roseburia, Lachnospiraceae UCG 010, and

calculated to identify the characteristic genera of each group: Odoribacter for the AIA + THH group (Fig. 5B).

®
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Metabolic pathway regulation of the gut microbiota in AIA
mice by THH extract

To explore the potential effect of THH extract on the
metabolic pathways of the gut microbiota, a phylogenetic
study of the intestinal flora was conducted using PICRUSt
analysis based on the KEGG (Kyoto Encyclopedia of Genes
and Genomes) database. The results showed that several
metabolic pathways of the gut microbiota were changed in

AIA mice (P < 0. 05 or 0.01 vs the Con group) (Fig. 6A).
Among them, eight pathways were greatly upregulated (such
as Lipopolysaccharide biosynthesis and Lipoic acid metabol-
ism), while seven pathways were downregulated (such as
Starch and sucrose metabolism, Pentose phosphate pathway
and Galactose metabolism, and Pyruvate metabolism). In
contrast, most of these altered pathways were restored in the
AIA + THH group (P < 0. 05 or 0.01 vs the AIA group) (Fig.
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6B). To examine the correlation between the gut microbiota
and joint inflammation, the microbial metabolites were ana-
lyzed, including short-chain fatty acids, indole, and 5-hy-
droxytryptamine (5-HT) (Supplementary Fig. 5). The results
showed that THH treatment elevated the contents of acetic
acid and pentanoic acid in the intestine of AIA mice (Supple-
mentary Fig. SA). THH treatment suppressed the levels of in-
dole in AIA mice, without effect on the abundance of 5-HT
(Supplementary Figs. SB—5C).
Correlation between physiological indicators and the gut mi-
crobiota

To illustrate the relationship between gut microbiota reg-
ulation and arthritis improvement, Spearman’s correlation
analysis was performed. As demonstrated in Fig. 6C, most of
the altered genera were significantly associated with AIA-re-
lated physiochemical traits, such as joint swelling and arthrit-
is scores, immune response, inflammation, and oxidative
stress. For instance, several bacteria such as Marvinbryantia,
Desulfovibrio, Parabacteroides, and Butyricimonas were
positively correlated with pathological indicators, while some

other bacteria such as Bifidobacterium, Akkermansia, Lacto-
bacillus, and Faecalibaculum were negatively correlated with
arthritis pathology.
Effect of THH extract on AIA mice with gut microbiota deple-
tion

To further investigate the role of the gut microbiota
against arthritis, mice with gut microbiota deleted were used
for further studies (the procedures involved are presented in
Supplementary Fig. SA). After Abx treatment for four weeks,
the intestinal tract of the mice was almost bare of bacteria
(Supplementary Table 4), indicating that Abx-treated mice
were qualified to establish a pseudo germ-free model (Sup-
plementary Figs. 6B—6F). The combination of the four antibi-
otics also reduced water intake (Supplementary Fig. 6G). In-
terestingly, THH extract failed to recover the pathological
changes in Abx-treated AIA mice, like ankle swelling, joint
space narrowing, and high arthritis score (Figs. 7A-7F). Fur-
thermore, the expression of inflammation-related cytokines in
the synovial tissues of Abx-treated AIA mice was not re-
versed by THH extract, including /I-1p, 1I-8, 1I-10, Tnf-a, and

A
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Fig. 6 Predicted metabolic pathways and correlation analysis between physiological indicators and altered intestinal bacteria.
(A) Alteration of KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways of the gut microbiota in AIA mice versus Con
mice. (B) Reversal of KEGG pathway changes in AIA mice after THH extract treatment. (C) Spearman's correlation between
altered bacteria and arthritis-related traits was analyzed at the genus level. Statistical significance is indicated with asterisks (‘P <
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lationship.

Cox-2 (Figs. 8A—8E). Also, THH extract did not suppress the
upregulation of signaling regulators in the ankle tissue of
germ-free AIA mice, such as TLR4, MyD8S8, p-P38, p-
ERK1/2 and p-JNK (Supplementary Fig. 7).

Discussion

Rheumatoid arthritis (RA) is characterized by synovial
inflammation and destruction of the joint cartilage and bone
mediated by the persistent production of proinflammatory cy-
tokines. In the past, many Chinese herbals displayed potent
effect on RA, such as Tripterygium hypoglaucum ", Tri-
pterygium wilfordii ", and Atractylodis thizome *”. So far,
Huobahuagen tablet, prepared from THH, has been widely
used for the treatment of RA in China. However, it remains
elusive about the underpinning mechanism of THH against
RA. In this study, we confirmed the pivotal role of the gut
microbiota in the improvement on arthritis and in the regula-
tion of inflammation-related signaling pathways.

THH is a traditional Chinese medicine commonly used
for autoimmune diseases '?. In this study, we identified the
major components of THH extract (Fig. 1A, Supplementary
Figs. 2-3), and the results were consistent with a previous
study where 116 chemical compounds were detected from
THH extract, such as wilforine, wilfortrine, and triptolide 21,
Moreover, triptolide and tripterine were found to be the main
active ingredients of THH against RA ** . Triptolide exerted
potent anti-inflammatory, immunosuppressive, anticancer,

®

and anti-arthritic activities ™!

. From the structure-efficacy
perspective, triptolide is extremely similar with  hydro-
cortisone: a clinically used anti-inflammatory drug for the
treatment of autoimmune diseases such as rheumatoid arthrit-
is. Consistently, triptolide-riched THH exerted significant
anti-inflammatory and immunomodulatory effect in our
study. In addition, we also identified several alkaloids such as
wilforine, wilfordine, and wilforgine, which were reported to
be bioactive components of THH extract **. These alkaloids
were also found in healthy mouse feces after oral administra-
1 suggesting the possible in-
teraction of THH extract with the gut microbiota.

tion of tripterygium glycosides

The CFA-induced arthritis animal model shares com-
mon features with human RA like joint swelling, synovial in-

29 In addition to rat

flammation, and cellular infiltration
arthritis models, previous researchers also used C57BL/6
mice for CFA-induced arthritis modeling *”>**!. In this study,
typical RA symptoms were observed in CFA-treated mice,
indicating the success of adjuvant-induced arthritis modeling
in C57BL/6 mice. These symptoms were significantly im-
proved by THH extract (Fig. 1), suggesting the efficacy of
THH extract against arthritis.

The pivotal event of RA is synovial inflammation and
proliferation, which finally leads to the destruction of the car-
tilage, joint, and bone. During the pathogenesis of synovitis,
inflammatory cells infiltrate into the synovial membrane and

produce a wide range of chemokines . Consistently, the
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Fig. 7 THH extract fails to improve arthritis in AIA mice with gut microbiota deleted by Abx treatment. During THH extract
treatment (250 mg-kg '-d"'), the physiological indices were monitored, including ankle thickness (A), claw width (B), ankle cir-
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0.01 vs the Con group.

overwhelming release of TNF-a, IL-6, IL-8, and IL-1B was
detected in serum and synovial fluid from RA patients. ©”
These pro-inflammatory cytokines further induced osteoclas-
togenesis and bone erosion by acting on osteoclast precurs-
ors !, In parallel, our work validated the suppression of in-
flammation in the synovial membrane of AIA mice by THH
extract (Fig. 2A). Besides, THH extract reduced the levels of
immunoglobulins (IgG, IgM, and IgA) in the serum of AIA
mice (Fig. 2B). Immunoglobulins are important mediators of
acquired immunity, and the high titers of immunoglobulins in
individuals were reported to be associated with persistent
severity of inflammatory polyarthritis ®*. The above results
indicate that THH extract exert pronounced inhibitory effect
on both inflammatory responses and humoral immunity in
AIA mice.

As pattern recognition receptors, TLRs are widely ex-

pressed in immune cells for recognizing pathogen-associated
molecular patterns (PAMPs) and activating MyD88, highly
expressed in the synovial tissue of RA patients ™). TLRs are
involved in the pathological process of RA by inducing
downstream inflammation. Increasing evidence has shown
that TLR4 is responsible for regional joint inflammation, car-
tilage proteoglycan depletion and bone erosion **. Deletion
or loss-of-function mutation of 7/r4 protected mice against
drug-induced arthritis ®”. As the downstream of TLRs,
MAPK proteins including P38, ERK, and JNK remained
phosphorylated in fibroblast-like synoviocytes from RA pa-
tients or mice °*. Here, we found that THH extract not only
significantly downregulated the levels of TLR4, COX-2, and
SOD2, but also obviously blocked the activation of P38 and
JNK in AIA mice (Fig. 3). Likewise, triptolide (a major com-
ponent of THH) was proved to inhibit the TLR4/MyD88 sig-
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naling pathway in LPS-treated macrophages . Hence, we
proposed that THH extract may treat arthritis by blocking the
response of the TLR4/MyD88/MAPK signalling pathway,
thereby inhibiting inflammatory reactions and oxidative stress
in articular tissues.

The mutual interaction between the gut microbiota and
the host immune system affects the progress of RA **. In RA
patients, gut dysbiosis reflected different serological and clin-
ical parameters °”'. Dysbiosis of the gut may contribute to the

[40]

occurrence of RA via the gut-joint axis ", which is main-

tained by gut barrier, immune cells, and microbiota-derived

metabolites "

. For example, microbial dysbiosis-induced
dysregulation of short-chain fatty acids (SCFAs) led to im-
mune activation and inflammation in RA ™", In our work, the
microbial dysbiosis should be the consequence of AIA (Fig.
4B), as the arthritis model was established by CFA through
subcutaneous injection rather than oral administration. Fur-
thermore, the dysbiosis may deteriorate the development of
arthritis. Pathogenic bacteria and their toxins directly in-
vaded the intestinal mucosa, damaged the intestinal barrier,
and induced the imbalance of systemic immunity and the sub-

U2 The alteration of intestinal flora

sequent onset of RA
stimulated immune cells (e.g., T cells) in submucosal Peyer's
plaques and then triggered systemic immune response via
multiple pathways *. The Firmicutes/Bacteroidetes (F/B) ra-
tio was negatively correlated with IgG and IgM levels in

hosts ™, and most members of the phylum Proteobacteria
were validated to be inflammatory inducers in vivo ™. THH

extract increased the F/B ratio and diminished Proteobacteria

®

abundance in AIA mice, which was in line with the changes
in IgG and inflammatory inducers. THH extract statistically
reversed most of the changed genera in AIA mice (Fig. 4E).
Among those reduced genera by THH extract, Marvinbryan-
tia was positively associated with intestinal inflammation ©*;
Desulfovibrio, an LPS producer and sulfate-reducing bacteria,
colonized in the human gut and triggered the shift of the gut
microbiota from homeostasis to inflammation “”. Interest-
ingly, THH extract remarkably increased the abundances of
several beneficial genera such as Akkermansia, Bifidobacteri-
um, and Lactobacillus. These probiotics are short-chain fatty
acids (SCFAs) producers, and the SCFAs may reverse the gut
dysbiosis and subside excessive inflammation through signal-
ing pathways ™. For instance, a mixture of Lactobacillus and
Bifidobacterium was used to reduce inflammatory biomark-
ers and oxidative stress in RA patients “”. More specifically,
Lactobacillus rhamnosus GG inhibited oxidative stress and
inflammation by downregulating the MAPK and TLR4/
MyD88 pathways in vivo and in vitro ®™; loss of Bifidobac-
terium resulted in systemic inflammation and macrophages
infiltration into the synovium ©Y. Particularly, Lactobacillus
and Bifidobacterium were proven to regulate bone homeo-
stasis and to prevent bone loss "*. Furthermore, LEfSe ana-
lysis showed that THH not only fundamentally regulated
Roseburia and Odoribacter in AIA mice, but also strongly
stimulated Akkermansia in control mice (Fig. 5B). Among
them, the genus Roseburia was reported to possess butyrate-
producing and anti-inflammatory properties ©. Roseburia
was substantially less in RA patients **. These three bacteria
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were observed to be substantially declined in RA pati-
ents P Consistently, THH treatment upregulated the con-
tents of acetic acid and pentanoic acid, and both SCFAs were
validated to block arthritis " . Moreover, Spearman correl-
ation analysis suggested that the above changed bacterial gen-
era were closely correlated with RA-related physiological
parameters or biomarkers (Fig. 6C).

Alternation of the gut microbiota affects the onset and
development of RA. As a typical example, germ-free mice
are resistant to spontaneous RA modeling, but can be de-
veloped into RA after segmented filamentous bacteria treat-

9, 6
ment & °

. Germ-free mice presented severer arthritis symp-
toms after fecal microbiota transplantation (FMT) from mice
susceptible to CIA . Consistently, we found that depletion
of the gut microbiota did not attenuate CFA-induced AIA
(Fig. 7), and the reason may be that antibiotics treatment
blocked the growth of both beneficial and detrimental bac-
teria. A previous study indicated that germ-free rats had high-
er susceptibility to adjuvant-induced arthritis than conven-
2 The intestinal bacteria-deprived mice were

partly reflected with loss of Akkermansia, Bifidobacterium,

tional rats

Bacteroides, and other altered bacteria (Supplementary Fig.
5). Finally, depletion of the intestinal flora from AIA mice
confirmed that the amelioration of RA by THH extract was
dependent on the presence of the intestinal flora (Fig. 7, Fig.
8 and Supplementary Fig. 6). For more detailed mechanisms,
the altered gut microbiota may generate less inflammatory
initiators (such as LPS) and more beneficial metabolites to
manipulate immune and metabolic pathways . THH ex-
tract is able be transformed by altered microbiota into active
components for alleviating joint inflammation **. To fully
explore the direct evidence for the specific contribution of the
gut microbiota, more data on metabolic molecules and FMT
should be provided in our future study. The alteration of mi-
crobial metabolites (LPS) and THH components may collect-
ively modulate the TLR4-meidated inflammatory responses
in the joints. Therefore, the arthroprotective effect of THH
extract coincided with the increased abundances of beneficial
bacteria (immunomodulators and inflammatory suppressors)
and the decreased contents of harmful bacteria (inflammat-
ory inducers and LPS producers) in AIA mice.

In addition to affecting the structure of gut microbiota
community, THH extract also exerted regulatory effect on the
metabolic activities of the intestinal bacteria in AIA mice
through PICRUSt analysis. Among these altered metabolic
pathways, bacterial lipopolysaccharide biosynthesis was sig-
nificantly upregulated in AIA mice, but decreased after THH
extract treatment. Considering that LPS has adjuvant activity
to enhance the production of anti-collagen antibodies in-

65 .
1 such in-

volved in the pathogenesis of rheumatoid arthritis '
creased synthesis of bacterial LPS may promote TLR-activ-
ated inflammatory responses in hosts. Among the regulated
metabolic pathways, the saccharide metabolisms including

pentose phosphate pathway and galactose metabolism were

highly associated with the production of SCFAs . The res-
ults imply that THH extract can influence the development of
RA by regulating the metabolic pathways of the intestinal
flora in AIA mice.

The current therapeutic drugs for RA treatment, includ-
ing conventional synthetic disease-modifying antirheumatic
drugs (DMARD:s), targeted synthetic DMARDs, biological
DMARD:s, and glucocorticoids (GCs), primarily suppress the
immune system. Such immunosuppression inevitably in-
creases the risk of infection and malignancy, and the autoim-
mune response can recur or become more severe once these
drugs are abolished. In addition, a large proportion of pa-
tients with RA remain under-responsive to these drugs, for
example 30% for methotrexate and 37% for biologics *” .
In previous studies, triptolide was validated to accelerate the
recovery of gut microbiota balance in ulcerative mice .
Tripterine reduced the body weight of obese rats by improv-
ing the gut flora structure ", The regulatory effect of THH
extract on gut microbiota in AIA mice may attribute to the
synergistic reactions of active components. Hence, the inter-
action between the individual components of THH extract
and the gut microbiota in the pathogenesis of RA is worthy to
be studied in future work. In addition, the specific contribu-
tion of each strain of altered bacteria should be further invest-
igated in our following research.

Conclusions

This study demonstrates that THH extract improves CFA-
induced AIA in mice, as indicated by alleviated severity of
swollen ankle and paw joint, suppressed exudation of the
joint cavity, and ameliorated destruction of the articular car-
tilage. Also, THH extract improves dysbiosis of the gut by
decreasing the contents of pathogenic bacteria, such as Mar-
vinbryantia, Desulfovibrio, Parabacteroides, Bacteroides and
Butyricimonas, and increasing the abundances of beneficial
bacteria, such as Bifidobacterium, Akkermansia, Lactobacil-
lus, and Roseburia. Furthermore, the essential role of the gut
microbiota is validated in THH extract-initiated suppressive
effect and in the regulation of the TLR4/MyD88/MAPK sig-
naling pathways. In summary, THH extract displayed a high
potential in the clinical treatment of RA as a microbial regu-
lator.

Data Availability Statement

The data presented in the study are deposited in the Se-
quence Read Archive (SRA) 417 database of NCBI reposit-
ory, accession number PRINA787415.
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