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Fuzi alleviates cold‑related rheumatoid 
arthritis via regulating gut microbiota 
and microbial bile acid metabolism
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Abstract 

Background  Rheumatoid arthritis (RA) with cold pattern is an important type of RA according to the theory 
of traditional Chinese medicine. Fuzi (also known as the lateral roots of Aconitum carmichaelii Debx.) represents 
a typical traditional Chinese medicine that has been clinically used for treatment of the RA especially cold-related RA 
for thousands of years, yet its mechanism remains unknown.

Purpose  The purpose of the research was to study the therapeutic effects of Fuzi on cold-related RA, 
and to investigate the mechanism of its action.

Methods  Here, we investigated the pharmacological effects of Fuzi on cold-related RA using micro-CT, 
histopathological analysis, and inflammatory cytokine test. Then, a gut microbiota composition analysis 
in combination with fecal microbiota transplantation were used to confirm the role of gut microbiota 
in the therapeutic effects of Fuzi. Further, targeted bile acid metabolomics was used to screen the possible differential 
microbial bile acids involved in the mechanism of Fuzi. In vitro bioactivity analysis of differential bile acids was used 
to assess their anti-inflammation activity. Finally, western blot was used to investigate the signaling pathways of Fuzi 
in reducing the inflammation of cold-related RA.

Results  The results showed that Fuzi alleviates cold-related RA by improving arthritis index, paw swelling, bone 
damage, and inflammatory cytokines. In addition, the ameliorative effect of Fuzi is dependent on gut microbiota such 
as the taxa Lachnospiraceae and Ruminococcaceae. Targeted analysis of fecal and serum bile acids showed that TCA 
and THDCA were the main differential metabolites. In vitro, TCA and THDCA showed anti-inflammation effects 
on RAW264.7 cells. Western blot showed that Fuzi regulates TGR5-cAMP-PKA signaling and NLRP3 inflammasome 
to reduce cold-related arthritis.

Conclusion  Overall, our results demonstrated that Fuzi could regulate gut microbiota and microbial bile acid 
metabolism, the microbial metabolite THDCA acts on TGR5-cAMP-PKA signaling pathway and NLRP3 inflammasome 
to reduce cold-related arthritis. Our study suggests that supplementation of Fuzi or THDCA can be of great value 
for the prevention and clinical treatment of cold-related RA.
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Background
Rheumatoid arthritis (RA) is a globally prevalent chronic 
and systemic immune disease that primarily targets the 
synovial joints, leading to persistent inflammation, pain, 
and progressive joint destruction. Affecting nearly 1% 
of the global population, RA poses a significant health 
burden, particularly among women and individuals aged 
60–70 years [1, 2]. The exact cause of RA remains elusive, 
but it is understood to arise from a complex interplay 
among genetic predisposition, environmental factors, and 
dysregulation of immune system [3]. Current therapies 
for RA, including non-steroidal anti-inflammatory 
drugs, corticosteroids, anti-rheumatic drugs, biologics, 
etc., have been proved to be very effective in controlling 
symptoms and slowing disease progression [4]. However, 
these treatments often have significant drawbacks, such 
as adverse side effects, high costs, and the potential 
for diminished efficacy over time [5]. Moreover, not 
all patients respond adequately to existing therapies 

[6], highlighting the need for alternative treatment 
approaches that are both effective and offer a better safety 
profile. These limitations underscore the importance of 
exploring alternative therapies and novel mechanisms to 
enhance the management of RA.

As early as the classical Roman age, people in both 
Western and Eastern countries such as those in Greece 
and China hold the belief that arthritis was influenced 
by weather conditions such as cold, rain, and humidity 
[7]. Cold and wet weather conditions are generally 
thought to be bad for health, and warm and dry weather 
are thought to be good for people [8]. In traditional 
Chinese medicine theory, RA is generally classified 
into cold type and hot type [9]. The cold-related RA is 
characterized by the fearing of cold weather, joint severe 
pain in low temperature condition, and a white coating 
in the surface of the tongue [10]. According to traditional 
Chinese medicine theory, the cold weather, or sustained 
exposure to cold conditions, is one of the major causes 
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of cold-related arthritis. In our previous study, we also 
demonstrated that prolonged cold exposure aggravates 
RA in the collagen-induced arthritis model [11]. 
Considering the importance and the representativeness 
of cold-related RA, it is imperative to find suitable 
alternative medicine to treat this type of disease.

Based on the theory of ancient hot and cold drug 
property, the traditional Chinese medicines that possess 
hot property have been extensively utilized in China and 
East Asia for treating cold-induced ailments and diseases 
[12]. As a typical hot traditional Chinese herbal drug, 
Fuzi (the lateral roots of Aconitum carmichaelii Debx.) is 
believed to expel cold, warm the meridians, and support 
Yang, thus improving circulation and reducing pain [13]. 
Due to its potent warming properties, it has been utilized 
for centuries in traditional Chinese medicine to treat RA 
in China [14]. Even though recent research has begun 
to explore the mechanisms behind Fuzi’s therapeutic 
effects on RA, its mechanism has not been fully studied, 
especially the cold-related RA. Gut microbiota has 
emerged as an important research direction in studying 
the mechanisms of herbal medicines. Our previous study 
found that in cold exposure induced hypothermia, Fuzi 
can regulate gut microbiota and bile acid metabolism to 
partly restore energy metabolism [15]. In another study, 
we found that cold exposure aggravates RA through 
modulating the gut microbiota and bile acid metabolism 
[11]. We therefore hypothesize that Fuzi can alleviate 
cold-related RA through regulation of gut microbiota 
and microbiota-related bile acid metabolism.

Herein, bovine collagen and isopycnic incomplete 
adjuvant were used to establish the RA model, and the 
RA rats were exposed to cold environment to establish 
the cold-related RA model. Gut microbiota composition 
analysis and fecal microbiota transplantation (FMT) 
were performed to validate the role of gut microbiota in 
treating RA by Fuzi. Targeted bile acid analysis was used 
to screen the key bile acid responsible for ameliorating 
RA. Further, the effects of key bile acid on RAW 264.7 
cells and Western-blot was used to validate the role of 
bile acid in RA treatment by Fuzi. Our study suggests 
that Fuzi can potentially be applied as a regulator of the 
gut microbiota and bile acids to improve RA.

Methods
Preparation of Fuzi extract
Fuzi (Heishunpian) was obtained from Sichuan 
Jiangyou Zhongba Fuzi Keji Fazhan Co., Ltd. (Jiangyou, 
China). Fuzi pieces were weighted and then aqueously 
immersed with ten times volume of water for 30  min, 
and boiled in water for 5  h to eradicate the toxicity. 
Then, Fuzi was filtered, and an eightfold amount of 

water was supplemented and boiled for 3 h. The filtrate 
was mixed and concentrated to 0.625  g/ml for further 
chemical analysis and drug administration [15]. Then, 
it was chemically analyzed which we have previously 
reported elsewhere [16, 17].

Animals, model induction, and drug administration
All the experiments were censored and approved 
under the supervision of Ethics Committee of the 
organization (CDUTCM). SPF-level adult male Wistar 
rats (280–300  g) were obtained from Chengdu Dasuo 
Experimental Animal Co., Ltd. (Chengdu, China). All 
rats were kept under a standard environment with 
the temperature at 22 ± 2  °C, the relative humidity at 
60 ± 5%, a 12 h light/dark cycle, and with free access to 
water and food. The environment was controlled by a 
climate box DRXM-508 (Ningbo, China).

Animal experiment 1: After one week of adaptation, 
30 rats were stochasticly divided into normal group 
(Normal) and collagen-induced arthritis at room 
temperature (CIA-RT) group, cold-related collagen-
induced arthritis (CIA-cold) group, cold-related 
collagen-induced arthritis treated by methotrexate 
(CIA-cold-MTX) group, cold-related collagen-induced 
arthritis treated by Fuzi (CIA-cold-Fuzi) group. Normal 
and CIA-RT group were housed at 22 ± 2 °C conditions. 
CIA-cold, CIA-cold-MTX, CIA-cold-Fuzi rats were 
housed at 5 ± 2 °C conditions. The rats were immunized 
with 200 μL isopycnic incomplete Freund’s adjuvant-
emulsified bovine type II collagen (Chondrex, Inc., 
Redmond, WA, United States) via intradermal injection 
at the tail base. A further booster was performed with 
100 μL emulsion prepared as initially used.

Animal experiment 2: After one week of adaptation, 
24 rats were randomly divided into cold-related 
collagen-induced arthritis (CIA-cold) group, cold-
related collagen-induced arthritis treated by Fuzi 
(CIA-cold-Fuzi) group, cold-related collagen-induced 
arthritis receiving microbiota from CIA-cold (Cold-
Transpl.) group, and cold-related collagen-induced 
arthritis receiving microbiota from CIA-cold-Fuzi 
(Fuzi-Transpl.) group. All groups were housed at 
5 ± 2 °C conditions, immunized on Day 0, and received 
booster immunization on day 7. CIA-cold-Fuzi group 
was treated with Fuzi and CIA-cold group were treated 
with normal saline from day 16 to the end of the 
experiment. The Cold-Transpl. group and Fuzi-Transpl. 
group were orally administered transplanted donor 
microbiota from CIA-cold and CIA-cold-Fuzi group, 
respectively. The fecal transplantation was performed 
every 2 days. The experimental design diagram for 
animal experiment 2 is shown in Fig. S1.
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Energy metabolism related hormone detection
The serum levels of triiodothyronine (T3), free 
triiodothyronine (FT3), thyroxine (T4), free thyroxine 
(FT4), thyrotropin-releasing hormone (TRH), and 
thyroid-stimulating hormone (TSH) were measured 
using ELISA kits (Cloud-Clone Corp., Wuhan, China) 
according to the manufacturer’s instructions.

Micro‑CT analysis
Microcomputed tomography (micro-CT) was conducted 
on the excised ankle, tibia, and femur with the help of 
Quantum GX Micro-CT Imaging System (PerkinElmer, 
USA). The bones were scanned for 14 min at 90 kV and 
80 μA, followed by the reconstruction of 3D images 
under the help of manufacturer’s software.

Histopathological analysis and ELISA
Knees were embedded in paraffin after fixation by 4% 
paraformaldehyde, and dehydrated for H&E staining 
using standard methods with a thickness of 3-μm. Serum 
interleukin (IL)-6, tumor necrosis factor-α (TNF-α), 
IL-1β, and interferon-γ (IFN-γ) were measured by ELISA 
kits (Multisciences Biotech, Co., Ltd., Hangzhou, China) 
according to the manufacturer’s instructions.

Gut microbiota analysis
The fresh feces were collected in sterile centrifuge tubes 
and quickly stored within − 80  °C condition. The 16S 
rRNA gene V3–V4 variable region was amplified using 
the upstream primer 338 forward primer 5’- ACT​CCT​
ACG​GGA​GGC​AGC​AG-3’; 806 reverse primer 5’-GGA​
CTA​CHVGGG​TWT​CTAAT-3’. Specific method was 
described elsewhere [11].

Bile acid analysis
A total of 10 mg of fecal matter was weighed and placed 
into a secure Eppendorf tube. About 25 mg of precooled 
zirconium oxide beads was added, followed by 200 μl of 
an acetonitrile/methanol (v/v = 8:2) mixture. The mixture 
was homogenized and then centrifuged at 13,500  rpm 
and 4  ºC for 20 min (Microfuge 20R, Beckman Coulter, 
Inc., Indianapolis, IN, USA). A 10  μl aliquot of the 
supernatant was transferred and diluted with 90  μl of 
an acetonitrile/methanol (v/v = 8:2) and ultrapure water 
mixture at a 1:1 ratio. After vortexing and centrifugation, 
the sample was prepared for injection. The injection 
volume was set at 5  μl. The detection parameters were 
previously described [11].

Cell culture and cell viability assay
RAW264.7 cells were cultured in DMEM medium 
(Norbolide, Beijing, China). Cell incubator was set at 37 
ºC with 5% carbon dioxide. RAW264.7 cells was seeded 

in 96-well plates at the concentration of 5 × 103 cells/well 
and cultured for 24 h. Then, the medium was replaced by 
taurocholic acid (TCA) and taurohyodeoxycholic acid 
(THDCA) treatment at the concentration of 0, 1, 10, 
50, 100, 200, 1000, 5000, 10,000 μM in culture medium. 
10 μl of CCK-8 solution was added to each well in each 
group under light-protected conditions. The plates were 
then incubated for 3 h. The optical density at 450 nm was 
determined using the microplate reader, meanwhile the 
cell viability was calculated.

Nitric oxide and nitric oxide synthase determination
Logarithmic phase RAW264.7 cells were seeded at 2 × 105 
cells/well. After 24  h of culture, the supernatant was 
discarded. The blank group was treated with complete 
culture medium; the LPS model group was treated with 
complete culture medium containing LPS (100  ng/
ml); the TCA group was treated with complete culture 
medium containing LPS (100  ng/ml) and TCA (10, 50, 
100 μM); the THDCA group was treated with complete 
culture medium containing LPS (100 ng/ml) and THDCA 
(10, 50, 100 μM). The plates were then incubated for 24 h. 
NO and iNOS level were determined according to the 
manufacturer’s instructions.

qRT‑PCR
The total RNA from each cell sample was reversed 
into cDNA using synthesis premix and a T100 
PCR instrument. The mRNA expression levels of 
inflammatory cytokines were determined using a 
fluorescence-based quantitative PCR kit. The relative 
quantification of mRNA was performed using the 2T

−ΔΔC 
method. The primers for GAPDH were GTG​GAG​TCC​
ACT​GGC​GTC​TT (Forward) and GTG​CAG​GAG​GCA​
TTG​CTG​AT (Reverse), and the primers for iNOS were 
CAG​CTG​GGC​TGT​ACA​AAC​CTT (Forward) and CAT​
TGG​AAG​TGA​AGC​GTT​TCG (Reverse). All primers 
used for qRT-PCR were designed using the Prime-
BLAST platform (NCBI) and synthesized by Qingke 
Biotechnology (Beijing, China).

Western blot
The synovial tissues were lysed with RIPA buffer. 
Denatured total protein was then loaded onto 10% 
or 12% gels to perform sodium dodecyl sulfate–
polyacrylamide gel electrophoresis. The membranes 
were blocked and incubated with antibodies: anti-
TGR5 (Novus Biologicals, USA), anti-Caspase-1 
(Novus Biologicals), anti-cAMP protein kinase catalytic 
subunit (Abcam, UK), anti-NLRP3 (Abcam), anti-ASC 
(Abcam), anti-IL-1β (Abcam), anti-p-PKA substrate 
(Cell Signaling Technology, Danvers, MA, USA), anti-
PKA substrate (LifeSpan Bioscience, Seattle, WA, USA), 
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and anti-GAPDH (Affinity Biosciences, Jiangsu, China), 
followed by incubation with the anti-rabbit IgG (Aibixin, 
China).

Statistical analysis
Shapiro–Wilk test was performed for checking normal 
distribution. Unpaired two-tailed Student’s t-test and 
one-way ANOVA with Dunnett’s multiple comparison 
test were performed to for normal distribution data. For 
not normally distributed data, Mann–Whitney U test and 
the Kruskal–Wallis test were used. Two-way ANOVA 
with Sidak’s multiple comparison was used for data with 
more than two groups and two variables.

Results
Fuzi alleviated cold‑related rheumatoid arthritis
At the end of the 16-day cold exposure, the arthritis index 
and paw swelling in CIA rats were significantly increased 
compared to the normal group (p < 0.001) (Fig.  1A , 
B). Compared to CIA rats, the arthritis scores and paw 
swelling in CIA-cold rats increased significantly further 
after 16  days of cold exposure (p < 0.01) (Fig.  1A , B). 
Importantly, after 16 days of treatment with methotrexate 
and Fuzi (day 32), the arthritis index and paw swelling 
in CIA-cold rats remained significantly higher than 
those in the CIA group, but the arthritis index and paw 
swelling in the CIA-cold rats treated with methotrexate 
and Fuzi (CIA-cold-MTX and CIA-cold-Fuzi groups) 
were significantly lower than those in the CIA-cold group 
(Fig. 1C , D). In addition, CIA-cold rats showed reduced 
energy metabolism-associated hormones compared with 
CIA and normal rats, while Fuzi significantly increased 
these hormones (Fig. S2A − F). These results suggest 
that Fuzi effectively improved the arthritis index, paw 
swelling, and energy metabolism in CIA-cold rats.

Photographs of the hind limbs of the rats showed that 
CIA rats exhibited ankle joint swelling and deformity, 
with the severity of ankle joint swelling and deformity 
being more pronounced in CIA-cold rats than that 
in CIA rats. After treatment with methotrexate and 
Fuzi, the degree of ankle joint swelling and deformity 
was alleviated (Fig.  1E). Micro-CT scans and 3D 
reconstruction of the joints showed that the extent 
of ankle joint deformation and erosion was improved 
after treatment with methotrexate and Fuzi (Fig.  1F). 
Furthermore, compared to CIA-cold rats, the trabecular 
bone parameters of the tibia and femur were significantly 
enhanced in the CIA-cold-MTX group and CIA-cold-
Fuzi group (Figs.  1G and 2A –E). These parameters 
include mineral density of the bone (BMD), volume 
fraction of the bone (BV/TV), the number of trabecular 
(Tb.N), the thickness of trabecular (Tb.Th), the density 
of tge trabecular connectivity (Conn.D), and the 

thickness of cortical (Ct.Th) of the femoral midshaft. On 
the contrary, the trabecular separation (Tb.Sp) of the 
tibia and femur was significantly reduced (Figs.  1G and 
2A –E). These results indicate that Fuzi can alleviate bone 
damage in cold-related RA rats by reducing ankle joint 
swelling and deformity and increasing trabecular bone in 
the tibia and femur.

Histopathological sections of knee joint tissue 
revealed multiple areas of cartilage loss (black arrows) 
and lymphocyte infiltration (blue arrows) in the knee 
joints of CIA-cold rats (Fig.  1H). After treatment with 
methotrexate and Fuzi, the cartilage loss (black arrows) 
and lymphocyte infiltration (blue arrows) in the knee 
joint tissue were improved. These findings suggest that 
Fuzi can improve knee joint inflammation in CIA-cold 
rats by reducing cartilage loss and lymphocyte infiltration 
in the knee joint tissue. Consistent with our previous 
CIA-cold studies, the levels of TNF-α, IL-1β, IL-6, and 
IFN-γ in CIA rats were significantly higher than those 
in normal rats, and the levels of serum inflammatory 
cytokines were significantly increased in CIA-cold rats 
compared to CIA rats (Fig.  1I). Methotrexate and Fuzi 
intervention significantly reduced the levels of serum 
inflammatory cytokines in CIA-cold rats (Fig.  1I). In 
summary, the severity of arthritis in CIA-cold rats 
is consistent with our previous studies, and Fuzi can 
effectively alleviate the severity of arthritis in CIA-cold 
rats.

Ameliorative effect of Fuzi is dependent on gut microbiota
Since gut microbiota contributes to the development 
and progress of arthritis, we analyzed the effects of 
Fuzi on gut microbiota [18]. The β-diversity results 
evaluated by PCoA based on the weighted UniFrac 
distance matrix showed that the gut microbiota of the 
CIA-cold-Fuzi group was clearly separated from those 
of the Normal, CIA-RT, and CIA-cold groups, indicating 
that Fuzi had a significant impact on the gut microbiota 
composition (Fig.  3A). The results of the relative 
abundance of gut microbiota at the family level showed 
that compared to the CIA-cold group, the CIA-cold-
Fuzi group had a significant increase in Lachnospiraceae, 
Ruminococcaceae, Peptostreptococcaceae, and 
Erysipelotrichaceae (p < 0.05), while Eggerthellaceae and 
Enterobacteriaceae were significantly reduced (p < 0.05) 
(Fig.  3B − C). At the genus level, the heatmap of the 
samples showed extensive changes in the clustering 
and composition of gut microbiota at the genus level 
induced by Fuzi treatment (Fig.  3D). Further analysis 
of the relative expression levels of the microbiota 
revealed that compared to the CIA-cold group, the 
CIA-cold-Fuzi group had significant increases in 
Alloprevotella, NK4A214-group, Bacteroides, UCG-005, 
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Fig. 1  Effects of Fuzi on CIA-cold rats. A , B Arthritis scores (A) and paw swelling (B) of rats after 16 days of cold exposure (compared to CIA-RT). 
C , D Arthritis scores (C) and paw swelling (D) of rats after Fuzi treatment (Magenta and khaki *, compared to CIA-RT group; green and blue #, 
compared to the CIA-cold group). E Images of the rat hind paws. F Micro-CT pictures of the rat ankle joint. G Micro-CT images of the rat proximal 
tibia. H H&E-staining of knee joints (× 200). I Serum levels of inflammatory cytokines, including TNF-α, IL-1β, IL-6, and IFN-γ. Normal: Normal group; 
CIA-RT: Collagen-induced arthritis group; CIA-cold: Collagen-induced arthritis cold model group; CIA-cold-MTX: Collagen-induced arthritis cold 
model + methotrexate treatment group; CIA-cold-Fuzi: Collagen-induced arthritis cold model + Fuzi treatment group; MTX: Methotrexate; Fuzi: Fuzi 
decoction. Data are presented as mean ± standard deviation (mean ± SD)
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and Phascolarctobacterium, while Turicibacter was 
significantly decreased (Fig.  3D, E). Fuzi significantly 
reversed some of the gut microbiota changes observed 
in the CIA-cold group from our previous study [11], 
including the family-level changes in Lachnospiraceae, 
Ruminococcaceae, and Eggerthellaceae, and the genus-
level changes in Alloprevotella, NK4A214-group, and 
Phascolarctobacterium. In summary, Fuzi partially 
improved the dysregulated gut microbiota in CIA-cold 
rats.

To further confirm that the ameliorative effect of Fuzi 
on cold-related arthritis is dependent on gut microbiota, 

we transplanted the gut microbiota from CIA-cold rats 
and CIA-cold-Fuzi rats into CIA-cold rats (Fig. S1). 
16S rRNA sequencing was performed to analyze the 
gut microbiota. PCoA showed that the gut microbial 
communities in the Fuzi-Transpl. group (recipients of 
gut microbiota from CIA-cold-Fuzi group) were similar 
to those in the CIA-cold-Fuzi group (donors of gut 
microbiota from Fuzi-treated CIA-cold rats). Likewise, 
the gut microbial communities in the CIA-cold group 
and the Cold-Transpl. group were also similar (Fig. 4A), 
indicating that the transplanted gut microbiota resembled 
their respective donors. Moreover, the trends of changes 

Fig. 2  Effects of Fuzi on the severity of arthritis in CIA-cold rats. A Trabecular bone parameters of the tibia. B Micro-CT images of the distal femur. C 
Trabecular bone parameters of the femur. D Micromicro-CT images of the midshaft of the femur. E Cortical bone thickness (Ct.Th) of the midshaft 
femur
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Fig. 3  Regulatory effects of Fuzi on gut microbiota in CIA-cold rats. A Principal coordinates analysis (PCoA) plot of each rat’s gut microbiota. B 
Percent taxa at the family level. C Relative abundance of taxa at the family level. D Heatmap of taxa at the genus level. E Relative abundance of taxa 
at the genus level
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in Lachnospiraceae, Ruminococcaceae, Eggerthellaceae, 
Alloprevotella, UCG-005, and Phascolarctobacterium 
between the recipient groups (Cold-Transpl. group and 
Fuzi-Transpl. group) (Fig.  4B –E) were consistent with 

the trends observed between the donor groups (CIA-
cold group and CIA-cold-Fuzi group) (Fig. 4B  –E). These 
changes in gut microbiota further demonstrate that the 

Fig. 4  Effects of gut microbiota transplantation from the Fuzi-treated group on gut microbiota of CIA-cold rats. A PCoA plot of each rat’s gut 
microbiota. B Percent composition of taxa at the family level. C Relative abundance of taxa at the family level. D Heatmap of taxa at the genus level. 
E Relative abundance of taxa at the genus level. Cold-Transpl.: cold-related collagen-induced arthritis receiving microbiota from CIA-cold group. 
Fuzi-Transpl.: cold-related collagen-induced arthritis receiving microbiota from CIA-cold-Fuzi group
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Fuzi-Transpl. rats (recipient rats) replicated the gut 
microbiota of the CIA-cold-Fuzi rats (donor rats).

To further demonstrate that gut microbiota mediates 
the therapeutic effect of Fuzi on CIA-cold rats, we 
assessed the arthritis index, paw swelling, bone damage, 
knee joint inflammation, and serum inflammatory 
cytokines in Fuzi-Transpl. and Cold-Transpl. groups. 
Compared to the Cold-Transpl. group, the Fuzi-Transpl. 
group showed reduced arthritis index and paw swelling 
(Fig.  5A –C). Fuzi-Transpl. group also showed higher 
trabecular bone parameters of the tibia and femur, 
including BMD, BV/TV, Tb.N, Tb.Th, Conn.D, and Ct.Th 
of the femoral midshaft and higher Tb.Sp of the tibia 
and femur (Fig.  5D–J). In addition, compared with the 
Cold-Transpl. group, the cartilage loss (black arrows) and 
lymphocyte infiltration (blue arrows) in the knee joint 
tissue of Fuzi-Transpl. group were improved (Fig.  5K). 
Furthermore, Fuzi-Transpl. group showed significant 
lower levels of serum inflammatory cytokines (Fig.  5L) 
and significant higher levels of energy metabolism-
associated hormones (Fig. S3A − F). Taken together, 
these results indicated that the ameliorative effect of Fuzi 
on cold-related arthritis is dependent on gut microbiota.

Fuzi modulated microbial bile acid metabolism especially 
THDCA and TCA​
It is reported that bile acids play important roles in 
inflammatory diseases and many herbal medicines 
can modulate the gut microbiota bile acid metabolism 
[19, 20]. We therefore first used targeted bile acid 
metabolomics to detect the effect of Fuzi on bile acid 
metabolism. In the feces, a total of 14 bile acids in all 
groups were detected (Fig.  6A). Except for TCA (a 
primary bile acid) and THDCA (a secondary bile acid), 
all the bile acids showed no significant content change 
between Normal group and CIA-RT group. In addition, 
the levels of TCA and THDCA in CIA-cold group were 
significantly lower than that of CIA-RT group. However, 
Fuzi treatment can significantly increase the levels of 
TCA and THDCA in cold exposed arthritis rats (Fig. 6A). 
To further confirm the change of bile acids, we also used 
targeted metabolomics to detect the levels of bile acids in 
serum. The levels of bile acids showed similar tendency 
of change in comparison with the levels of bile acids in 
feces (Fig.  6B). These results indicated that bile acids 

may contribute to the therapeutic effects of Fuzi on cold-
related arthritis.

To further confirm that bile acids are responsible 
for the therapeutic effects of Fuzi, we used targeted 
metabolomics to detect impact of FMT on the levels of 
bile acids. In the feces, the levels of TCA, THDCA, and 
TDCA in Cold-Transpl. group were significantly lower 
than that of Fuzi-Transpl. group, whereas the other bile 
acids showed no difference in these two groups (Fig. 7A). 
To further confirm the effects of FMT, we also used 
targeted metabolomics to detect the levels of bile acids 
in serum. Similar to the contents change of bile acids in 
feces, the levels of TCA and THDCA in Cold-Transpl. 
group were significantly lower than that of Fuzi-Transpl. 
group, whereas the other bile acids showed no difference 
in these two groups (Fig.  7A). These results suggested 
that TCA and THDCA may contribute to the therapeutic 
effects of Fuzi.

TCA and THDCA show anti‑inflammation effects 
on RAW264.7 cells
To explore the roles of TCA and THDCA in the treatment 
of arthritis, we conducted in vitro experiments to assess 
their anti-inflammatory activities. RAW264.7 cells, a 
macrophage-like cell line for studying inflammation 
in  vitro, are widely employed in research on skeletal 
diseases such as arthritis and osteoporosis [21, 22]. 
Under the influence of inducers like lipopolysaccharide 
(LPS), RAW264.7 cells simulate an inflammatory 
response, releasing or upregulating various inflammatory 
mediators such as nitric oxide (NO), cyclooxygenase-2 
(COX-2), TNF-α, and IL-6 [23]. We first examined the 
effects of different concentrations of TCA and THDCA 
on the viability of RAW264.7 cells using the CCK-8 assay 
to evaluate the cytotoxicity of TCA and THDCA. The 
results indicated that, compared to the control group, 
TCA and THDCA did not exhibit cytotoxicity within 
the concentration range of 1–5,000  μM after 24  h of 
treatment (Fig. S4A–B). TCA and THDCA significantly 
promoted cell proliferation within the concentration 
range of 10–200  μM, showing a dose-dependent effect 
between 10–100  μM, with the strongest proliferation 
observed at a concentration of 100  μM. However, at a 
concentration of 10,000 μM, TCA (p < 0.01) and THDCA 
(p < 0.001) significantly inhibited cell proliferation (Fig. 

(See figure on next page.)
Fig. 5  Effects of gut microbiota transplantation from the Fuzi-treated group on the severity of arthritis in CIA-cold rats. A Arthritis scores. B Paw 
swelling measurements. C Photos of the rat hind paws. D−F Micro-CT pictures of the rat ankle joint (D) proximal tibia (E) distal femur (F); G 
Trabecular bone parameters of the tibia. H Trabecular bone parameters of the femur. I Micro-CT pictures of the midshaft of the femur. J Cortical 
bone thickness (Ct.Th) of the midshaft femur. K H&E-staining of knee joints (× 200). L Serum levels of inflammatory cytokines, including TNF-α, IL-1β, 
IL-6, and IFN-γ 
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Fig. 5  (See legend on previous page.)
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S4A–B). Therefore, in subsequent experiments, we 
selected 10 μM, 50 μM, and 100 μM as the low, medium, 
and high concentrations of TCA and THDCA to study 
their anti-inflammatory effects in vitro.

LPS-induced morphological changes are indicative 
of RAW264.7 cell activation. To investigate the effects 
of TCA and THDCA on the activation of RAW264.7 
cells, we analyzed the cell morphology using optical 
microscopy. RAW264.7 cells were cultured for 24 h under 
the influence of LPS, TCA, and THDCA. As shown in 
Fig. 8A, LPS stimulation for 24 h induced the extension 
and spreading of lamellipodia in RAW264.7 cells, while 
the normal group, which was not stimulated by LPS, did 
not exhibit any morphological changes. Treatment with 
TCA and THDCA for 24  h inhibited the LPS-induced 
morphological changes (Fig.  8A), indicating that TCA 
and THDCA suppressed the activation of LPS-stimulated 
RAW264.7 cells. Compared to the control group, NO 
secretion was significantly increased in the LPS-induced 
group. In the groups treated with TCA and THDCA, NO 
secretion was significantly lower than in the LPS-induced 
group and showed a dose-dependent effect (Fig.  8B). 
Next, we examined whether the reduction of NO in the 

TCA and THDCA groups was associated with decreased 
expression of iNOS. As expected, at the mRNA level, 
both TCA and THDCA significantly inhibited the 
LPS-induced increase in iNOS expression (Fig.  8C). 
Immunofluorescence staining further confirmed that 
TCA and THDCA reduced iNOS levels (Fig.  8D). In 
summary, these results indicate that TCA and THDCA 
suppressed LPS-induced activation of RAW264.7 cells, as 
well as inhibited LPS-induced NO production and iNOS 
expression.

LPS stimulation of RAW264.7 cells induces the 
secretion of inflammatory cytokines, including IL-1β, 
TNF-α, IL-6, IL-10, monocyte chemoattractant protein-1 
(MCP-1), and cyclooxygenase-2 (COX-2). To further 
investigate the effects of TCA and THDCA on LPS-
induced inflammation in RAW264.7 cells in  vitro, we 
measured the protein levels of IL-1β, TNF-α, IL-6, IL-10, 
MCP-1, and COX-2. The results showed that, compared 
to the control group, LPS stimulation of RAW264.7 
cells increased the protein levels of IL-1β, TNF-α, IL-6, 
IL-10, MCP-1 (Fig.  9A–E, which was consistent with 
other reports [24]. Importantly, TCA and THDCA 
effectively inhibited the expression of these LPS-induced 

Fig. 6  Effects of Fuzi on bile acid levels in CIA-cold rats. A , B Bile acid levels in feces (A) and serum (B)
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inflammatory cytokines, with even low doses of TCA 
and THDCA significantly reducing the relative protein 
levels of IL-1β, TNF-α, IL-6, IL-10, MCP-1, and COX-2 
(Fig.  9A–E). These data suggest that TCA and THDCA 
have potential anti-inflammatory effects by suppressing 
the expression of inflammatory cytokines in RAW264.7 
cells.

Fuzi regulates TGR5‑cAMP‑PKA axis and NLRP3 
inflammasome to reduce cold‑related arthritis
Here we have demonstrated that Fuzi can regulate 
bile acid metabolism and increase both TCA and 
THDCA. In our previous study, we have demonstrated 
that THDCA, not TCA, improves arthritis induced 
by cold condition in CIA rats [11]. We therefore 
hypothesize that Fuzi can regulate the bile acid target 
and thus attenuate cold-related arthritis. To test our 
hypothesis, we used western blot to evaluate the levels 
of bile acid direct target Takeda G protein-coupled 
receptor 5 (TGR5) and the downstream signals 
regulated by TGR5. Not surprisingly, CIA-RT group 
showed lower level of TGR5 compared with normal 

group, and CIA-cold group showed lower levels of 
TGR5 compared with CIA-RT group (Fig.  10A, B), 
which was consistent with our previous study [11]. In 
addition, Fuzi treatment increased the level of TGR5 
in cold-exposed CIA rats, suggesting that modulating 
bile acids plays an important role in treating cold-
related arthritis. The direct downstream signals of 
TGR5, i.e. cyclic adenosine monophosphate (cAMP) 
and phospho-protein kinase A (p-PKA), also showed 
similar trend of change as the TGR5 (Fig.  10C, D). It 
is reported that NOD-like receptor thermal protein 
domain associated protein 3 (NLRP3) inflammasome 
triggered by TGR5-cAMP-PKA axis play a direct role 
in arthritis inflammation [11, 25], we therefore further 
determined the levels of NLRP3, ASC, caspase-1 p20, 
and IL-1β p17. The results showed that cold exposure 
can increase NLRP3, ASC, caspase-1 p20, and IL-1β 
p17 and Fuzi treatment can reduce the levels of these 
proteins in CIA-cold rats. Taken together, these results 
suggested that Fuzi regulates bile acids especially 
THDCA to modulate TGR5-cAMP-PKA signaling and 
NLRP3 inflammasome to reduce cold-related arthritis.

Fig. 7  Effects of gut microbiota transplantation from the Fuzi-treated group on bile acid levels in CIA-cold rats. A , B Bile acid levels in feces (A) 
and serum (B)
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Discussion
In TCM, RA can be generally classified into cold pattern 
and heat pattern [10], and cold exposure is an important 
environmental factor of cold pattern RA. Recent studies 
showed that cold exposure can modulate gut microbiota 
and microbial bile acid metabolism and thus affect 
the development of diseases such as hypertension, 
colitis, and obesity [26–28]. In our previous study, we 
demonstrated that cold exposure can aggravate arthritis 
via modulating gut microbiota-derived secondary bile 
acids and the downstream TGR5-cAMP-PKA signaling 
and NLRP3 inflammasome [11]. We have also previously 
demonstrated that Fuzi can modulate bile acids in both 

normal and cold environments [15, 17]. We therefore 
hypothesize that Fuzi can alleviate cold-related RA 
through modulating gut microbiota and bile acid 
metabolism, and the results confirmed our hypothesis.

In recent years, researchers have found that the 
gut microbiota is a factor shaping the development 
of RA [29]. In our study, the levels of taxa such as 
Lachnospiraceae and Ruminococcaceae were significantly 
elevated in CIA-cold-Fuzi group in comparison with 
CIA-cold group. These two taxa have been demonstrated 
to be linked to anti-inflammatory function in reducing 
inflammatory diseases like arthritis [30, 31]. Similar 
change can be seen in Eggerthellaceae, which is found to 

Fig. 8  Effects of TCA and THDCA on RAW264.7 cell morphology, NO content, and iNOS expression. A Morphology of RAW264.7 cells (× 200). B Nitric 
oxide (NO) content. C iNOS mRNA expression levels. D Immunofluorescence staining for iNOS protein expression (× 600). ###p < 0.001 (compared 
with the control group) and ***p < 0.001 (compared with the LPS group)
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be a potential microbial taxa marker of CIA [32]. To test 
whether the alteration of the gut microbiota is correlated 
with or causal to the effects of Fuzi, we performed FMT 

and sequenced gut microbiota composition of recipient 
rats. Although antibiotics were not used in our study to 
remove the native gut microbiota in recipients, the results 

Fig. 9  Effects of TCA and THDCA on cytokines in RAW264.7 cells. A−E The specific levels of IL-1β (A), TNF-α (B), IL-6 (C), IL-10 (D), and MCP-1 (E). 
###p < 0.001 (compared with the blank control group); *p < 0.05, **p < 0.01, ***p < 0.001 (compared with the LPS group)

Fig. 10  Fuzi inhibits NLRP3 inflammasome activation via the TGR5/cAMP/PKA signaling pathway. A Representative Western blotting bands. B−H 
Relative quantification of proteins TGR5 (B), cAMP (C), p-PKA (D), NLRP3 (E), ASC (F), Caspase-1 p20 (G), and IL-1β p17 (H)
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showed that microbiota transplantation retained the 
typical microbial signature of the donor rats, including 
Lachnospiraceae, Ruminococcaceae, Eggerthellaceae, 
etc. Furthermore, the recipient rats showed typical 
phenotype change of arthritis as their donors. Taken all 
these together, the results showed that Fuzi ameliorated 
cold-related arthritis through modulation of the gut 
microbiota.

Bile acids can be generally divided into primary 
bile acids and secondary bile acids. Primary bile acids 
are synthesized in the liver and discharged into the 
duodenum, whereas secondary bile acids are generated 
from primary bile acids by gut microbiota in the 
terminal ileum and colon [33]. Because Fuzi increased 
the levels of secondary bile acid producing taxa such 
as Lachnospiraceae and Ruminococcaceae [30, 34], we 
therefore used targeted metabolomics to investigate the 
effects of Fuzi on bile acids. The results showed that both 
primary bile acid TCA and secondary bile acids THDCA 
in feces and serum were increased after the treatment of 
Fuzi in CIA-cold rats, suggesting an important role of 
bile acid metabolism in the pharmacological effects of 
Fuzi. To further validate the role bile acid metabolism, 
we investigated the levels of bile acids in the feces and 
serum of the recipient rats including Fuzi-Transpl. and 
Cold-Transpl. rats. The results showed similar tendency 
to their respective donors, indicating the important roles 
of bile acids in achieving the pharmacological effects of 
Fuzi.

In our previous study, we investigated the effects of 
TCA and THDCA on CIA-cold rats [11]. The results 
showed that THDCA supplementation, but not TCA 
supplementation, ameliorated RA condition in CIA-
cold rats. The reason may be linked to the fact that 
distinct bile acids, whether conjugated and unconjugated, 
possess divergent strengths in activation of their targets. 
It has been reported that activation of the NLRP3 
inflammasome, caspase-1 and ASC, can contribute to 
the development of RA [35]. Bile acids show the ability 
to inhibit NLRP3 inflammasome activation via acting 
on TGR5-cAMP-PKA signaling to inhibit inflammatory 
diseases [36]. Since we found out that cold exposure can 
cause a decrease of THDCA, we evaluated the effects of 
Fuzi on the bile acid related TGR5-cAMP-PKA signaling 
and NLRP3 inflammasome. The results showed that 
Fuzi can act on TGR5-cAMP-PKA signaling and inhibit 
NLRP3 inflammasome, suggesting that Fuzi can inhibit 
cold-related arthritis via modulating gut microbial bile 
acid metabolism and subsequent activating of TGR5-
cAMP-PKA signaling.

Disturbance of thyroid-related hormones such as T3 
and T4 is a common feature of cold-related diseases 
[37]. It has been demonstrated that cold exposure can 

affect the energy metabolism of RA [38, 39]. In our 
study, Fuzi treatment increased the levels of thyroid-
related hormones including T3, FT3, T4, FT4, TRH, and 
TSH. These hormones play important roles in energy 
metabolism by promoting adaptive thermogenesis in 
adipocytes, regulating cardiovascular functions such 
as heart rate, modulating glucose homeostasis, and 
affecting endogenous glucose production in the liver 
[40]. The results indicated that Fuzi increased the energy 
metabolism of rats with cold-related RA, which is in line 
with the hot property of Fuzi. In addition, the results 
also showed that Fuzi can act on the TGR5-cAMP-PKA 
signaling pathway, a pathway that can be activated by 
bile acids and promote energy metabolism by promoting 
T3 transformation in adipocyte [41]. Adipocytes are 
abundant in joint synovium. Therefore, one mechanism 
by which Fuzi promotes energy metabolism in arthritis 
joint maybe linked to regulating the TGR5-cAMP-
PKA signaling pathway, which further promote T3 
transformation in adipocytes and ultimately increase 
thermogenesis. However, further validation is needed to 
confirm this relationship.

Our study also has some limitations. Although FMT 
was used to confirm the role of gut microbiota, this 
evidence is not strong enough. Further studies using 
germ-free animals to confirm the causal role of gut 
microbiota in Fuzi-induced alleviation of cold-related 
RA are needed. In addition, we have screened possible 
key taxa such as Lachnospiraceae and Ruminococcaceae. 
Further studies using germ-free animals are needed 
to confirm their ameliorative effects on cold-related 
RA is need. Furthermore, fecal microbiota culture is 
needed to screen the specific bacterium responsible for 
production of HDCA. Lastly, the molecular relationship 
among THDCA, thyroid related hormones, and energy 
metabolism needs further study.

Conclusion
Fuzi is a typical hot traditional Chinese medicine. In 
this study, measurements of the arthritis index, paw 
swelling, bone damage and joint inflammation indicated 
that Fuzi can alleviate cold-related RA. Gut microbiota 
composition analysis combined with FMT demonstrated 
that the ameliorative effect of Fuzi is dependent on gut 
microbiota. Targeted analysis of bile acids, in  vitro 
analysis of the anti-inflammation effects of TCA and 
THDCA on RAW264.7 cells, and the Western blot 
showed that Fuzi-regulated bile acid metabolism can 
regulate TGR5-cAMP-PKA signaling and the NLRP3 
inflammasome to reduce cold-related arthritis. Our 
study demonstrated that supplementation with Fuzi or 
THDCA can be of great importance for the prevention 
and treatment of cold-related RA.
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