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Abstract
Objective Rheumatoid arthritis (RA) is a chronic inflammatory condition that, despite available approaches to 
manage the disease, lacks an efficient treatment and timely diagnosis. Using the most advanced omics technique, 
metabolomics and proteomics approach, we explored varied metabolites and proteins to identify unique metabolite-
protein signatures involved in the disease pathogenesis of RA.

Methods Untargeted metabolomics (n = 20) and proteomics (n = 60) of RA patients’ plasma were carried out by 
HPLC/LC-MS/MS and SWATH, respectively and analyzed by Metaboanalyst. The targets of metabolite retrieved by 
PharmMapper were matched with SWATH data, and joint pathway analysis was carried out. An in-vitro study of 
metabolites in TNF-α induced SW982 cells was conducted by Western, RT-PCR, scratch, and ROS scavenging assay. The 
effect of GUDCA was also evaluated in the CIA rat model.

Results A Total of 82 metabolites and 231 differential proteins were revealed. Porphyrin and chlorophyll pathway 
and its metabolite Glycoursodeoxycholic acid (GUDCA) was found to be significantly altered. In vitro analysis has 
shown that GUDCA reduces inflammation thus offering protection against ROS production and cell proliferation. 
PharmMapper analysis revealed that GUDCA was significantly linked with identified SWATH proteins insulin like 
growth factor-1(IGF1), and Transthyretin (TTR) and it upregulates the expression of IGF1 and downregulates the 
expression of TTR in both in vitro and in vivo models.

Conclusion GUDCA was found to possess antioxidative, antiproliferative properties and an effective anti-
inflammatory property at a low dosage. It may be considered as a potential therapeutic option for reducing the 
inflammatory parameters associated with RA.
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Introduction
Rheumatoid arthritis (RA) is an autoimmune systemic 
disorder characterized by persistent inflammation result-
ing in the destruction of synovium, bone, and cartilage 
[1]. Multiple external/internal factors, including epigene-
tic, genetic, and environmental factors, trigger heteroge-
neous pathogenicity during disease progression [2]. The 
epidemiology of RA suggests its occurrence in nearly 5 
per 1000 adults worldwide, and women are 2 to 3 times 
more prone to its development than men. Despite the 
availability of drugs and treatments, the insufficient diag-
nosis/prognosis led to improper treatment, resulting in 
the threatening aspects of the disease [1]. Various mark-
ers are used to diagnose this disease, often lacking sensi-
tivity and specificity [3], and overlap with other similar 
diseases. Therefore, a definitive study of the prognosis 
and detection of the disease is required.

Currently, the omics approach, expanding its roots 
to metabolomic tools is in demand to determine the 
directional changes of altered metabolism in disease to 
understand the molecular pathophysiology of the dis-
ease [4, 5]. The range of these metabolic alterations and 
various altered molecules, such as metabolites and pro-
teins, could be prominent markers of cytokine-mediated 
inflammatory processes in RA. Metabolomics, an emerg-
ing tool, has been recently employed to identify potential 
markers in multiple diseases, such as infectious diseases, 
cancer, inflammatory diseases, and coronary artery dis-
ease (CAD) [6].

Metabolites are small molecules formed as by-prod-
ucts from multiple metabolic pathways. Generally, these 
metabolites get al.tered much earlier than the onset of 
diseases; hence, identification of altered metabolites 
holds significant potential in associating genes and pro-
teins in a disease state [6]. In contrast to genomics and 
proteomics, the focus of metabolomics is on connecting 
small molecules of biological pathways that are modula-
tors of genes and proteins’ activity, allowing more precise 
identification of disease-associated phenotypes occurring 
within the biological system [7].

It is reported that metabolites are the responses of 
rapid physiological actions according to the disease activ-
ity. To manage numerous cellular processes and to regu-
late protein activities, interactions between proteins and 
metabolites are essential [8]. Reports have indicated that 
metabolic enzymes, transcription factors, transporters, 
and membrane receptors can be controlled by interac-
tions with proteins and metabolites (PMIs) [9].

Therefore, we used a proteomic approach apart from 
metabolomics to identify the significantly differential 
proteins in RA plasma samples. Differential proteome 
profiling is a powerful tool for studying proteins and their 
alterations in specific disease conditions, providing vari-
ous differentially expressed proteins (DEPs) associated 
with disease development [10]. Further, the integrated 
analysis of metabolite-protein interactome has been 
reported to characterize any biological process efficiently 
[4].
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Therefore, we focused our attention on identifying 
novel differential metabolites linked to differential pro-
teome profile of RA and explored their relationship and 
relative importance in determining disease severity.

Plasma samples of RA patients and healthy con-
trol (HC) were used in our study to identify differen-
tial metabolites and proteins via HPLC-MS/MS and 
SWATH-MS analysis, respectively, followed by in-silico 
analysis to identify altered pathways. Relative expression 
of the metabolite-induced protein was validated in RA 
synovial fibroblast cells (SW982) through in vitro studies. 
This was followed by in vivo validation using a Collagen 
Induced Arthritis (CIA) rat model. In this study, Gly-
coursodeoxycholic acid (GUDCA) metabolite was identi-
fied as a prominent regulatory metabolite in RA. Upon 
treatment with GUDCA, it was found that there was an 
increased expression of IGF1, and a decreased expression 
of TTR, and the treatment had anti-inflammatory, anti-
oxidative, and antiproliferative properties. GUDCA may, 
therefore, be considered a therapeutic potential molecule 
for RA.

Materials and methods
Clinical samples
Blood samples (n = 60) were collected from RA patients 
from the Department of Rheumatology, All India Insti-
tute of Medical Sciences (AIIMS), New Delhi, India [11]. 
Similarly, blood samples (n = 40) were collected from HC 
with no prior ailment and joint inflammation. The medi-
cal history of each patient was collected (Supplementary 
Table 1) [12]. See details in supplementary file).

Metabolomics analysis
To analyze the differential metabolites, HPLC-MS/MS 
was carried out using RA (n = 20) and HC (n = 20) plasma 
samples. Two complimentary LC-MS/MS metabolomics 
methods were applied: HILIC and C18 chromatography. 
The raw LC-MS (.wiff files) data file was analysed by Peak 
View (ABSciex). Fold change criteria was considered to 
categorize upregulated (fold change ≥ 1.5) and downreg-
ulated (fold change ≤ 0.5) metabolites, respectively, and 
p-value < 0.05 was considered [13, 14]. (See details in sup-
plementary file).

Proteomics of plasma samples: SWATH-MS acquisition
Plasma samples of RA (n = 60) and HC (n = 40) were 
taken, and a total of 70 µg protein was estimated by BCA 
and digested overnight at 37  °C with 0.1  µg/µl trypsin 
(Promega, USA) [12, 15]. (See details in supplementary 
file).

Integration of metabolomics and proteomics
Association analysis between metabolomics and pro-
teomics data was performed using significant differential 

metabolites and protein profiles between RA and HC 
groups. Joint Pathway Analysis was carried out using 
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/). 
It enabled us to visualize significant genes and metabo-
lites that were enriched in a particular pathway and inte-
grated the underlying relationships among differentially 
expressed metabolites and proteins [16].

Target Prediction of metabolites
The major concern in drug discovery is to validate the 
best-screened active compounds’ interaction with appro-
priate targets [17]. To identify the potential molecular 
targets of the screened metabolites, PharmMapper server 
database (http:// lilab.e cust.ed u.cn /PharmMapper) was 
used [18, 19]. The gene targets were matched with pro-
tein profile identified by SWATH analysis. (See details in 
supplementary file)

Western blot (WB) and enzyme-linked immunosorbent 
assay (ELISA)
For WB analysis, 4 pooled plasma proteins of RA and HC 
were used. Each pooled sample consists of RA (n = 10) 
and HC (n = 10); thus, 40 RA and 40 HC samples were 
used, and 20 µg of pooled plasma proteins were run on 
SDS-PAGE and anti-IGF1 (Santa Cruz, USA) (1:2000) 
as the primary antibody and anti-mouse (1:5000) as a 
secondary antibody were used. The indirect ELISA was 
performed using diluted (1 µl/200µl) RA plasma (n = 60) 
and HC (n = 40), coated into 96-well micro-titer plates 
(Thermo Scientific, Nunc, USA), followed by incuba-
tion with primary antibody (Anti-IGF1) and secondary 
antibody (anti-mouse). The absorbance was observed at 
495 nm [12, 20]. (See details in supplementary file).

Peripheral blood mononuclear cell (PBMC) isolation, RNA 
isolation, WB, and qRT-PCR
PBMCs are the primary immune cells in the human 
body and offer discriminatory immune responses toward 
inflammation [5]. PBMCs were isolated by centrifuging 
RA blood (n = 6) and HC (n = 6) using histopaque reagent 
[20] and then used to perform WB with 3 pooled RA and 
HC samples, respectively (n = 2 in each pooled sample) 
[15]. Total RNA was extracted from PBMCs of HC (n = 6) 
and RA (n = 6) using Tri-Xtract Reagent (G-biosciences). 
GAPDH as an internal reference. Primers are shown in 
Supplementary Table 2 (See details in the supplementary 
file). Similarly, in our earlier study, protein and mRNA 
levels of TTR were checked in PBMCs of RA blood [20].

Correlation analysis
The association of GUDCA levels with RA disease activ-
ity, specifically with ACCPA and DAS28-ESR scores 
was investigated [20, 21]. Additionally, the relationship 
between IGF1 levels, (measured by ELISA), and RA 

https://www.metaboanalyst.ca/
http://lilab.ecust.edu.cn/PharmMapper
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disease activity (assessed by the DAS28-ESR score) was 
examined. (See details in the supplementary file)

In-Vitro analysis
Human synovial fibroblast SW982 cell culture and MTT test
SW982 cells were cultured in DMEM media and treated 
with GUDCA metabolite (1–70µM range) for 24  h in 
serum-free media [22]. Absorbance was measured at 
540 nm. See details in the supplementary file)

Total protein extraction and western blotting
SW982 cells were cultured and pre-treated with GUDCA 
(50µM- 6.25 µM) for 24 h. Protein was extracted in RIPA 
buffer after 10  min induction with TNF-α (10ng/ml) 
[23]. The blot was incubated with anti-p65, anti-IGF1, 
and anti-TTR separately as primary antibodies [22]. (See 
details in supplementary file)

Real-time quantitative reverse transcription PCR (qRT-PCR)
SW982 cells were cultured and incubated with GUDCA 
(50µM) for 24  h. The effect was investigated by TNF-α 
treatment (10 ng/ml) on GUDCA pretreated cells for 1 h. 
Total RNA was isolated and subjected to cDNA prepara-
tion, and mRNA expression was evaluated and quanti-
tated using 2−ΔΔCT formula [22]. Human-specific primer 
sequences are shown in Supplementary Table 2. (See 
details in supplementary file)

Scratch assay analysis
SW982 cells were grown in a culture plate, the vertical 
scratch was drawn, and each scratch area was measured 
before and after the treatment with GUDCA (50µM). 
Bright-field images were taken at 0 h and 48 h and ana-
lyzed using a Nikon Eclipse 650 (NIKON, Tokyo, Japan) 
at ×10 magnification. The images were analyzed using 
ImageJ software [24]. (See details in supplementary file)

Total reactive oxygen species (ROS) estimation
SW982 cells were pretreated with GUDCA (50µM) with 
and without TNF-α (24  h), followed by adding 10µM 
working solution of DCFH-DA into each well for 30 min. 
Fluorescence images were taken by ZOE Fluorescent Cell 
Imager and analyzed by ImageJ software [22]. (See details 
in supplementary file)

In vivo studies
Development of collagen-induced arthritis (CIA) rat model
Female Wistar rats (60–80  g) were procured from the 
ICMR -National Institute of Nutrition in Hyderabad, 
India. The work design was approved by the Institute’s 
Animal Ethical Committee (IGIB/IAEC/3/3/Mar 2023). 
The animals were randomly divided into four groups 
(n = 4). The untreated group/ healthy control (HC) 
(Group 1), Collagen-Induced Arthritis (CIA) (Group 

2), vehicle control (VC + CIA) (Group 3), and GUDCA 
treated (CIA + GUDCA) (Group 4). CIA rats (Except 
the HC group) were then induced with 2  mg/ml colla-
gen (Type II) from chicken (Sigma, USA). GUDCA was 
administered at 800 µg/Kg of rat body weight mixed with 
corn oil/ benzyl alcohol (95:5 v/v) and was injected sub-
cutaneously [25, 26]. (See details in supplementary file)

Measurement of CIA induction in experimental groups and 
detection of RA
Throughout the study, paw volume and arthritis index 
(AI) were assessed in individual animals to monitor dis-
ease progression from day 0th to day 28th [27]. Splenic 
index and liver index were calculated for each rat as the 
ratio of the spleen/liver: body weight [28]. (See details in 
supplementary file)

Enzyme-linked immunosorbent assay (ELISA) of cytokines in 
plasma
Rat plasma was separated and added (100  µl) to the 
pre-coated ELISA plate, followed by the manufacturer’s 
guidelines. TNFα, IL(Interleukin)1β, and IL-6 cytokines 
were quantified using ELISA kits (ELK Biotechnology, 
China) [12].

Hematoxylin and eosin staining (H & E)
Rat synovium was sliced and fixed in 10% formalin, fixed 
in the paraffin block, sliced (5 μm thick) using a micro-
tome, and slides were prepared. Slides were viewed under 
a Nikon microscope. Images of the slides at 10X magnifi-
cation were taken, and Image-J software was used to ana-
lyze the images [25] (See details in supplementary file).

Western blot analysis of the CIA model rat plasma
The blood samples were drawn through direct heart 
puncture and collected in EDTA coated vacutainer tubes 
(BD, Franklin Lakes, NJ, USA), and plasma was sepa-
rated. Similarly, synovial tissue was collected and crushed 
in liquid nitrogen from each rat, and the lysate was pre-
pared in RIPA buffer and centrifuge; further supernatant 
was stored at -80 °C for further analysis. For WB analysis, 
the total protein (10 µg) concentration was run on the gel 
as mentioned above [29] (See details in supplementary 
file).

Enzyme-linked immunosorbent assay (ELISA) of synovium
The indirect ELISA was performed using synovium lysate 
of all groups diluted (10 µl/90µl) with coating buffer into 
96-well micro-titer plates (Thermo Scientific, Nunc, 
USA) and incubated overnight at 4ºC and proceeded as 
mentioned above [29] (See details in supplementary file).
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Statistical analysis
All non-parametric Mann–Whitney tests were per-
formed using Graph pad Prism 9.0. The complete data set 
was analyzed using MetaboAnalyst 3.0. Pathway enrich-
ment analysis was performed to find the related pathway 
with the altered metabolites. Statistical analysis was per-
formed with the paired student’s t-test to compare the 
data between two groups, and ANOVA was used to com-
pare data among multiple groups. The obtained p-values 
were represented by asterisks on the graph (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Each experiment 
was repeated at least three times.

Results
Identification of differentially expressed metabolites in RA 
plasma
Using HPLC-MS/MS, a total of 2519  m/z (mass/charge 
ratio) were identified in RA plasma and represented 
by volcano plots. (Fig.  1A) Among them, 685  m/z were 
found to be differentially regulated, 70 m/z were upregu-
lated (Blue dots) and 47 m/z (green dots) were downreg-
ulated. (Fig. 1B). The differentially regulated metabolites 
were further processed with the metabolomics library, 
from which 82 were annotated (Supplementary Table 
3) with high confidence. Amongst these, 23 metabolites 
were found to be significantly regulated (7 downregu-
lated and 2 upregulated), as depicted in the pictorial rep-
resentation (Fig. 1C) (Table 1). A threshold of fold change 
criteria for upregulated (fold change ≥ 1.5) and downreg-
ulated (fold change ≤ 0.5) was considered for the identifi-
cation of differential metabolites.

Analysis of differential metabolites
For the discriminant analysis of RA and HC, 82 anno-
tated metabolites were opted for the OPLS-DA and 
PCA, used to recognize group differences. The analysis 
was normalized using Pareto scaling. 2D score plot of 
OPLS-DA analysis (Fig. 1D) shows a T score of 8% (varia-
tion between the groups) and an orthogonal T score of 
12.4% (variation within the groups). The 3D score plot 
of PCA was generated, which showed the differential 
pattern of metabolites (Fig.  1E). Principal components 
(PC) PC1, PC2, and PC3 accounted for 22.6%, 13.2%, and 
11.2% of the total variance, respectively, indicating that 
the metabolites of RA samples were distinctly discrimi-
nated from the healthy samples. A variable importance 
projection (VIP) score plot was created to recognize the 
top discriminators, and 15 top metabolites of RA were 
revealed (Fig.  1F). To figure out the most classified sig-
nificant metabolites, the criteria of VIP values were set 
to 2 to obtain pre-selected metabolites. This clarifies the 
variance described by the top-tiered metabolites among 
RA and healthy groups.

Pathway enrichment analysis of metabolites
Pathway enrichment analysis depicts the changes in the 
patterns of metabolite concentration biologically and 
identifies the pathways that impact the metabolite pat-
tern. We used Metaboanalyst 3.0 and revealed that 
altered metabolites were associated with Starch and 
sucrose, galactose, Porphyrin, and Phenylacetate metabo-
lism. (Fig. 1G) Pathway enrichment ratios were also cal-
culated by Metaboanalyst and visualized by bar graph. 
(Fig. 1H)

Identification of differentially expressed proteins (DEPs) in 
RA plasma
A total of 231 proteins were identified by SWATH-MS 
analysis (Supplementary Table 4), depicted by the vol-
cano plot. Amongst, 62 proteins (violet spots) were iden-
tified as significant DEPs in RA compared to control 
samples (Fig.  2A), 29 out of 62 DEPs were upregulated 
(red spots), and 23 were downregulated (green spots) 
(Fig. 2B and C) (Table 2). A threshold of fold change cri-
teria for upregulated (fold change ≥ 1.5) and downregu-
lated (fold change ≤ 0.5) was considered significant for 
identified DEPs between the groups.

Joint pathway analysis of differential protein and 
metabolite profile
Joint pathway analysis is an integrative analysis to assess 
the commonly associated pathways between the differ-
ential profile of metabolites and proteins of RA patients. 
Differentially expressed proteins and metabolites signifi-
cantly enriched in Arachidonic acid metabolism, por-
phyrin and chlorophyll metabolism, Aminoacyl-tRNA 
biosynthesis, glyoxylate and dicarboxylate metabolism, 
and phenylalanine pathways and were found to be inter-
related with identified differential proteins and metabo-
lites (Fig. 2D).

ACCPA analysis
ACCPA levels are directly proportional to disease sever-
ity [30]. In this study, ACCPA levels analyzed in plasma 
from individuals with RA to establish the relationship 
between ACCPA and GUDCA levels. Results suggested 
significantly higher levels of ACCPA in RA patients com-
pared to the HC (Fig. 2E).

Comparative analysis of DEPs with differential metabolites 
and their relation with RA  
In the analysis, “Porphyrin metabolism” was found to be 
a significant pathway associated with RA. This pathway 
involved three identified metabolites (Glycocholic acid, 
Glycodeoxycholic acid, and Glycoursodeoxycholic acid), 
with Glycoursodeoxycholic acid (GUDCA) being a sig-
nificantly downregulated metabolite (0.44-fold change). 
GUDCA was found to have a significant moderate 
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Fig. 1 (A) Volcano plot showing altered metabolite features in the test set of RA and controls (fold change ≥ 1.5, fold change ≤ 0.5, p < 0.05). A total of 
2519 m/z was plotted with 685 m/z significantly regulated metabolites (red dots). (B) Graph depicting 70 significantly upregulated m/z (Blue dots) and 47 
significantly downregulated (Green dots) m/z. (C) Pictorial representation of identified m/z downstream analysis with their significance level. Log2FC; log2 
fold change, m/z; mass to charge ratio. Multivariate analysis (D) 2D score plot showing the distinct distribution of RA cases and controls in the validation 
set as discriminated by the identified altered metabolites using OPLS-DA analysis. (E) 3D plot showing the distinct distribution of RA cases and controls 
using PCA analysis. (F) Variable importance in projection (VIP) plot depicting the top 15 discriminators for RA cases in the validation set. (G) Pathway 
analysis of identified metabolite set by metaboanalyst 5.0 H) Pathway enrichment analysis represented by Bar graph computing a single P value for each 
metabolic pathway. PC; principal component, VIP; variable importance in projection, OPLS-DA; Orthogonal partial least squares-discriminant analysis, RA; 
rheumatoid arthritis, HC; healthy control
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negative correlation with ACCPA concentration (Fig. 2F) 
and DAS28-ESR activity score (Fig.  2G). As a result, it 
was chosen for further analysis (Supplementary Table 3). 
The PharmMapper database predicted 300 gene targets 
of GUDCA metabolite (Supplementary Table 5). These 
target genes were first matched with DisGeNET data-
base genes of RA. Then the common genes were matched 
with identified proteins in RA plasma by SWATH (Sup-
plementary Table 4) to deduce the potential metabolite-
protein pair altered in RA (Supplementary Table 6). 
This comparative analysis revealed that IGF1, TTR, and 
SHBG were common target proteins of GUDCA. How-
ever, IGF1 and TTR were screened and selected for fur-
ther study in RA condition based on their GDA score, 
which was found to be 0.05 and 0.02, respectively, and 
was also found to be significantly (0.42-fold) downregu-
lated and upregulated (1.89-fold) respectively in SWATH 
data. (Supplementary Table 4)

Validation of target protein expression
The expression of significantly differential target protein 
(IGF1) was validated in four pooled samples of RA and 
HC by WB. The densitometric analysis showed a sig-
nificant downregulation of IGF1 level (p < 0.0349) in RA 
compared to HC (Fig.  3A), with a 1.6-fold change after 
normalization with total protein. Further, ELISA revealed 
a 1.2-fold significantly downregulated expression of IGF1 

(p < 0.011) in RA plasma (n = 60) compared to HC (n = 40) 
(Fig.  3B). The levels of IGF1 were found to have a sig-
nificant negative correlation with DAS28-ESR (Fig.  3C). 
Similar IGF1 levels were confirmed in PBMCs of RA and 
found to be 3-fold downregulated (p < 0.0007) at the pro-
tein level by WB and 1.5-fold downregulated (p < 0.0001) 
at levels by qRT-PCR, compared to HC after normaliza-
tion with β-actin used as a loading control. (Figure  3D 
and E). Similarly, the levels of TTR’s protein and mRNA 
levels were verified in RA plasma and PBMCs, compared 
to HC, in our previous studies [20].

Human synovial fibroblast (SW982) cytotoxicity analysis of 
GUDCA
Cell viability of human synovial fibroblast cells (SW982) 
pre-treated with GUDCA (1–70 µM/ml) was measured 
by MTT (Fig.  4A). The bar represented the percentage 
(%) of cell survivability after the induction of cells. The 
results showed that less than 50µM GUDCA concentra-
tion did not affect cell viability.

Effect of GUDCA on inflammatory condition and target 
proteins
The expression level of NFκB/(p65), a prominent inflam-
matory mediator, was analyzed and validated in 24  h 
pre-treated SW982 cells with GUDCA (range of 50µM- 
6.25µM) followed by TNF-α (10ng/ml) induction for 

Table 1 List of metabolites annotated with high confidence in which 23 metabolites were differentially regulated by NIST library and 
MS-Dial 5.0
S.No. m/z Metabolite Fold change p value
1 538.3154 Cholylmethionine 3.177627 0.015285
2 566.3472 LPC 18:1 1.51379 0.051561
3 165.0999 6-Pentyl-2 H-pyran-2-one 1.326574 0.034463
4 496.331 LPC 16:0 0.829247 0.035057
5 454.2848 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine 0.780522 0.036636
6 790.5701 PC O-38:7 0.768475 0.046717
7 544.3292 LPC 20:4/0:0 0.757545 0.002489
8 246.1643 CAR 5:0 0.722267 0.015927
9 520.3286 LPC 18:2 0.707948 5.45E-05
10 524.363 LysoPC(0:0/18:0) 0.704678 0.024745
11 488.2879 GLYCOCHOLATE 0.685498 0.038619
12 786.591 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine 0.670958 0.01464
13 482.3144 1-pentadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine 0.657604 0.013365
14 480.2975 LPE 18:1 0.631667 0.000649
15 449.3838 Trihydroxycholestanoic acid 0.520398 0.007314
16 595.1513 Eriodictyol 7-O-neohesperidoside 0.500863 0.036249
17 258.9185 D-glucose 6-phosphate 0.490946 0.011213
18 246.9637 Asp-Asp 0.485635 0.000563
19 478.2915 1-Oleoyl-sn-glycero-3-phosphoethanolamine/LysoPE(18:1/0:0) 0.481877 0.02599
20 238.9864 Heptanedioic acid, 1-(2-cyclopentylidenehydrazide) 0.466123 0.006953
21 448.3038 Glycoursodeoxycholic acid 0.449878 0.007679
22 413.5848 5.alpha.-Pregnan-3.alpha.,17-diol-20-one 3-sulfate 0.367392 3.79E-06
23 464.2986 Glycocholic acid 0.197437 0.010649
m/z; mass by charge ratio
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10 min. The densitometric analysis demonstrated a signif-
icantly decreased expression of NFκB (p65) (p < 0.0164) 
at 50µM of GUDCA concentration (Fig.  4B). The pro-
tein (p < 0.0159) expression of the IGF1 was upregulated 
(Fig.  4C), whereas the TTR level was downregulated 
(p < 0.0193) (Fig.  4D) by GUDCA induction at 50µM as 

compared to the control + TNFα. Subsequently, GUDCA 
treatment at 50µM concentration also showed a signifi-
cant rise in the mRNA expression of IGF1 (p < 0.0152) 
(Fig.  4E) and a decrease in the mRNA expression of 
TTR (p < 0.0027) (Fig.  4F), IL-6 (p < 0.0001) (Fig.  4G), 
IL1β(p < 0.0118) (Fig.  4H) and NFκB (p65) (p < 0.0005) 

Fig. 2 Proteomic analysis by SWATH (A) Volcano plot showing altered proteins in the test set of RA and HC (fold change ≥ 1.5, fold change ≤ 0.5, p < 0.05), 
A total of 62 significant proteins were represented by purple dots (B) Graph depicting 29 significantly upregulated (red dots) proteins and 23 significantly 
downregulated proteins (green dots), rest proteins significant but did not fall under the selection criteria (Black dots) (C) Pictorial representation of identi-
fied protein shown downstream analysis with their significance level (D) Joint pathway analysis of identified metabolites and proteins by metaboanalyst. 
(E) Significant difference in ACCPA levels in RA (n = 60) and HC (n = 40) samples with estimation plot. Correlation analysis (F) Correlation analysis between 
ACCPA and GUDCA levels: The ACCPA concentration negatively correlates with GUDCA with r = -0.5882 significantly. (G) The graph shows a negative 
correlation between GUDCA and DAS28-ESR score with r = -0.5749 in RA. Log2FC; log2 fold change, RA; rheumatoid arthritis, HC; healthy control, ACCPA; 
anti-citrullinated protein/peptide antibody, DAS28-ESR; Disease Activity Score 28-joint count- erythrocyte sedimentation rate
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Table 2 List of significantly 29 upregulated and 23 downregulated differentially regulated proteins with Fold change and p-value
S.No Protein fold change pvalue
1 Apolipoprotein C-I 62.40570335 0.007758662
2 Alpha-1-acid glycoprotein 1 16.7214335 0.00553161
3 Apolipoprotein C-III 9.850330468 1.25567E-06
4 Complement C4-A 8.302636966 0.002453229
5 Complement C4-B 8.023461599 0.000342575
6 Inter-alpha-trypsin inhibitor heavy chain H4 6.888252287 0.008452104
7 Hemopexin 5.921200271 0.010553529
8 Apolipoprotein A-I 4.808899273 0.00343186
9 Complement C1r subcomponent 4.738477563 0.018669551
10 Ig kappa chain V-I region EU 3.814368748 0.012133217
11 Angiotensinogen 3.583448101 0.008352337
12 Fibrinogen alpha chain 3.47708266 0.026347715
13 Complement C1q subcomponent subunit B 3.417463883 0.011119125
14 CD5 antigen-like 3.100496169 0.033706855
15 Hemoglobin subunit beta 2.657607982 0.007641719
16 Alpha-1-antitrypsin 2.536239559 0.013834211
17 Serum paraoxonase/arylesterase 1 2.285135829 0.035481367
18 Cartilage acidic protein 1 2.195281727 0.027063039
19 Clusterin 2.19471443 0.001684064
20 Dipeptidyl peptidase 4 2.11232999 0.016101272
21 Inter-alpha-trypsin inhibitor heavy chain H3 2.056770621 0.012397008
22 Serum amyloid A-4 protein 2.055016548 0.043047554
23 Transthyretin 1.897613179 0.048515129
24 Protein AMBP 1.885350481 0.016866094
25 Alpha-1-antichymotrypsin 1.83019933 0.035537119
26 Complement component C9 1.814339568 0.049834854
27 Leucine-rich alpha-2-glycoprotein 1.717204308 0.03938007
28 Ceruloplasmin 1.694083887 0.003258636
29 Thyroxine-binding globulin 1.659605788 0.045789643
30 L-selectin 0.507441747 0.038241024
31 Biotinidase 0.48889523 0.047922207
32 N-acetylmuramoyl-L-alanine amidase 0.465354202 0.004123615
33 Ig heavy chain V-III region ZAP 0.454522581 0.047582617
34 Histidine-rich glycoprotein 0.45196089 0.013256396
35 Insulin-like growth factor I 0.42957407 0.016637558
36 72 kDa type IV collagenase 0.427441571 0.058048635
37 Afamin 0.427009471 0.025087744
38 Ig heavy chain V-III region LAY 0.409704949 0.023839039
39 Complement component C8 gamma chain 0.394727685 0.006947765
40 Eukaryotic initiation factor 4 A-II 0.383639153 0.039364223
41 Heparin cofactor 2 0.35791362 0.001140975
42 Coagulation factor XII 0.35345247 0.039938135
43 C-reactive protein 0.299366867 0.006885079
44 Complement component C8 alpha chain 0.282144005 0.004202023
45 Selenoprotein P 0.279631127 0.003575084
46 ATP-binding cassette sub-family F member 1 0.220376839 0.02683651
47 Lumican 0.210071273 0.022956686
48 Monocyte differentiation antigen CD14 0.200887807 0.002936902
49 Fibulin-1 0.190617853 0.005701437
50 Coagulation factor XIII A chain 0.089036558 0.039629791
51 Fetuin-B 0.062425822 0.006111321
52 C4b-binding protein beta chain 0.052992974 0.000368021
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(Fig.  4I) compared to control + TNFα. Thus, GUDCA 
pre-treatment significantly decreased the inflammation 
level compared to the control, concluding that GUDCA 
metabolite possesses anti-inflammatory properties.

GUDCA inhibits cell migration and invasion in synovial 
fibroblasts
The wound healing assay was carried out to deter-
mine the effect of GUDCA on cell migration and inva-
sion capability. The results indicated a decrease in the 
migration of cells when treated with GUDCA(50µM) 
at 48 h compared to the untreated cells (C) at the same 
time points, indicating that GUDCA can inhibit cell 
migration and invasion of cells. The gaps marked in the 
untreated control cells (C) and TNF-α induced SW982 
cells (control + TNFα) were almost filled with the migra-
tion of cells, while the cell’s migratory ability in the 
GUDCA(50µM)-treated group was observed to be sig-
nificantly less. The inhibition of cell migration was 41.0% 
in TNF-α treated cells, 66.9% in control cells, and 85.9% 
after treatment with GUDCA (50µM) at 48  h, indicat-
ing that GUDCA has the potential of an antiproliferative 
agent since it inhibits cell migration under inflammatory 
conditions. (Fig. 5A).

Reactive oxygen scavenging (ROS) ability of GUDCA
Oxidative stress was measured by estimating the total cel-
lular ROS in GUDCA (50µM) pretreated cells (SW982) 
with/without TNF-α for 24  h. Fluorescence signals of 
cells were measured by DCFHDA dye and showed highly 
induced intracellular ROS production in TNF-α induced 
cells compared to untreated control cells. GUDCA treat-
ment, therefore, significantly (p ≤ 0.0004) inhibited the 
intracellular ROS production in TNF-α induced SW982 
cells (Fig. 5B).

CIA-Rat model establishment, amelioration of clinical 
severity, by GUDCA treatment
The CIA rat model is widely used to mimic the RA con-
dition [31] and the effect of GUDCA was investigated 
in the model. Images of rat paws taken on the 28th day 
of all groups Group 1 (HC), Group 2 (CIA), Group 3 
(CIA + VC), and Group 4 (CIA + GUDCA) before scari-
fication are shown (Fig. 6A). We observed that Group 4 
showed less redness and swelling compared to Groups 
2 and 3. The development of arthritis was quantified by 
measuring the paw volume using plethysmometer twice 
weekly to confirm the onset of the disease. After day 14, 
the average paw volume decreased in Groups 4, whereas 
paw volume increased in Groups 2 and 3 (Fig.  6B). 

Fig. 3 (A) Western blot analysis of IGF1 in RA representing the level of IGF1 in RA (n = 40) pooled plasma compared to HC (n = 40) (p < 0.0349) with 1.6-fold 
downregulated expression. (B) The expression of IGF1 by ELISA in RA Plasma (n = 60) and control (n = 40) indicated a significantly low-level expression 
with a 1.2-fold (p < 0.0011) compared to HC. (C) Correlation analysis between IGF1 and DAS28-ESR score shows a significant negative correlation with r 
= -0.7097 in RA patients. (D) Western blot analysis of IGF1 in PBMCs representing the significantly downregulated expression of IGF1 (p < 0.0007) in RA 
PBMCs compared to HC (n = 6 each) (E) Significantly downregulated gene expression of IGF1 (p < 0.0001) in RA PBMCs compared to HC (n = 6 each) by 
qRT-PCR. The statistical significance was determined by Student’s t-test, p < 0.05. RA; rheumatoid arthritis, HC; healthy control, Mw; molecular weight, 
IGF1;insulin-like growth factor-1; ELISA; Enzyme-Linked ImmunoSorbent Assay, PBMC; Peripheral blood mononuclear cells, qRT-PCR; Real-Time Quantita-
tive Reverse Transcription PCR, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, ****=P ≤ 0.0001
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CIA-induced arthritis was determined to progress suc-
cessfully by measuring arthritis index (AI%) between 
the groups. (Fig. 6C). AI was more in group 2 and 3, that 
was decreased in group 4. The increased presence of 
autoreactive B cells in RA leads to elevated production 
of immunoglobulins and enlargement of the spleen. In 
CIA rats, the liver and spleen are susceptible to chronic 
inflammation that can be measured as splenic and liver 
index. In Group 2, the splenic index (Fig.  6D) and liver 
index (Fig. 6E) increased compared to normal rats, which 
was found to be normalized by GUDCA, exhibiting pro-
tective effects. Pro-inflammatory cytokine levels were 
also quantitively measured in the rat plasma of all groups. 
Downregulation of pro-inflammatory cytokines (TNFα, 
IL-1β, IL-6) were also revealed in rat plasma in Groups 4 
compared to Groups 2 and 3 (Fig. 6F).

GUDCA ameliorated inflammatory stress of synovium
To further validate the anti-inflammatory activity of 
GUDCA, histological tests were performed on rat 
synovium by H&E staining (Fig. 6G). The pink color rep-
resents cytoplasm, which correlates with the synovium’s 
inflammation. The purple color represents the num-
ber of nuclei present, used to determine the number 
of cells infiltrated into the given region and to quantify 
inflammation [31]. The H&E scan analysis revealed that 
the group injected with GUDCA (Group 4) exhibited 
much less cell infiltration compared to Groups 3 and 2 
(Fig. 6H). This histological examination supports the idea 
that Group 4 significantly reduces inflammation in the 
CIA rats.

Fig. 4 (A) The cell viability test by the MTT assay representing the cell viability results of SW982 cells treated with GUDCA (1–70 µM/ml) for 24 h (B) West-
ern Blot analysis- The expression level of p65, pre-treated with serial dilutions of GUDCA (50µM to 6.25µM) with or without TNF-α (10 ng/ml) for 10 min 
was observed significantly (p < 0.0164) downregulated at 50µM of GUDCA in SW982 cells. (C) Significantly (p < 0.0159) upregulated expression of IGF1 
analyzed by Western Blot in SW982 cells, pre-treated with 50µM GUDCA for 24 h with or without TNF-α (10ng/ml) induction for 10 min (D) Significantly 
(p < 0.0193) downregulated expression of TTR analyzed by Western Blot in SW982 cells, pre-treated with 50µM GUDCA for 24 h with or without TNF-α 
(10 ng/ml) induction for 10 min. Densitometric analysis of GUDCA treatments normalized by GAPDH. (E) mRNA expression analysis of IGF1 by qRT-PCR 
in SW982 cells pretreated with GUDCA (50µM) for 24 h and induction of TNF-α (10 ng/ml) for 1 h. The mRNA expression of IGF1 was observed signifi-
cantly (p < 0.0152) upregulated (F) mRNA expression of TTR was observed significantly (p < 0.0027) downregulated (G) IL6 gene expression significantly 
(p < 0.0001) downregulated (H) IL1β gene expression significantly (p < 0.0118) downregulated (I) p65 gene expression significantly (p < 0.0005) down-
regulated compared to control with TNF-α. The data normalized with GAPDH as an internal loading control, and the values presented as the mean ± SEM 
(n = 3). MTT; 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, GUDCA; Glycoursodeoxycholic acid, TTR; Transthyretin, SEM; Standard error 
of the mean, C; control cells without TNF-α and GUDCA, Mw; molecular weight, tc; toxic control, vc; vehicle control, IGF1;insulin like growth factor-1, 
IL1β; interleukinβ, IL6; interleukin 6, GAPDH; Glyceraldehyde 3-phosphate dehydrogenase, ns; non-significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, 
****=P ≤ 0.0001
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Effect of GUDCA on differential regulation of TTR and IGF1 
in CIA-rat plasma
The impact of GUDCA on the differential regulation of 
proteins was assessed through WB analysis in CIA rat 
plasma. The findings indicated that GUDCA was able 
to decrease the expression of TTR and increase the 
expression of IGF1 in Group 4. Densitometric analysis 
showed a significant increase in the expression of IGF1 
(p = 0.0101; Fig.  6I) and a decrease in the expression of 
TTR (p = 0.0013; Fig.  6J). Similar results were observed 

in the synovium of CIA rats using ELISA. The ELISA 
results demonstrated a significant reduction in TTR lev-
els (Fig. 6K) and an increase in the expression of IGF1 in 
Group 4 compared to CIA (Fig.  6L). Therefore, we may 
conclude that GUDCA may have the ability to regulate 
the expression of these proteins.

The increased levels of TTR and decreased levels of 
IGF1 are linked to inflammatory markers (IL-6, IL-1β) 
that contribute to the progression of RA. This data was 

Fig. 5 (A) Scratch assay: Migration ability of SW982 cells by scratch assay after stimulation with GUDCA 50µM for 24 h with or without TNF-α (10 ng/ml). 
The results showed that the %inhibition of migration in control was 66%, in TNF-α treated cells 41%, and GUDCA treated cells 85% at 48 h compared to 
0 h. ****p ≤ 0.0001. (B) Totalcellular ROS was analyzed after GUDCA (50µM) pretreatment for 24 h with/without TNF-α (10ng/ml) using DCFHDA probe. 
GUDCA treatment inhibited ROS production observed by fluorescence intensity significantly (p < 0.0004) compared to TNF-α induced and control cells 
(C). Error bars represent the mean ± SEM from three independent experiments. C; control cells without TNF-α and GUDCA, GUDCA; Glycoursodeoxycholic 
acid, ROS; reactive oxygen species, DCFHDA; dichlorodihydrofluorescein diacetate, ANOVA; Analysis of Variance, SEM; Standard error of the mean, ns; 
nonsignificant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, ****=P ≤ 0.0001
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validated for the first time in synovial fibroblast cells, 
showing that treatment with GUDCA in both the syno-
vial fibroblast cells and the CIA rat model reduces the 
exacerbation of disease severity.

Discussion
RA holds a crucial social, economic, and physiological 
burden on affected individuals. It dramatically impacts 
people’s bone health, and deformity leads to disability [1, 
32]. Prevalent systemic inflammation in RA is mediated 
by pro-inflammatory cytokines that affect different cellu-
lar metabolism [5, 8].

We utilized metabolomics and proteomics techniques, 
and revealed 82 metabolites and 231 differentially regu-
lated proteins in RA with high confidence. Differential 

molecular patterns of metabolites and proteins were inte-
grated using biological pathways analysis [33] and joint 
pathway analysis [34] and revealed “Porphyrin metabo-
lism” as a prominent pathway associated with RA. This 
pathway was associated with the metabolites Glycocholic 
acid, Glycodeoxycholic acid, and Glycoursodeoxycholic 
acid (GUDCA) (bile acids conjugates).

The report indicates that Glycocholic acid and Glyco-
deoxycholic acid are vital in regulating bile acid synthe-
sis, depending on the availability of cholesterol substrate, 
and significantly reduce HMG-CoA reductase activity 
[35, 36]. GUDCA is obtained from the acyl glycine conju-
gate of ursodeoxycholic acid [37, 38] which is reported to 
have a neuroprotective and anti-inflammatory agent [39]. 
Ursodeoxycholic acid can dissolve cholesterol gallstones 

Fig. 6 The effect of GUDCA on collagen-induced arthritis rat model: (A) Visual representative of hind paw image of the rats from each group, where 
edema and redness were reduced in Groups 4 compared to Groups 2 and 3. (B) Graphical representation of measured paw volume from day 0 to day 
28, depicting the changes in paw volume in Group 4 compared to Groups 2 and 3. (C) Shows the attenuation of clinical Arthritis index (%) was reduced 
upon treatment of GUDCA to the CIA group compared to control and indicates a significant difference between the groups. (D) Effects of GUDCA on the 
spleen index of CIA mice on the day of scarification. The weight of spleens in CIA mice was significantly larger than those of normal mice represented as 
spleen weight/ body weight (g/Kg). Similarly, (E) Liver index was calculated. (F) Validation of pro-inflammatory parameter: the levels of the proinflamma-
tory cytokine were measured by quantitative ELISA analysis in rat plasma in Groups 1 to 4, showing the downregulation of TNF α, IL-1β, and IL-6 levels in 
Groups 4 compared to Groups 2 and 3 (G) The H&E staining shows decreased cell inflammation (purple color) in Group 4 compared to Groups 2 and 3 
(H) The analysis of cell infiltration in the synovium was measured as cell count by Image J and represented as H&E score found to be downregulated in 
groups 4 compared to groups 2 and 3. Western Blot analysis of TTR and IGF1 in plasma of CIA-RAT Model (I) The band intensities of the CIA group show 
a significantly decreased level of IGF1(p = 0.05) in plasma compared to the control; the treatment with GUDCA effectively increased the expression level 
in plasma of CIA arthritis model of RA. (J) Similarly, a significantly increased level of TTR (p = 0.05) shows expression in plasma, and the treatment with 
GUDCA effectively decreased the expression normalized by total protein. Indirect ELISA of Synovium (K) Significantly reduced level of TTR was found 
in the GUDCA treated group compared to CIA and VC group (L) Increased IGF1 expression after GUDCA treatment in rats compared to the CIA group. 
(Group1: Healthy or HC, Group2: CIA, Group3: CIA + VC, Group4: CIA + GUDCA, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001)
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and treat cholestatic liver disorders, atherosclerosis, ste-
atosis, and liver fibrosis [40, 41]. It has been proven to 
effectively prevent pain and cartilage degeneration in 
cases of osteoarthritis (OA). Its chondroprotective prop-
erties work by effectively suppressing oxidative damage 
and inhibiting catabolic factors that are known to con-
tribute to the pathogenesis of cartilage damage in OA 
[40–43].

In our study on RA, we found that the level of GUDCA 
showed a negative correlation with disease severity as 
assessed by ACCPA levels and DAS28-ESR activity score. 
This led us to suspect that GUDCA might hold promise 
as a new treatment for RA. As a result, we have chosen 
to further analyze the therapeutic potential of GUDCA.

To explore the potential targets of GUDCA, Pharm-
Mapper analysis of GUDCA and comparative study 
with differential proteomics profile was attempted and 
revealed that IGF1 and TTR can be the appropriate tar-
gets of GUDCA. IGF1 has a link with inflammation and 
immuno-metabolism and is associated with bone and 
cartilage differentiation [44]. Its bioactivity is controlled 
by six IGF-binding proteins (IGFBP-1 to IGFBP-6). Low 
expression of IGF1 in the sera of RA patients increased 
with disease activity [45] supported by our SWATH 
data. Increased levels of IGF1 promote articular cartilage 
regeneration after injury [46]. Thus, the effect of GUDCA 
on the expression of IGF1 and its association in synovial 
fibroblast cells with inflammation related to RA patho-
genesis was examined.

Significantly decreased levels of IGF1 in RA plasma 
and PBMCs suggested its low availability in RA (Fig. 3A 
and D). The levels of IGF1 were found to have a nega-
tive correlation with the DAS28-ESR score (Fig.  3C). 
The report shows that differentiation of bone and carti-
lage tissue is hampered due to less availability of IGF1 in 
RA [46]. IGF1 is thus unable to participate in regulating 
immunity and inflammation, and that promotes the dis-
ease conditions.

We also selected a significantly upregulated protein, 
TTR, from SWATH data, a pre-albumin secretory pro-
tein that transports retinol and thyroxin (T4). In our 
previous study, we discovered that the increased rate of 
TTR glycation, along with its binding with RAGE, serves 
as a trigger for inflammatory pathways through the acti-
vation of NF-kB [20]. To confirm the therapeutic abil-
ity of GUDCA, the expression of IGF1 and TTR by in 
vitro studies was analyzed. Expression levels of p65 were 
reduced in the presence of GUDCA at both protein and 
mRNA levels. The simultaneous observation of increased 
IGF1 levels and decreased TTR levels after GUDCA 
treatment suggests that GUDCA actively regulates these 
levels, thus playing a significant role in inflammation. 
Also, GUDCA has been found to have an anti-prolif-
erative and antioxidative effect on synovial fibroblast 

cells (Fig. 5A, B). Further, our findings were validated in 
the CIA rat model. GUDCA helped to improve disease 
symptoms in CIA rats by significantly reducing paw 
volume and arthritis index. There was also a significant 
decrease in immune cell infiltration in the GUDCA 
treated group compared to the CIA group, as indicated 
by the H&E score (Fig. 6G). Additionally, analysis of CIA 
rat plasma showed that the levels of the proteins (TTR 
and IGF1) were altered by GUDCA concentration, indi-
cated reduced pathogenesis of RA.

Conclusion
Our study demonstrated that GUDCA may have a pro-
tective effect on the disease development of RA patho-
genesis. The untargeted metabolomics by HPLC-MS/
MS revealed metabolites and DEPs of RA, and laid the 
foundation for monitoring disease development based on 
the interplay of both biomolecules (metabolite and pro-
tein). The explanation of metabolic pathways in chronic 
inflammatory circumstances such as RA provided new 
insight into disease development. It offered a hopeful 
sign for the specific biomolecular marker identification 
for RA. Further, the mechanistic evaluation of GUDCA 
at the cellular level needs to be explored, and its thera-
peutic impact must be validated. Additionally, rigorous 
clinical studies are essential to validate the therapeu-
tic impact of GUDCA. These studies should encompass 
diverse patient populations, dosage regimens, and treat-
ment durations to accurately assess its efficacy and safety 
profile. These meticulous steps are paramount for gaining 
a profound understanding of the potential benefits of this 
metabolite and its implications for human health.

Limitations
The patients pooled in this study have established RA and 
are all undergoing pharmacological treatment, includ-
ing glucocorticoids. Consequently, the potential influ-
ence of these medications on the differential metabolites 
cannot be entirely excluded. Therefore, validation in an 
untreated RA cohort would be desirable. However, it is 
very difficult to collect such samples. Moreover, it has 
been elucidated that GUDCA may be associated with 
the regulation of pro-inflammatory cytokines, potentially 
serving as a modulator of RA disease activity. Further, 
investigation into the intracellular molecular mecha-
nisms revealing the inflammatory control, including 
direct associations with IGF1 and TTR, is necessary for 
clear understanding.
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