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ARTICLE INFO ABSTRACT
Keywords: Rheumatoid arthritis (RA) is globally treated with several commercially available anti-
Transcriptome inflammatory and analgesic drugs, which pose adverse side effects in many cases. Due to

168 ribosomal RNA
Mass spectrometry
Fecal microbiome

increasing population affected by autoimmune disorder of joints inflammation, it is crucial to use
natural therapies, which are less toxic at metabolic level and promote gut health. In this study, we
investigated the potential role of a locally developed traditional Chinese medicine (TCM), namely
Duzheng tablet (DZGP) in controlling the RA. For this purpose, we introduced RA in male mice
and divided them into 5 different groups. High throughput transcriptome analysis of synovial
cells after DZGP treatment in arthritic mice revealed a significant alteration of gene expression.
The correlation analysis of transcriptome with metabolites revealed that DZGP specifically tar-
geted the B cells mediated immunity pathways. Treatment with DZGP inhibited the cytokines
production, while reducing the production of inflammatory TNF-a, which led to the alleviation of
inflammatory response in arthritic mice. Additionally, we applied integrated approach using 16S
rDNA sequencing to understand the microbial population in relation to metabolites accumulation.
The results showed that DZGP promoted the healthy gut microbiota by maintaining the ratio of
Firmicutes and Bacteroidota and introduction of two additional phyla namely, Verrucomicrobiota
and Cyanobacteria. Therefore, it is concluded that DZGP offers an advantage over commercial
drug by changing the metabolic profile, gut microbiota while exhibiting lower cellular toxicity.

Traditional Chinese medicine
NF-kB pathway

1. Introduction

Rheumatoid arthritis is a very destructive and chronic autoimmune disease that generally manifests as systematic swelling of the
joints. The initial manifestation of the disease is characterized by symmetrical peripheral joint damage. In later stages, the disease
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systemically affects organs such as the heart, muscles, lungs, and sometimes blood vessels, which can lead to rheumatoid vasculitis.
Like many other autoimmune diseases, RA is more common in women [1]. Prolonged RA can damage the joints, leading to joint
replacement surgery or premature death [2]. The complications caused by RA are not only serious health problems but can also have a
huge financial impact [3,4]. Initially, rheumatoid arthritis was considered a non-fatal disease. However, increasing evidences suggest
that patients with chronic RA have a short life expectancy [5-7]. Although patients in old age are more prone to RA disease, recent
evidences suggest its prevalence in the juvenile stage [8]. As the course of RA prolongs, bacterial infection increases, which can
eventually lead to premature death. There is also a consensus that drugs used to treat mild RA can cause a toxic reaction in the body
[9].

Due to the autoimmune nature of RA, immune response-related B cells and T cells play a critical role in its pathogenesis. The
immune-related cells can circulate in the blood or reside on the inner surface of synovial membranes. In RA disease, T cells activate
fibroblasts or macrophages to convert them into tissue-damaging cells. In contrast, B cells play a risky role in the pathogenesis of RA
(Bugatti et al., 2014). B cells support RA by secreting rheumatoid factors (RFs), pro-inflammatory cytokines, and anti-citrullinated
protein antibodies (ACPAs) [10,11]. In addition to T and B cells, macrophages play a perilous role in the development of RA [12].
There is evidence that synovial macrophages show a high level of impaired ratio between inflammatory and anti-inflammatory
macrophages in RA [13,14]. Analysis of joint synovial fluid in RA patients showed the presence of a high population of bone
marrow macrophages (CD14-+4, CD68" and CD16™), suggesting their cytokine-related inflammatory role in disease progression [15].
Treatment of RA patients with disease-modifying anti-rheumatic drugs (DMRADs), such as sodium aurothimalate (SAT), results in a
decreased population of macrophages in synovial fluids. Therefore, it is clear that a decrease in synovial macrophages is associated
with clinical improvement in RA patients [16,17].

In healthy tissues, synovial fibroblasts (SFs) provide the joint cavity with nourishing and lubricating molecules. RA studies in the
mouse model suggest that the proliferation of synovial cells and their attachment to joints can lead to inflammation [18]. It is a
well-established fact that synovial cell proliferation in particular, together with inflammation, can lead to joint damage [19]. As the
synovial tissue proliferates, it extends over the articular cartilage and into the subchondral bone. Eventually, all of the affected joints
are damaged.

Rheumatoid arthritis is very common in China [20]. Several surveys have shown that the incidence rate of RA ranges between 11.6
and 46.4 %, depending on the location and age group of people. The major challenges in the treatment of RA are the high cost and
adverse effects of DMRAD. However, newer biological agents such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6)
inhibitors have expanded the treatment options for RA. Due to the high cost and irreversible side effects, there is a great demand for
alternative treatments. Traditional Chinese medicine contains a wide range of important chemicals with therapeutic and nutritional
value [21].

In China, RA patients can be divided into several subgroups according to the nature of their syndrome. Several studies suggested
that the choice of TCM is helpful in identifying biomarkers, gene networks, proteins and reactions of the human body at the
biochemical level [22]. The approved TMCs such as Sinomenine (SIN) and Zushima Tablet (ZT) have been clinically used for RA
treatment with positive results [23-25]. In recent years, a high correlation of gut microbiota with the development of inflammatory
diseases such as RA has been observed. Indeed, gut microbes have a potential role in the exacerbation of RA. Studies have shown that
the gut microbiota differs significantly between RA patients and healthy individuals. Certain bacterial species such as Lactobacillus
bifidus are known to be associated with activation of IL17 + Th17 cells and Th1 cell responses that may play role in the exacerbation of
RA [26]. The bacteria such as Lactobacillus salivarius, Pseudomonas aeruginosa and Haemophilus can be detected in the early devel-
opment of RA and lead to metabolic disorders [27]. In this study, we used Duzheng tablet obtained from Hubei Province Pharma-
ceutical Preparation No. Z20210135, originating from the Tujia ethnic group in Enshi. Although, it is known to reduce swelling and
relieve pain, but its effect on intestinal microbiota and metabolic activity has not been studied. In the present study we applied DZGP to
collagen-induced arthritic (CIA) mouse model and conducted metabolic and transcriptomic analysis to deeply understand its effect at
cellular and molecular levels.

2. Materials and methods

Selection of model and induction of arthritis: The purified immunogenic type II collagens were purchased from Chondrex Inc.
(Cat#20021) and dissolved in 0.1 M acetic acid to a final concentration of 2 mg/ml [28,29]. Briefly, an emulsion containing 4 mg/ml
Complete Freund’s adjuvant along with Mycobacterium tuberculosis (collectively referred to as CFA, Chondrex Inc. Cat# 7009) was used
to activate the immune cells [30]. After one week of adaptive feeding of the purchased rats, a blank group of rats was set aside and the
remaining rats were used for further experiments. For initial immunization, we injected the emulsifier into the hind limbs and tail of
the rats at three points with 100 pL per point. On the 7th day after the first immunization, we used immune-enhancing emulsifiers and
repeated the previous operation to enhance immunity. Seven days after the second immunization, we evaluated the inflammatory
status of the ankle and toes based on the criteria of four (0, 1, 2, 3, and 4) points [31]. O point: Appearance of toes was normal or
without inflammation; 1 point: Mild redness and swelling of the toes; 2 points: Severely swollen toes; 3 points: indicates that all feet
below the ankle are red and swollen; 4 points: Severe redness and swelling of the knee and ankle joints, even deformity. The left and
right hind legs of the rat were scored separately, and the sum of the two hind legs reaching four points indicated successful modeling.

The highly CIA susceptible male Sprague-Dawley (SD) rats were selected for induction of arthritis. Twelve-week- old male SD rats
were housed in 5 groups (6 rats in each group) and were maintained at 25 °C with 12-h light/dark cycle. These 5 groups were
designated as, blank group (healthy mouse-designated as FK), arthritic mouse without any dose (CIA model designated as FX), arthritic
mouse with commercial Methotrexate (MTX) treatment (1.05 mg/kg/d), low dose group (Duzheng DZGP-drug: 227 mg/kg/d) and
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high dose group (DZGP drug: 908 mg/kg/d), respectively. The mice were purchased from Lianoin Changsheng Biotechnology Co., Ltd
(License number, 2020-0001). Thirty mice (6-8 week-old) were intradermally immunized at the base of tail with 100 pg of mouse type-
IT collagen as described previously (Gasteiger et al., 2005). The onset of arthritis was daily observed by measuring the thickness of
affected hind paw with microcalipers (Kroeplin GmbH, Schliichtern, Germany). For transcriptomic and metabolomic assessment, the
arthritic mice were sacrificed after four weeks of drugs treatment. For non-target metabolomic analysis, the blood serum was collected
from the vena cava, while synovial tissues from the hind limb knee joint were excised for RNA extraction and further transcriptome
analysis.

RNA Isolation, cDNA synthesis and transcriptome analysis: Total RNA from synovial tissues was extracted using commercial
kit as recommended by the manufacturer (TIANGEN, Beijing China, CAT # DP424). For transcriptome synthesis, 100 ng of total RNA
was used for library construction using NEBNext Ultra II Directional RNA Library Prep Kit. The libraries were paired-end sequenced on
NovaSeq using the NovaSeq Reagent Kit (200 cycles). The sequencing data was checked for its quality using FastQC (Version 0.11.5)
software [http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc]. A raw sequence matrix for each gene was generated using fea-
tureCounts [32]. Unwanted variation in the sequencing data was determined using RUVseq [33]. The differential gene expression was
estimated using edgeR software [34]. In total more than 20,000 transcripts for each combination was identified (Supplementary
file-1). After filtration, the analysis was limited for total genes ranging from 800 to 1000 per sample (Supplementary file-2). While, the
KEGG enrichment analysis was conducted for approximately 200 transcripts in each case (Supplementary file-3). The heatmaps for
transcriptomics data were generated using heatmap-2 function integrated into R package.

Extraction and analysis of non-target serum metabolites: Blood serum was collected from the inferior vena cava, through a
coagulation promoting tube. The tubes were labeled and centrifuged at 3000 rpm for 10 min. The supernatant (serum) was separated
and stored at —80 °C for further processing. For each 50 pl of serum sample, 300 pl of extraction solution was added (CAN: Methanol =
1:4, V/V) containing internal standards. The mixture was vortexed for 3 min and centrifuged at 12,000 rpm for 10 min to extract the
small molecules. The supernatant was transferred to a new tube and stored at —20 °C for 30 min and then centrifuged at 12,000 rpm for
10 min. About 180 pL supernatant was transferred for LC-MS analysis. The original LC-MS data was converted into mzML format by
ProteoWizard software [35]. Principal component analysis (PCA) was performed on samples including quality control samples (QC
samples) by using R software. In order to perform the differential metabolite screening in the metabolome data, both univariate and
multivariate statistical analyses were performed. Multivariate analysis included PCA and Orthogonal Partial Least
Square-Discriminant Analysis (OPLS-DA). Differential metabolites screening was assessed with the P-value or FC values. Kyoto
Encyclopedia of Genes and Genomes database (KEGG) was used for identification and enrichment of the metabolic pathways [36].

DNA extraction, PCR amplification and metagenomic analysis of 16S rRNA genes: For 16S rRNA analysis, the cecal segment of
intestine was excised and stored at —80 °C till further use [37]. Microbial DNA extraction from cecal samples was performed using
PowerSoil DNA extraction kit (MoBio Carlsbad, CA, USA). Briefly, the frozen cecal samples were first treated as described earlier [38].
The pretreated samples in tubes were homogenized for 1 min, three times with 1-min rest period (BenchTop homogenized, MP Bio-
medicals, Santa Ana, CA, USA). DNA concentration was measured with Nanodrop (nanodrop-2000- Thermo Scientific, Waltham, MA,
USA). For broad-taxonomic amplification of 16S-rRNA genes, the specific primers were used as described earlier [39]. For PCR re-
actions, the Phusion high fidelity DNA polymerase (Thermo Scientific) was used in a standard 25 pl reaction. Approximately, 3 ug 16S
specific primers were added into 50 ng of metagenomic DNA. The PCR reactions were run as follows: 94 °C for 30 s; 15 cycles of 94 °C
for 10 s, 47 °C for 40 s and 72 °C for 60 s followed by a final extension at 72 °C for 10 min. The amplified PCR amplicons were further
purified using bead base PCR purification kit on Qubit fluorometer (Qiagen, XX, Qubit 3.0 fluorometer). The purified PCR amplicons
were quantified with Qubit dsDNA HS Assay Kit (Thermo Scientific) and visualized using agarose gel electrophoresis. The samples
were prepared for sequencing according to the Illumina guidelines. The sequencing was done using Illumina NovaSeq platform [40].

Bioinformatic analysis of microbiome and metabolomic data: Metabolome detection and microbial amplicon sequencing were
performed for all the samples, respectively. Subsequently, their correlation analysis was also performed on differential metabolites and
differential bacterial species. Principal component analysis (PCA) was performed to visually observe the differences in metabolome
and microbiome between sample groups. The PCA was performed using the prcomp function of R software (www.r-project.org, version
4.1.2). The primer sequences integrated into the sequenced files were removed and the raw data was filtered using CLEAN [41]. Based
on the effective clean data, amplicon sequence variants (ASV) were generated. For each ASV sequence, the corresponding species
information and the abundance distribution was obtained. ASV data was also used for phylogenetic tree construction and Operational
Taxonomic Unit (OTU) identification. For OTU clustering, both Delbur and DADA2016 were implemented using QIIME2 [42,43]. Venn
plot analysis was performed to obtain the species richness and evenness within a sample. The species abundance information with
confidence from different samples was visualized through Krona tool [44]. The heat map was generated using the relative abundance
of bacteria (Phylum, Class, Genera, Species levels) (www.heatmapper.ca/expression). Alpha and beta diversity analysis for total ASVs
were carried out using the Unifrac distance, which calculates the distance between samples using evolutionary relationship between
the samples [45,46]. The R software (v4.2.0) was used for principal component analysis (PCA) principal coordinate analysis (PCoA)
and non-metric multidimensional calibration (NMDS). In order to look for the different species between groups at each taxonomic level
(Phylum, Cl ass, Order, Family, Genus, Species), the T-test test was performed to find the species with significant difference (p-val-
ue<0.5). The Phyloseq (v4.2.0) package of R software (v1.40.0) was used to calculate the Unifrac distance and constructing the
UGPMA. The unweighted pair group method with arithmetic means (UGPMA) was used to calculate the phylogenetic tree and diversity
between alpha and beta groups. Spearman rank correlation analysis was used to describe the correlation between microbiome and
metabolome. Correlation analysis was performed using the cor function of R software, and the significance test of correlation was
calculated using the corPvalueStudent function of GCNA package of R software v4.2.0 [47]. Spearman correlation coefficients of
microorganisms and metabolites were displayed through clustering heat map.
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3. Results

Effect of DZGP and MTX on body weight of CIA rat model: All the rats were raised in animal rooms with constant temperature
(20-25 °C). The CIA model group rats showed a significant decrease in activity compared to the normal group, preferring to gather in
groups, with dull fur, lethargy, reduced food and water intake, slow or even reduced weight gain, swollen and deformed foot joints,
and some rats had ulceration and difficulty in moving (Figure-S1). After treatment with DZGP and MTX, we compared the arthritic
mouse with the control group (Fig. 1A-F). The mental state of the DZGP treated and MTX groups gradually improved. The foot joints of
the high-dose DZGP group (908 mg/kg/d) and MTX group rats significantly recovered (Fig. 1A-F).

Transcriptome analysis revealed differential gene expression in RA induced rats: We performed RNA sequence analysis of
synovial tissues to study gene expression in comparison to healthy, commercially available drug and DZGP treated arthritic mice. The
transcriptome PCA analysis showed a separation of samples with the changing drug patterns (Fig. 2). The PCA analysis revealed a clear
difference of samples between healthy group and other arthritic mice (Fig. 2). The healthy samples data clustered separately in the 2D
PCA plots of transcriptome and metabolome, respectively (Fig. 2A and B), while the inflamed samples tended to cluster together.
Interestingly, the difference of clusters can be observed for high dose of DZGP and other treatments. Indeed, the PCA analysis showed
that high dose of DZGP significantly alters the transcriptome and metabolome profile in arthritic mice. Sequencing data for each
treatment combination comprised of more than 20,000 genes, where more than 600 genes were differentially expressed (DEGs;
Supplementary file-1). To characterize the cellular pathways and metabolites together, we performed a high throughput KEGG

0 10 20 30
Days/d

-o- Blank
- CIA Model
-4 MTX

-¥- 227mg/kg DZGP
+ 908mg/kg DZGP

Fig. 1. Observation of DZGP impact on the general living status of CIA rat model. Panel-A represents the healthy or blank group. Panel-B represents
the CIA model. Panel-C represents MTX treated arthritic mouse. Panels D and E represent the impact of 227 mg/kg and 908 mg/kg dosages of DZGP.
A significant difference in weight gain between the CIA model group and the blank normal group was observed after 28 days of medication
treatment (F). The weight of the blank normal group increased steadily, while the model arthritic group showed the slowest growth, with a decrease
in body weight at one point.
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Fig. 2. Principal component analysis for transcriptome (A) and metabolome data (B): Metabolome and transcriptome correlation KEGG enrichment
analysis for DZGP (C) and methotrexate treated mice (D).

enrichment analysis for each sample studied here (Fig. 2C and D).

The differential genes and metabolites expression analysis through KEGG enrichment of traditional DZGP medicine and
commercially available drug (MTX) in comparison to healthy group of mice showed a significant difference between both the treat-
ments. The KEGG enrichment analysis revealed that the DEGs in case of DZGP treatment were more enriched in chemokine signaling
pathway as compared to commercial drug. By mapping the pathways, it was revealed that activation of chemokine signaling pathway
resulted in up-regulation of Src, Rac, GRK and PLC genes, which help in cellular survival, growth and movement (Fig. 3).

Several other pathways like ABC transporter, fatty acids biosynthesis, protein digestion and absorption showed relatively increased
transcripts expression in DZGP treated samples. However, from the available data, it was clear that DZGP specifically targeted the
metabolic pathway, as their level did not increase despite of transcripts abundance. Most importantly, we identified the B cell receptor-
signaling pathway, and NF-kB pathway, which showed increased transcripts expression level in case of DZGP treatment as compared to
MTX (Fig. 3A and B). By mapping the B-cells receptor pathway, it was identified that several genes like PIR-B, FcgRIIB and LEU13 were
up regulated. The detailed analysis also suggested that the genes related to Ig production (Rac and CARMA1) were also over-expressed,
indicating their role in RA treatment through DZGP (Fig. 3). Interestingly, the correlation of metabolites and transcripts was
completely different for both treatments. The correlation heatmap for both omics data revealed a significant difference between DZGP
and methotexrate, indicating a different mode of action of both treatments (Fig. 4A and B). As a matter of fact, both treatments showed
a quite unique and opposite patters of correlation for their transcripts and metabolites (Fig. 4A and B). In case of metabolomic data, it
was observed that during treatment with methotexrate, the metabolites related to protein digestion and adsorption and minerals were
increased. While the metabolites in case of DZGP treatment remained in constantly controlled quantity. It can be predicted from the
current analysis that B cells mediated cell-signaling pathways and NF-xB pathways were specifically targeted by DZGP as their related
metabolites levels remained significantly low.
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Fig. 3. The most important pathways identified through the KEGG enrichment analysis after treatment with DZGP drug. Panel —A shows the
targeting of B cell receptor pathway, while Panel-B represents genes related to targeting of NF-xB pathway. The red boxes represent up-
regulated genes.
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Fig. 4. Correlation heat map for transcriptomics and metabolomics data. Panel-A represents DZGP treated groups, where transcriptomes abundance
is negatively correlated with metabolites, while panel-B represents the Methotrexate differential response.

Changes in species accumulation at individual and community level: High throughput sequencing of 16S rRNA genes revealed
the alpha and beta diversity of microbial communities. The species richness and diversity analysis were confirmed through box plot
and rarefaction curves (Fig. 5 A and B). The species accumulation box plot (Fig. 5A) flattened when number of samples reached 29,
indicating the fact that OUT sequences were sufficient to predict the species richness of the samples. Similarly, the rarefaction curve
tends to asymptotes, providing the adequate evidence of species richness and bacterial community diversity.

The beta diversity indexes were calculated using the principal coordinate analysis (PCoA) and cluster analysis method of weighted
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unifrac UPGMA tree (Fig. 6). The control and RA samples were far apart from each other indicating a clear separation between the two
groups (Fig. 6A). Likewise clear separation was found between DZGP and methotrexate treated samples. In addition, the UPGMA tree
exhibited that high dose of DZGP and arthritic samples tend to cluster together (Fig. 6B).

Gut microbiota profile in response to DZGP treatment: To determine the difference between gut microbes of healthy, arthritic
mice, methotrexate and DZGP treated mice; we compared the 16S rDNA sequences. UniFrac analysis suggested that microbiota of these
5 different groups were significantly different from each other. In total, 13,760 clean ASVs were generated and analyzed for diversity
analysis at genus level (Supplementary file-4). We observed 35 different abundant taxa at different taxonomic levels (Supplementary
file-5) and differentially abundant taxa at genus level are highlighted (Fig. 7).

As expected, samples from healthy mice showed enormous diversity and abundance in microbial population. However, the arthritic
mice and the mice treated with methotrexate showed a significant drop in Acideobacteriota population (Fig. 8A). The data suggests
that low dose of DZGP still supported relatively high diversity in microbial population in comparison to methotrexate and high dose of
DZGP drugs. The phylum-level profiles for all the treated groups were very close to each other with few exceptions (Fig. 8B). In the
control samples (no drug treatment), there was an increase in Acideobacteriota (Fig. 8B), which resulted in reduction of other mi-
crobial diversity. It can be observed from the data that structure of microbiota in methotrexate and DZGP treated mice was not similar.
The methotrexate treated mice showed increased level of Firmicutes. Both methotrexate and control or healthy samples, showed an
increase in the abundance of phylum Proteobacteria compared to healthy and RA samples (Fig. 8B). It can also be observed that
population level of bacteria belonging to phylum Bacteroidota and Verrucomicrobiota increased significantly compared to control
samples. On the other hand, bacteria belonging to phylum Proteobacteria were significantly reduced in the treated samples (Fig. 8B).
Similarly, Euryarchaeota (methanogens) were also reduced in the drug treated samples (Supplementary file-6). The species annotation
data was visualized using Krona analysis which demonstrated significant difference among the gut microbiota of treated and RA
samples.

Metabolic and microbiome changes in mice after DZGP drug treatment: In addition to the changes in transcriptome and
metabolome profiles of synovial fluid, we aimed to investigate how microbiome and metabolome are correlated. Therefore, plasma
samples of treated and untreated CIA mice were analyzed using untargeted metabolomics approach. The LC-MS analysis detected 4909
metabolites. Several of the metabolites were altered in DZGP treated mice. Principal component analysis for metabolites revealed
complete separation of control samples from arthritic samples (Fig. 9A). PCA analysis for microbial composition revealed the dif-
ferences of control and treated samples at different taxonomic levels (Fig. 9B).

The differences among the groups for microbial population were filtered at various taxonomic levels. We identified 33 phyla, which
were markedly different in abundance between the groups (Supplementary file-7). The relative abundance analysis at phylum level for
each combination revealed that methotrexate treated mice had very fewer microbes (n = 4) as compared to control mice (Fig. 10A).
Indeed, only four phyla, namely Euryarchaeota, Actinobacteria, Actinobacteriota and Cyanobacteria were differentially abundant in
methotrexate treated arthritic mice. In case control groups, only 8 different phyla were found in abundance (Fig. 10B). While in DZGP
treated group of arthritic mice, we observed 10 known phyla. These phyla included, Firmicutes, Bacteroidota, Verrucomicrobiota,
Proteocacteria, Euryarchaeota, Actinobacteria, Actinobacteriota, Cyanobacteria and Fusobacteriota (Fig. 10C).

Whereas the Verrucomicrobiota and Cyanobacteria were in addition to 8 known phyla present in other groups of mice studied here.
Both of these microbes mainly showed negative correlation with metabolites. To further determine the correlation between specific
dominant bacteria associated with DZGP and other treatments, we used Pearson heatmap for dominant microbes with top-20 enriched
metabolites. Interestingly, the types of top-20 metabolites accumulation in DZGP treated CIA mice were significantly changed in
comparison to control and methotrexate treated mice. For example, Firmicutes did not show any correlation with Methylparaben
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metabolite in control mice, while in case of DZGP Firmicutes showed a positive correlation with Methylparaben (Fig. 10C).
4. Discussion

Traditional Chinese medicines have been proven to be very effective to treat several diseases and neutralize their toxic effects
through different mixtures of herbs. Many TCM recipes have been used to treat RA [48]. In tradition, a microbial community habitat
(microbiome) can be analyzed through metagnomic analysis. The inclusion of complete transcripts data (transcriptome) in relation to
microbiome expands the significant implications of environmental factors associated with host response. In this study, we analyzed
whether a locally used drug namely DZGP can modulate the RA-induced joints inflammation in relation to change in transcriptome,
microbiome and metabolome. We specifically used CIA male SD rats that are highly susceptible to RA. We treated the RA affected
mouse with two different doses (low and high) of a traditional DZGP, while MTX was used as a positive control in comparison to locally
developed DZGP. MTX treatment has been widely used and its impact on microbiome and metabolome is well studied. However, DZGP
mediated modulation of RA has not been investigated. Interestingly, DZGP even at moderate level reduced the RA pathogenesis,
however main effects were observed at higher dose. Where DZGP reduced local and systemic inflammation, it also improved the gut
microbiome and serum metabolome.

The TNF-a is a pleiotropic cytokine produced by many different types of cells in the body. However, cells of the monocytic lineage
such as macrophages, astroglia, microglia, Langerhans cells, Kupffer cells, and alveolar macrophages, are the primary synthesizers of
TNFa. Cytokine TNF-a has many effects on various cell types and has been identified as a major regulator of inflammatory responses
and is known to be involved in the pathogenesis of some inflammatory and autoimmune diseases. Cytokines like TNF-o are overex-
pressed in RA affected joints and play a significant role in pathogenesis of arthritis [49]. B cells play a critical role in regulating immune
cells and cytokine release [50]. It is an established fact that imbalance activities of cytokines favor the induction of joint chronic
inflammation. Particularly, the tumor necrosis factor (TNF) has been proven to be important as a therapeutic target. Previous in-
vestigations have shown that MTX treatment is unable to reduce the TNF-a level in blood serum [48,51]. Our analysis suggests that
DZGP treatment directly targets the B cell receptor-signaling pathway and controls the TNF-o accumulation in the synovial fluid. Any
intervention to block TNF results in higher response of achieving clinical outcomes. In this study using DZGP as an RA treatment drug,
the metabolomics study revealed a negative correlation between activation of NF-Kappa B (NF-kB) signaling pathway and
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Fig. 7. Microbial diversity at genus level based on ASV sequences. Phylogenetic tree at genus level for microbes identified from 5 different groups
of mice.

accumulation of its metabolites. The NF-xB are well-known transcription factors, which play a significant role as a regulator of
inflammation in rheumatoid arthritis [52,53]. The over-expression of genes related to TNF and NF-kB is plausible due to pre-induction
of RA. Nevertheless, relatively lower accumulation of their related metabolites suggests that treatment of DZGP plays an important role
in targeting NF-kB accumulation. Although, MTX is a well-known gold standard medicine to down-regulate RA induced inflammatory
response in human [54]. However, in agreement with other studies, MTX changed the metabolic profile by alterations in ABC transport
pathway, amino acid and lipid metabolism [55]. Interestingly, DZGP treatment showed a quite different response in comparison to
MTX treatment. The DZGP significantly targeted the protein and lipid metabolism pathway and balanced their accumulation at cellular
level. These findings suggest that DZGP treatment is better than MTX at clinical level.

The individuals treated with different drugs showed altered metabolism and sometimes may lead to organ failure [56]. Changes in
gut microbiome promoted by different drugs can also alter the immune response. It has been established that MTX use can lead to
hepatotoxicity [57], however, the possible association between gut microbiome changes and the metabolic shifts influenced by DZGP
were unknown. The correlation data on combination of microbiome and metabolome was very instrumental in understanding the
treatment mechanism. Different microbes showed a range of positive and negative correlation with metabolites. Our results are in
agreement with the previous findings that anti RA drugs can cause a significant change in certain microbes. For example, the Fir-
micutes phylum is a main component of gut microbiome. However, its increased abundance is associated with several adverse
functions of liver functions [58]. Additionally, the ratio of Firmicutes and Bacteroidota is very important in RA induction [59]. In our
analysis, high dose of DZGP resulted in significant reduction of Firmicutes while a relative increase in Bacteroidota was observed.
These observations indicate that DZGP can be less toxic to liver cells as compared to MTX. Furthermore, a high positive correlation was
observed between Firmicutes and methylparaben metabolite. The methylparaben is a well-known anti-microbial preservative, which
can have potential implications in population reduction of Firmicutes as compared to control samples.

Presence of Cyanobacteria phylum in DZGP treated samples is another interesting finding in our omics analysis. Cyanobacteria
(blue-green algae) are generally consumed as a source of nutrients to promote health and have pharmaceutical value [60]. The unique
presence of Verrucomicrobiota in the DZGP treated samples indicates its potential to regulate the immunity [61]. The member species
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of phylum Verrucomicrobiota are known to degrade the sulfated polysaccharides and play an important role in carbon cycling [62].
However, we also observed that Verrucomicrobiota phylum was not associated with top-20 metabolites. Given the importance of
Cyanobacteria and Verrucomicrobiota as a gut microbe, it can be concluded that DZGP has pronounced effects on the maintenance of
beneficial bacterial population. Various mechanisms of Chinese herbal medicine in treating infectious diseases have been explained.
These include antibacterial (i.e., inhibition of bacterial growth and inhibit formation of bacterial biofilm) as well as antiviral effects (i.
e., suppress replication and induce cell apoptosis). Apoptosis is the process of programmed cell death, which helps to eliminate cells
that are not required. Other mechanisms of Chinese herbal medicine are the antioxidant effect (reduce free radicals) and
anti-inflammatory ability that prevent or inhibit the release of inflammatory mediators, cytokines, and other factors that are generated
during the inflammatory response. Challenges, prospects, and potential applications of TCM are extensively studied due to its activity,
safety, and the long history of clinical application.
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Fig. 10. Pearson correlation estimates between microbiome and top-20 abundant metabolites in control vs arthritic mice treated with commercially
available Methotrexate drug (A), control vs RA mouse (B), and traditional Chinese medicine vs healthy control mice (C). The correlation bar is

presented on right side of each panel. Maximum shift in microbial diversity at phylum level and correlation with metabolites was observed in case of
DZGP treated mice.

5. Conclusions

The present study highlighted the beneficial aspect of Chinese traditional medicine (DZGP). The DZGP significantly altered the
transcriptome of synovial fluid. Moreover, several metabolic changes were induced during treatment, which targeted the TNF-o and
NF-kB signaling pathways, which are the main triggering factors in RA pathogenesis. The traditional treatment of DZGP led to pro-
motion of beneficial gut microbiota and changes in metabolic pathways. The DZGP increased the abundance of Verrucomicrobiota and
Cyanobacteria, which are well known bacterial phyla to promote gut health. Overall effects of DZGP resulted in recovery from RA by
mediating inflammatory response through NF-kB signaling and promoting gut health.

Future Perspectives and limitations: In this study, we identified molecular pathways indicating that traditional Chinese med-
icines may affect the microbiome, transcriptome and metabolome in arthritic mouse. In the past, use of TCM was criticized due to
absence of modern analytical research data of human body. Here, we provide the direct evidence of improvement in the disease
treatment using a TCM. It is recommended that in the future, the knowledge gap of TCM use may be filled by integrated micriobiomics,
transcriptomics and metabolomics data. Even though traditional drugs hold the great promise, but due to lack of supporting biological
data, large numbers of people are reluctant to use them. Another limitation of the TCM is lack of biological data on humans. With the
increasing omics data, it will be possible to tackle the limitations of TCM usage in China and other countries.
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