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Objective: Rheumatoid arthritis (RA) is a chronic autoimmune, inflammatory joint disease. 
The identification of multifaceted etiological changes at the protein level in RA remains an 
important need. We aimed to identify differential proteins (DPs) and gene profiles to uncover 
inflammatory indicators and their association to RA pathogenesis.
Methods: 2-DE and SWATH-MS were used to identify DPs in RA and healthy control 
plasma. Fluorescence phenylboronate gel electrophoresis (Flu-PAGE) with mass spectro-
metry was used for protein glycation in RA plasma. Disease specificity of identified DPs was 
confirmed by ELISA and Western blot analysis. The gene expressions of selected DPs were 
evaluated by qRT-PCR in PBMCs of RA, systemic lupus erythematosus (SLE), spondyloar-
thritis (SpA), and osteoarthritis (OA). The functional implication of glycated protein was 
determined by in- silico and validated by in vitro analysis in fibroblast-like synoviocytes.
Results: A total of 150 DPs (127 increased and 23 decreased) were identified by 2-DE and 
SWATH-MS analysis in RA plasma compared to healthy control (HC). Nine proteins were 
identified as glycated by Flu-PAGE LC-MS/MS. Transthyretin (TTR), serotransferrin, and 
apolipoprotein-A1 (Apo-A1) were found to be differential and glycated. ELISA and Western 
blot results revealed the disease-specific increased expression of TTR and RAGE in RA. The 
qRT-PCR results signify the aberrant gene expression of TTR and RAGE, found to be 
associated with RA when compared with SLE, SpA, and OA PBMCs. TTR-RAGE interac-
tions were predicted by in-silico and validated by in-vitro analysis using RA-FLS. The 
increased levels of pro-inflammatory cytokines IL-6, IL-1β, TNF-α, and differently 
expressed TTR and RAGE were confirmed in fibroblast-like synoviocytes under inflamma-
tory conditions.
Conclusion: Our findings showed that the level of TTR was increased in RA plasma, along 
with an altered glycation rate. TTR and RAGE aberrant gene expression in PBMCs are the 
key events associated with RA, and TNF-α activates the NF-KB pathways and promote TTR 
and RAGE differential expressions that may have pathogenic/inflammatory significance.
Keywords: rheumatoid arthritis, differential proteins, post-translational modifications, 
transthyretin, advanced glycation end products, receptor for advanced glycation end products

Introduction
Rheumatoid arthritis (RA) is a chronic, systemic, autoimmune, synovium and joint 
inflammatory disease that affects 0.5–1.0% population.1,2 Gender, genetics, epige-
netics, diet, and lifestyle have all been reported as risk factors for RA. The current 
diagnostic methods include Disease Activity Score-28 (DAS-28) to measure the 
level of disease activity, C-reactive protein (CRP), erythrocyte sedimentation rate 
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(ESR) as an inflammatory marker and biochemical assays 
including rheumatoid factors (RF), and anti-cyclic citrulli-
nated peptide antibodies (ACPAs) that has been compli-
mented as immunological markers.3 Identifying numerous 
etiological events, such as post-translational modifications 
(PTMs), has been demonstrated to have an essential role in 
the development of RA.4 The involvement of both enzy-
matic and/or non-enzymatic process in the development of 
chronic inflammatory diseases has been considered 
earlier.5

Glycation is a non-enzymatic process that involves 
reducing sugar molecules, forming a covalent bond with 
lysine, arginine, or N-terminal amino acid residues of 
proteins, followed by the Maillard reaction to develop an 
intermediates-Schiff base, eventually resulting into a stable 
advanced glycation end products (AGEs) formation.6 

AGEs formation has been primarily reported with an 
increase in the incidence of Alzheimer’s Disease (AD), 
and their subsequent toxic effect had also been investi-
gated in other diseases like atherosclerosis, and inflamma-
tory kidney disease.7 AGE is a non-degradable product 
that has been demonstrated to have a variety of roles in 
disease, including a neo-autoantigen in RA.8 Several gly-
cated proteins such as albumin,9 fibrinogen,10 and 
globulins11 have been reported to decrease drug-binding 
ability in plasma, platelet activation, free radical produc-
tion, impaired fibrinolysis, immune system modulation and 
inflammation generation.12

Traditionally, mass spectrometry (MS) has been 
used to identify glycation and differential protein 
expression to establish a risk indicator for disease 
development.13 Proteomic approaches such as sequen-
tial window acquisition of all theoretical mass spectra 
(SWATH-MS) and two-dimensional gel electrophoresis 
(2-DE) have been previously ascribed for protein iden-
tification and to identify the role of differential proteins 
(DPs) expression in RA pathogenesis.14 Furthermore, 
fluorescent phenylboronate gel electrophoresis (Flu- 
PAGE) combined with liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) was used to investi-
gate a glycation event in RA plasma.15 Our aim was to 
identify DPs expression, glycation, and their gene pro-
filing to uncover inflammatory indicators associated 
with RA pathogenesis.

To get further understanding, it is necessary to com-
prehend the differential expression of glycated proteins 
that bind to the receptor for advanced glycation end- 
products (RAGE) and induce inflammatory responses in 

RA-FLS16 as well as their pathophysiologic response in 
circulating blood, which may be critical in RA. The mole-
cular mechanism behind cellular dysfunction in RA in 
response to glycation and differential (elevated/reduced) 
protein and gene expression is not fully understood.

In the current study, we found increased plasma 
protein levels of transthyretin (TTR), serotransferrin, 
and apolipoprotein-A1 (Apo-A1) in RA with differential 
glycation rates identified by SWATH-MS and Flu-PAGE 
LC-MS. Aberrant gene expression of TTR and RAGE, 
as well as increased level in plasma, were observed to 
be correlated with RA, as validated by ELISA and 
western. These findings suggest that TTR may be 
a disease-specific target of RAGE in PBMCs and RA- 
FLS with a pathogenic/inflammatory mechanism signifi-
cance, supporting the idea that variable protein abun-
dance could serve as a therapeutic target underlying RA 
pathogenesis.

Materials and Methods
Clinical Samples
A total of 180 blood samples were collected from 
patients diagnosed with RA (n=100), OA (n=24), sys-
temic lupus erythematosus (SLE) (n=3), spondylarthritis 
(SpA) (n=3), and healthy control (HC) (n=50) from the 
Department of Rheumatology, All India Institute of 
Medical Sciences (AIIMS), New Delhi, India, who met 
the revised 2010 American College of Rheumatology 
(ACR) and European League Against Rheumatism 
(EULAR) Rheumatism diagnosis criteria.17 The medical 
history of each patient was collected (Supplementary 
Table 1). The study protocol was ethically approved by 
AIIMS, New Delhi, India (Reg No IEC-22/04.01.2019, 
RP-35/2019) and the Council of Scientific and Industrial 
Research (CSIR)-Institute of Genomics and Integrative 
Biology, Delhi, India (CSIR-IGIB/IHEC/2017-18 Dt. 
08.02.2018). Signed consent was obtained from each 
participant.

Blood Samples Processing
Blood samples were collected by venipuncture into 
EDTA-coated vacutainer tubes (BD, NJ, USA), 
handled, and transported at 4°C. Samples were centri-
fuged at 1300 g for 15 minutes at 4°C, immediately 
processed, aliquoted, and kept at −80°C for further 
analysis.18
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Two-Dimensional Gel Electrophoresis 
(2-DE) and SWATH-MS Acquisition Using 
High-Resolution Mass Spectrometry
Three different pooled plasma (RA, and HC n=5, each) of 
same age and sex were used; the 2-DE gel was run using 
plasma protein sample (70 µg). Silver-stained spots were 
digested overnight at 37°C with trypsin (Promega, USA) 
and analyzed18,19 (details in supplementary). For SWATH- 
MS analysis, pooled plasma samples were taken from each 
group of RA and HC (n=10 each); albumin was depleted 
(Pierce™ Albumin depletion kit), protein concentration 
were estimated by Bicinchoninic Acid (BCA) and digested 
with trypsin. Proteins identified with two or more unique 
peptides with an unused score ≥2.0 were considered for 
SWATH-MS quantitative acquisition14 (see details in 
supplementary).

Flu-PAGE-LC-MS/MS Labelling, 
Detection, and Identification of Glycated 
Proteins
For glycation Flu-PAGE analysis15,20 albumin-depleted 
pooled plasma RA and HC (n=3) samples were run in 
12% SDS-PAGE, silver-stained, scanned, trypsin digested 
and detected by LC-MS/MS. Two or more distinct pep-
tides with an unused score of ≥2.0 and 1% false discovery 
rate (FDR) were considered for protein identification and 
quantitation (details in supplementary methods).

2-DE and Flu-PAGE Gel Image Analysis
PD-Quest Image Lab Software (Bio-Rad) was used for 
2-DE gels for distinct spot analysis.18,19 A threshold 
level for DPs (high/low) level was established as 
a 1.5-fold increase/decrease in spot/band intensity between 
groups. The intensity of fluorescence for glycated proteins 
was compared between groups (HC and RA) by normal-
izing the total intensities of the bands obtained from silver- 
stained Flu-PAGE gel.15

Enzyme-Linked Immunosorbent Assay 
Analysis (ELISA)
We followed indirect and quantitative ELISA method.18,19 

Plasma samples from RA, OA and HC were coated into 
96-well microtiter plates (Nunc, USA), incubated with 
anti-TTR, anti-Serotransferrin, anti-ApoA1 and anti- 
RAGE antibodies (Santa Cruz, USA) separately followed 
by HRP-conjugated secondary antibody (Jackson, USA) 

incubation. For quantitative ELISA, commercialized avail-
able ELISA kit for TTR (Elabscience, E-EL-H2342), 
RAGE (Ray-Bio, ELH-RAGE) and ACPAs (EH4137) 
were used according to manufactures guideline (see details 
in supplementary methods).

Western Blot Analysis
For Western blot analysis, pooled plasma protein (20μg) 
from RA and HC (n=10 each) were used by the standard 
Western blot procedure described previously.19 The anti- 
TTR and anti-RAGE (1:2000) diluted antibodies (Santa 
Cruz, USA) were used and densitometry values of 
Western blot analysis were normalized with total protein 
as a loading control and experiments were repeated at least 
thrice.

PBMCs Isolation, Total RNA Extraction 
and Quantitative Real-Time PCR 
(qRT-PCR)
Total RNA was extracted from PBMCs of HC (n=10), 
RA (n=10), SLE, SpA, and OA (n=3)19 using Tri-Xtract 
Reagent (G-biosciences), and cDNA was synthesized 
using the cDNA Synthesis Kit (G-biosciences) accord-
ing to the manufacturer’s procedure. The level of 
mRNA expression was determined using the Roche 
Light Cycler® 480 Instrument-II real-time PCR detec-
tion system. The results were normalised to the consti-
tutive gene Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) as an internal reference and quantitatively 
evaluated using 2−ΔΔCTformula. Supplementary 
Table 10 shows the human-specific primer sequences 
(Supplementary Table 10).

TTR-RAGE Molecular Docking, 
Validation, and Comparative In- Silico 
Analysis
A molecular docking study was done to better under-
stand the functional significance of TTR and RAGE. 
The protein setup and ligand preparation were done 
(details in supplementary methods). TTR protein active 
site prediction was performed using computed atlas of 
surface topography of proteins (CASTp) at http://cast. 
engr.uic.edu, and for docking, the Autodock vina soft-
ware was used for TTR-RAGE interaction21,22 (details 
in supplementary methods).

During the early stages of the advanced glycation 
end products (AGEs) or glycated proteins production, 
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glucose or other reducing sugars react with the free 
amino group of the targeted protein to create an unstable 
Schiff-based complex.20,23 Many intermediate, reactive 
dicarbonyl molecules such as methylglyoxal (MGO), 
glyoxal, and glucose combine to create an irreversible 
molecule known as AGEs during protein glycation.8 As 
a result, glucose, MGO, and TTR complex were 
employed as ligands to better understand the glycation 
process. The interaction between TTR and RAGE, Hex- 
molecular docking server was analysed and evaluated 
using PYMOL in comparative research. As a positive 
control, S100P, a well-known human glycated protein 
(PDB ID: 1J55), was used for RAGE-S100P interaction 
analysis.22

Isolation of RA Fibroblast-Like 
Synoviocytes (RA-FLS), In- vitro Culture, 
and Co-Immunoprecipitation (IP)
RA-FLS was isolated from RA synovium and grown in the 
same manner as previously described,24 70–80% conflu-
ence of the cells were used for experimentations. Primary 
RA-FLS cells were lysed and incubated separately with 
agarose resin and primary antibodies anti-TTR, anti- 
Spectrin-II, and anti-IgG for CO-IP. The complex of 
amino-linked proteins was eluted, separated by SDS- 
PAGE gel, incubated with an anti-RAGE antibody, fol-
lowed by HRP-conjugated secondary antibody, and 
analysed25 (details in supplementary methods).

Human Synovial Fibroblast SW982 Cell 
Culture and Total RNA Extraction and 
Quantitative Real-Time PCR (qRT-PCR)
The human synovial fibroblast SW982 cell line was 
obtained from The National Centre for Cell Science 
Pune, India, and maintained in the same manner as pre-
viously described.24 Total RNA of SW982 cells and qRT- 
PCR was performed as described above.19

Statistical Analysis
Graph Pad Prism (version 9.0) (https://www.graphpad. 
com/) was employed for statistical data analysis. To com-
pare data from two or more groups, the Student’s t-test, 
including Mann–Whitney U and analysis of variance 
(ANOVA), and Chi-square for categorical data were 
employed, p<0.05 was considered significant. For correla-
tion analysis, if both factors showed a normal distribution, 
the correlation was analysed using the Pearson correlation 

test; otherwise, it was analysed using the Spearman corre-
lation test. Each experiment was repeated at least three 
times to determine the individual protein abundance of 
each group.

Results
Identification and Quantification of 
Differential Proteins in RA Plasma Using 
Gel-Based (2-DE) and Non-Gel-Based 
(SWATH-MS) Proteomic Techniques
Eleven distinct spots were obtained from 2-DE gels 
(Figure 1A), and eight proteins were successfully identi-
fied by LC-MS/MS in RA plasma, few of which had the 
same accession number, indicating that they were isoforms 
(Supplementary Table 2), 142 DPs (119 increased and 23 
decreased) (Figure 1B), identified using SWATH-MS ana-
lysis (Supplementary Table 3). Three proteins, TTR 1.64- 
fold, serotransferrin 1.50-fold, and Apo-A1 1.42-fold, 
were found to be differentially expressed. For DPs 
between groups, a threshold of 1.5-fold change (high/ 
low), an unused score ≥2.0 and a p-value of 0.05 were 
considered significant.

Identification of Glycated Proteins by 
Flu-PAGE and LC-MS/MS
For detection of glycated proteins, plasma (RA and HC) 
was incubated with fluorescein-boronic acid (FB), the RA 
plasma samples showed a level of fluorescence when 
compared to the fluorescein control and HC lane. Nine 
protein bands were visualized on Flu-PAGE (Figure 2A) 
and glycated proteins were identified by LC-MS/MS 
(Supplementary Table 4). Among the identified glycated 
proteins, densitometric comparison between the RA and 
HC lanes (Figure 2B) revealed variable glycation rates of 
TTR (7.78%), serotransferrin (5.37%), and Apo-A1 
(3.38%). TTR was found to have a higher glycation rate, 
therefore chosen for further study.

ELISA and Western Blot Analysis for 
Validation of Differential Protein in RA
ELISA was performed to confirm the differential expres-
sion of TTR, serotransferrin, and Apo-A1, in RA, OA, 
and HC (n=24, each) plasma. TTR was found to be 
significantly increased (p<0.0039) in RA (Figure 3A), 
serotransferrin was found to be significantly decreased 
(p<0.0001) in OA (Figure 3B), and Apo-A1 was found 
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to be non-significantly decreased (p<0.273) in RA 
(Figure 3C). Similarly, RAGE was investigated and 
shown to be significantly higher (p<0.0017) in RA 
than in OA (Figure 3D). These findings suggest that 
higher levels of TTR and RAGE are more closely asso-
ciated with RA. Furthermore, TTR and RAGE plasma 
levels were compared to the important clinical para-
meters, such as ACPA and the DAS28-ESR score, that 
are used to diagnose RA. As a result, we observed that 
higher TTR plasma levels showed a significant correla-
tion with ACPA and DAS28-ESR score, with r = 
0.1380, (p<0.0199) goodness of fit (Figure 3E) and r = 
0.4021, (p<0.0135) (Figure 3F), respectively. However, 
an increased level of RAGE was not observed to be 
significantly correlated with DAS28-ESR, as 

demonstrated by r = 0.3072 and p<0.1443 (Figure 3G) 
in RA patients.

Since TTR and RAGE were shown to be particularly 
elevated in RA, individual abundance was evaluated in 
a larger number of RA (n=100) and HC (n=50) patients, 
resulting in a consistent increased significant level of 
p<0.0001 and p<0.0003, respectively (Figure 4A and B). 
The estimation plots displayed 95% confidence interval for 
the difference between means of HC and RA for TTR 
(0.06358–0.1745), and RAGE (0.04118–0.1338) and area 
under curve (AUC) reflecting 0.732 for TTR and 0.703 for 
RAGE (Figure 4C and D). Quantitatively, the average 
increased concentration of TTR in RA plasma was 
80.94598 pg/mL compared to the HC concentration of 
18.37638 pg/mL, and the average increased concentration 

Figure 1 Differential proteins identification in RA plasma: (A) 2-DE analysis of DPs from RA plasma: A representative 2-DE gel image of RA and HC plasma pooled samples 
(n=5, each) demonstrates differential protein spot intensities. Spots no. 8 (TTR) densitometry analysis shows a substantial increase in RA compared to HC, p<0.0457. The 
experiment was repeated three times to assess the repeatability of individual spots between groups, the significance level indicate *p < 0.05. (B) SWATH-MS analysis of RA 
plasma: The distribution of differentially expressed proteins (upregulated and downregulated) in RA plasma is depicted in a pie chart. 
Abbreviations: TTR, transthyretin; HC, healthy control.
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of RAGE in RA was 89.45769 pg/mL compared to the HC 
59.25481 pg/mL (Figure 4E). A correlation analysis was 
measured, r = 0.1865 indicates the goodness of fit with 
p<0.0276 and suggested TTR concentration positively cor-
related with RAGE (Figure 4F).

Furthermore, Western blot analysis for validation 
was used to identify the abundance of TTR and RAGE 
in pooled plasma of RA and HC (n=10 each) of the 
same age and sex. The densitometric analysis indicated 
a significant difference in TTR (p<0.021) (Figure 5A) 
and RAGE (p<0.040) (Figure 5B), with fold changes of 
1.7-fold and 1.4-fold, respectively, in comparison to HC 
after normalization with total protein as a loading 
control.

qRT-PCR Analysis of Differential Gene 
Expression in Peripheral Blood 
Mononuclear cells of RA
The differential gene expression of TTR, RAGE and pro- 
inflammatory cytokines (IL-6 and TNF-α) was analysed in 
PBMCs of RA and HC (n=10 each) through qRT-PCR. 
The estimated results showed a significantly increased 
gene expression of TTR (p<0.0048), RAGE (p<0.0003), 
IL-6 (p<0.0004), TNF-α (p<0.0018) in PBMCs of RA 
compared to HC (Figure 6A–D).

Further, the disease-specific gene expression of TTR 
and RAGE were also estimated in PBMCs of other auto-
immune (SLE) and inflammatory (SpA and OA) diseases 
(n=3). Results signified that the increased expression of 

Figure 2 Glycated proteins detection and Identification in RA plasma: (A) Flu-PAGE analysis for detecting glycated proteins in RA plasma: The representative gel image 
displays glycated proteins identified by Flu-PAGE using RA and HC albumin-depleted plasma pools (n=3 each). Left panel; The representative gel image of Flu-PAGE shows 
glycated proteins detected in Lane-1ʹ (RA plasma incubated with fluorescein-boronic acid-treated RA-FB), Lane 2ʹ (RA plasma incubated with fluorescein control), Lane-3ʹ 
(healthy plasma incubated with fluorescein-boronic acid-treated HC-FB) and Lane 4ʹ (healthy plasma incubated with fluorescein control). The arrows indicate glycated 
proteins fluorescent bands (A8-I8) identified by mass spectrometry (MS). Right panel; shows the silver-stained proteins band of the same Flu-PAGE and loading pattern of the 
samples (Lanes 1–4). (B) The Flu-PAGE % glycation variation in RA and HC plasma: The fluorescent band intensities represent the percentage (%) of glycation in pooled RA 
and HC plasma (n=3, each) of the Flu-PAGE obtained from (A). TTR (7.78%), serotransferrin (5.37%), and apolipoprotein-A1 (3.38%) are all determined by the percentage 
glycation difference measured using three replicates, and the data were analysed by normalizing fluorescence intensities of Flu-PAGE to total intensities of silver-stained same 
gel by densitometry analysis Image Lab (Bio-Rad). 
Abbreviations: RA, rheumatoid arthritis; HC, healthy control; TTR, transthyretin; ApoA-1, apolipoprotein-A1.
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TTR, and RAGE are more specific to RA compared to OA 
(Figure 7A and B), SLE and SpA (Figure 8A and B). 
However, RAGE gene expression (p<0.0002) was 
observed to be elevated in all RA, SLE, and SpA cases, 
along with a consequent raised production of IL-6 and 
TNF-α (Figure 8B–D) in inflammatory conditions. The 
increased gene expression of TTR and RAGE in RA 
PBMCs confirmed a major role in inflammation.

TNF-α Induced Pro-Inflammatory 
Cytokines, NF-κB Pathway Activation, 
and TTR and RAGE Differential Gene 
Expression in RA Synoviocytes
The mRNA expression of human synovial fibroblast 
(SW982) cells were induced with TNF-α (10ng/mL) for 

1hr compared to the controls (un-induced) evaluated by 
qRT-PCR analysis. The changed fold induction of pro- 
inflammatory cytokines (IL-6 and IL-1β), NF-κβ pathway 
subunits (RelA or p65, p50, TNF-α), TTR and RAGE 
mRNA expression finding suggested the influential role 
of TNF-α on differential expression. The qRT-PCR results 
revealed a significant increased expression of IL-6 
(p<0.0094) (Figure 9A), IL-1β (p<0.0001) (Figure 9B), 
p50 (p<0.0001) (Figure 9C), RelA or p65 (p<0.0010) 
(Figure 9D), and TNF-α (p<0.0004) (Figure 9E) under 
TNF-α stimulatory conditions.

Furthermore, TTR and RAGE differential mRNA 
expression upon TNF-α exposure was observed. 
Subsequently, the fold induction of TTR and RAGE 
resulted in a significantly increased expression p<0.028 
(Figure 10A) and p<0.0011 (Figure 10B) respectively, 

Figure 3 Dot plots of differential proteins TTR, serotransferrin, apolipoprotein-A and RAGE specificity in RA validation by ELISA. The multiple comparisons between 
groups indicate the significant and non-significant difference between HC vs RA and OA. The plasma TTR (A), serotransferrin (B) Apo-A1 (C) and RAGE (D) were 
compared between RA, HC and OA (n=24, each), dot plot indicates individual protein abundance of each group found higher of TTR with statistical significance p<0.0039, 
and significant lower serotransferrin level p<0.0001, lower non-significant Apo-A1 level p<0.234 compared between groups respectively. Similarly, RAGE result statistical 
significance between groups indicates significant higher-level p<0.0017 between HC and RA, whereas, no significance (ns) level in comparison between HC and OA. The data 
are presented mean ± SEM. The Student’s t-test was used for statistical significance difference calculation between groups. (E) Correlation analysis between ACPA and TTR: 
The ACPA concentration shows a positive correlation with TTR with r = 0.1380 indicates the goodness of fit with p<0.0199. (F and G) The graph shows a positive 
correlation between TTR and DAS-28 (ESR) score with r = 0.4021 and p<0.0135, whereas, RAGE shows non-significant (ns) correlation with r = 0.3072 and p<0.1443 in RA 
patients. The significance level indicates *p < 0.05; **< 0.01, **< 0.001 and ****< 0.0001. 
Abbreviations: ns, non-significant; RA, rheumatoid arthritis; HC, healthy control; OA, osteoarthritis; TTR, transthyretin; ApoA-1, apolipoprotein-A1; RAGE, receptors for 
advanced glycation end products; ACPA, anti-cyclic citrullinated peptide antibody; DAS-28 ESR, Disease Activity Score 28-ESR.
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compared to control (un-induced) cells. The data was 
provided after being normalized with GAPDH as 
a loading control, and the values are presented as mean ± 
SEM (n = 3) between normal control versus TNF-α 
induced/stimulated cells. This finding suggests that TNF- 
α stimulation tempted inflammatory pathway activation, 
TTR and RAGE altered/differential gene expression in 
synoviocytes and confirmed a crucial role in inflammation 
associated with RA.

Molecular Docking and Interaction 
Analysis of TTR-RAGE
During inflammatory circumstances, AGEs/glycated pro-
teins are frequently deposited extra-cellularly [32]. We 
identified the molecular interaction active site of TTR for 
this demonstration, and the combined structure of TTR, 

glucose and MGO (Supplementary Figure 2) was assessed 
to simulate glycated protein synthesis (Supplementary 
Figure 3A and B) (Supplementary Tables 5–7). RAGE 
docking simulations with TTR-glucose-MGO complex pre-
dicted the interaction (Supplementary Figure 3A and B) and 
binding pocket site (Supplementary Tables 8 and 9), the 
interaction of RAGE with S100P has been known, hence 
was used as a reference control (Supplementary Figure 3C). 
This comparison study supported and validated our in-silico 
findings (details in supplementary results).

TTR-RAGE Co-Immunoprecipitation 
(CO-IP) in RA-FLS Analysis
The Co-IP results revealed the TTR-RAGE interaction when 
cell lysate of RA-FLS was immunoprecipitated (IP) with 
anti-TTR antibody and immunoblotted with anti-RAGE 

Figure 4 Dot plots and ROC curve of differential TTR and RAGE validation by ELISA. (A and B) The plasma TTR and RAGE protein were compared between RA (n=100) 
and HC (n=50). (C and D) The ROC plots indicating individual protein abundance of each group with (AUC: 0.732) for TTR, and (AUC: 0.703) for RAGE, respectively. 
Independent t-tests were used to determine statistical significance p<0.0001 for TTR and p<0.0003 for RAGE. (E) The dot plot indicates significant p<0.0060 with increased 
average levels 80.94598 pg/mL in RA than HC 18.37638 pg/mL for TTR and RAGE p<0.0241 significant increased 89.45769 pg/mL in RA compared to the 59.25481pg/mL HC 
concentration determined by commercially available ELISA kit in HC and RA (n=24 each). For details in the estimation plots the green dot shows the difference between the 
two means (HC and RA), and the green line shows the 95% confidence interval of that difference. The data are presented as mean ±SEM. (F) Correlation analysis between 
TTR and RAGE: The graph illustrates correlation analysis measured by Pearson with r = 0.1865 indicates the goodness of fit with p<0.0276 and RAGE concentration was 
found to be positively correlated with TTR using ELISA between groups. The significance level indicates *p < 0.05; **< 0.01, ***< 0.001 and ****< 0.0001. 
Abbreviations: RA, rheumatoid arthritis; HC, healthy control; TTR, transthyretin; RAGE, receptors for advanced glycation end products; ROC, receiver operating 
characteristic; AUC, area under curve.
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antibody. The presence of RAGE band intensity showed 
TTR interaction, shown in the IP-TTR lane vs the respective 
controls used for analysis (Supplementary Figure 3D).

Discussion
RA is a global health problem characterized by autoim-
munity and chronic inflammation in the synovial mem-
brane and joints.1 Currently, RF and ACPA autoantibodies 
have been used to distinguish RA; however, there are 
ambiguity and clinical difficulties due to co-occurrence 
of other diseases.26 It is well recognized that significant 
cross-reactivity by autoantigens in the presence of other 
inflammatory mediators is critical and can mislead the 
diagnosis.4,5 Several studies have highlighted the impor-
tance of differential proteins (DPs) in RA pathogenesis 
and disease-specific conditions.27 Later in RA, a milieu 
of AGE proteins has been associated with autoimmune 
progression, with their propensity to aggregate, leading 
to the production of neo-autoantigens28,29.

Glycation and the accumulation of glycated plasma 
proteins such as serum albumin (Supplementary Figure 
S1), hemoglobin, and immunoglobulins have all been 
extensively described to play an essential role in the 
development of a variety of diseases including diabetes, 
cardiovascular disease, autoimmune disease, cancer, and 
Alzheimer’s, and it has become one of the clinically 
significant PTM ascribed to detecting disease 
progression.28–30 This study aimed to identify DPs in 
RA and their pathogenic link to comprehend disease 
pathogenesis by analyzing non-enzymatic post- 
translation modification such as glycation.

We identified 150 DPs using two proteomics methods, 
2-DE (gel-based), and SWATH-MS (non-gel-based) 
(Supplementary Tables 2 and 3) and three proteins (TTR, 
serotransferrin and Apo-A1) were selected based on pre-
viously unknown pathophysiological relationships and their 
disease-specific expression levels in RA. Using Flu-PAGE 
LC-MS/MS, nine proteins were confirmed as glycated 
(Supplementary Table 4) in RA plasma. The identified 

Figure 5 Western blot analysis of differential proteins (DPs) TTR and RAGE in RA: Western blot analysis representing the differential level of TTR and RAGE in RA (n=10) 
pooled plasma compared to healthy controls (n=10). (A) The mean densitometric analysis of TTR shows a significant p<0.021 increased level with fold change 1.7-fold in RA 
compared to HC. (B) The mean densitometric analysis of RAGE shows a significantly increased level with fold change 1.4-fold in RA compared to HC, normalizing with total 
protein as a loading control. Data represent mean ± SEM, and statistical significance is determined by Student’s t-test, the significance level indicate *p < 0.05. 
Abbreviations: RA, rheumatoid arthritis; HC, healthy control; TTR, transthyretin; RAGE, receptors for advanced glycation end products.
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glycated proteins, haptoglobin, alpha-1-antitrypsin, and 
alpha-2-macroglobulin, are profoundly positively correlated 
with glycated hemoglobin (HbA1c), providing high accuracy 
for type-2 diabetes mellitus (T2DM) diagnosis.31 Other gly-
cated proteins, Apo-A132 and serotransferrin,33 were 
reported to have variable abundance under hyperglycemic, 
oxidative, and inflammatory circumstances, resulting in defi-
ciencies in key processes involved in anti-apoptotic, antiox-
idant, and iron metabolism.9,32,33

In this study, DPs including TTR, serotransferrin, and 
Apo-A1 were identified by both gel-based and non-gel- 
based techniques. Our findings showed that TTR, sero-
transferrin, and Apo-A1 has not been previously studied 
or reported in terms of glycation and their parallel differ-
ential expression in RA. Flu-PAGE resulted in a different 
percentage of glycation rate of TTR (7.78%), serotransfer-
rin (5.37%), and Apo-A1 (3.38%) in RA plasma. We 
deduced that a small percentage of a protein’s glycation 

is significant and may cause inflammation when expressed 
abnormally. Hence, the screened proteins, TTR, serotrans-
ferrin, and Apo-A1, were validated by ELISA in RA and 
OA plasma (Figure 3A–C). TTR was analysed to be more 
specific and have a higher glycation rate compared to 
serotransferrin and Apo-A1, indicating the significance of 
TTR in RA. Furthermore, TTR plasma levels were also 
compared to the important clinical parameters such as 
ACPA and the DAS28-ESR score, which are used to 
diagnose RA.3 Moreover, the correlation analysis revealed 
that increased TTR plasma levels had a positive and sig-
nificant association with ACPA and DAS28-ESR score 
(Figure 3E and F), suggesting that TTR has a pathogenic 
significance in RA.

TTR is a prealbumin secretory protein that binds and 
transports retinol and thyroxin (T4) to mediate normal biolo-
gical activity,34 but its differential expression and correlation 
with disease progression have been discovered in a variety of 

Figure 6 PBMCs differential gene expression of TTR, RAGE and pro-inflammatory cytokines (IL-6 and TNF-α) between HC and RA (n=10 each). (A and B) Increased 
significant gene expression of TTR (p<0.0048) and RAGE (p<0.0003) respectively in RA PBMCs compared to HC. (C and D) Increased significant gene expression of IL-6 
(p<0.0004) and TNF-α (p<0.0018) respectively in RA PBMCs compared to HC. The estimation plot of each indicates the difference between the mean of HC and RA. The 
green dot shows the difference between the two means (HC, and RA), and the green line shows the 95% confidence interval of that difference. The data are presented as 
mean ±SEM. The significance level indicates **< 0.01, and ***< 0.001. 
Abbreviations: RA, rheumatoid arthritis; HC, healthy control; OA, osteoarthritis; TTR, transthyretin; RAGE, receptors for advanced glycation end products.
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diseases, including familial amyloidotic polyneuropathy 
(FAP),35 carotid of atherosclerotic tissues,36 Alzheimer 
disease,7 and coronary artery disease (CAD).19 Moreover, 
TTR autoantibodies against modified TTR have previously 
been discovered in the synovial fluid of individuals with 
juvenile idiopathic arthritis (JIA).37 But the likely pathogenic 
mechanism which aid in varied expressions, glycation influ-
ence of TTR that introduces inflammation in RA remain 
unknown.

Since it has been reported that glycation leads to AGEs 
development that acts as a ligand for the receptor of 
advanced glycation end-products (RAGE) involved in 
inflammatory signaling cascade activation,8,16 it leads to 
RAGE up-regulation as well as inflammation increment in 
endothelial cells.16 However, the exact role or function of 
highly expressed proteins in RA pathophysiology remains 
poorly defined. RAGE is a well-known transmembrane 
receptor expressed in normal concentration by neuronal, 

Figure 7 PBMC’s differential gene expression of TTR, RAGE between RA and OA. (A and B) Shows the increased significant gene expression of TTR (p<0.0058) and RAGE 
(p<0.0029) respectively in RA PBMCs compared to OA. The estimation plot of each groups shows a green dot indicates a difference between the mean of RA and OA, the 
green line represents the 95% confidence interval of that difference. The data are presented as mean ±SEM. The significance level indicates **< 0.01. 
Abbreviations: RA, rheumatoid arthritis; HC, healthy control; OA, osteoarthritis; TTR, transthyretin; RAGE, receptors for advanced glycation end products.
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endothelial cells, smooth muscle, monocytes, and macro-
phage cells in healthy conditions, but in disease conditions 
found to be increased. The increased concentration of 
glycated protein/legends is suggested to be directly pro-
portional to RAGE expression,8,16 investigated in RA 
plasma. Interestingly, in the current study, we have found 
that higher average concentrations of RAGE (89.45769 pg/ 
mL) and TTR (80.94598 pg/mL) in RA plasma are asso-
ciated (Figure 4E) and showed a significant positive cor-
relation (Figure 4F).

Further, other than blood plasma proteins, peripheral 
immune cells are key sentinels of host defense. But 
PBMCs in RA plays an important role in the pathogenesis 
because these circulatory cells undergo a series of immu-
nophenotypic changes that develop autoimmunity and 
inflammation.39 Thus, evaluating the targeted genes (TTR 
and RAGE) or inflammatory gene expression in PBMCs is 
likely to provide additional information on immune 
reactivity.

We, therefore, performed qRT-PCR and evaluated the 
gene expression of TTR and RAGE in PBMCs of RA, SLE, 
SpA, OA (Figure 8A and B), and the finding revealed 
a higher expression of TTR and RAGE in RA. The higher 
expression of both genes indicates an aberrant activation of 
PBMC, which may point to a direct/indirect link with an 
inflammatory response, contributing to the onset of RA. In 

our understanding, increased TTR gene expression in 
PBMCs can accelerate inflammation, autoantigen, and auto- 
immunogenic responses in the presence of unknown sti-
muli, and increased RAGE gene expression amplifies 
inflammatory pathway activation during the onset and per-
sistence of inflammation.16 Furthermore, the binding of 
AGEs to RAGE in monocyte-macrophage has been demon-
strated to increase the production of TNF-α, IL-1 and IL-6, 
that are involved in cell proliferation and inflammation.16 

TNF-α and IL-6, which play an important role in RA, were 
shown to be substantially increased in RA PBMCs 
(Figure 8C and D). However, the fact that RAGE–ligand 
interactions cause NF-kB-mediated cell activation and 
increased production of pro-inflammatory cytokines is 
well known, but how sustained elevated levels of inflam-
matory stimuli influence RAGE expression is unclear. The 
long-term interactions with a wide range of inflammatory 
agents/pro-inflammatory cytokines (TNF-α, IL-6 and IL-17) 
that occur over the course of the disease may also affect the 
RAGE expression profile. Moreover, the change in the 
extracellular and intracellular RAGE ligand level influenced 
by age, disease severity/inflammatory circumstances, 
immune-suppressive treatment and/or medication therapy 
may also influence RAGE expression.38–40

TTR association with inflammation other than its normal 
physiological role remains a plausible hypothesis. The 

Figure 8 Differential gene expression analysis of TTR, RAGE, pro-inflammatory cytokine (IL-6, TNF-α) in RA, SLE, and SPA PBMCs by qRT-PCR. The altered gene 
expression was analyzed in RA (n=10), SLE, SpA (n=3 each) PBMCs compared to HC (n=10). (A) Shows the gene expression of TTR significantly increased in RA compared 
to SLE, SPA and OA PBMCs compared to HC, respectively. (B) Shows the increased gene expression of RAGE significantly in RA compared to SLE, SpA and OA. (C and D) 
Shows the increased pro-inflammatory cytokines IL-6 significantly in RA, SLE, SpA but non-significant (ns) in OA compare to HC respectively whereas TNF-α was found to 
be significantly increased in all compare to HC PBMCs. The data were normalized with β–actin and/or GAPDH as an internal loading control. Values are presented as the 
mean ± SEM. The significance level indicates *p < 0.05; **< 0.01, ***< 0.001 and ****< 0.0001, ns = non-significant, analyzed by one-way ANOVA. 
Abbreviations: RA, rheumatoid arthritis; HC, healthy control; OA, osteoarthritis; SLE, systemic lupus erythematosus; SpA, spondylarthritis; TTR, transthyretin; RAGE, 
receptors for advanced glycation end products.
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synovium is the major site of inflammation in RA pathogen-
esis, and the mechanism by which TNF-α induces alteration 
of TTR expression associated with inflammation is 
unknown. As a result, we studied the impact and changed 
behavior of synoviocytes that are dependent on TNF-α sti-
mulation and found that increased TTR gene expression is 
linked with synovium inflammation. TNF-α caused inflam-
matory pathway activation (Figure 9), TTR and RAGE 
(Figure 10) differential gene expression in synoviocytes 
may indicate its crucial involvement in RA-associated 
inflammation.

To fully understand the pathophysiological interac-
tion between TTR and RAGE, in-silico analysis was 
further carried out to explore RAGE as a potential target 
of TTR. We speculated that increased TTR levels in the 
blood might interact with reducing sugars (glucose and 
derivatives) and MGO, a highly reactive oxidant, inter-
fering/disrupting TTR molecular conformation and 
therefore being recognized by RAGE receptor.42,43 To 
demonstrate this, we adopted an in-silico approach to 
assess the combined structure of TTR, glucose, and 
MGO to generate simulated glycated TTR interaction 

Figure 9 Fold induction of pro-inflammatory cytokines (IL-6, and IL-1β) and NF-κB pathway subunits (Rel A/p65, p50, and TNF-α) mRNA expression analysis in synovial 
cells by qRT-PCR. The mRNA expression in SW982 cells induced with TNF-α (10ng/mL) for 1hr compared to control (un-induced). (A) Fold induction of IL-6 gene 
expression indicates a significantly increased level (p<0.0094). (B) The fold induction of IL-1β gene expression indicates a significant (p<0.0001) increased mRNA level. (C) 
Fold induction of p50gene expression shows a significant (p<0.0001) up-regulation. (D) Fold induction of Rel A/p65 gene expression was observed significant (p<0.0010) on 
TNF-α induction. (E) Fold induction of TNF-α gene expression shows a significant (p<0.0004) higher level. The data was normalized with GAPDH as an internal loading 
control and the values are presented as the mean ± SEM (n = 3). The significance level indicates **< 0.01, ***< 0.001 and ****< 0.0001 versus normal control or TNF-α 
induction analysed by Student’s t-test. 
Abbreviations: C, control; CT, TNF-α induced.
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with RAGE (Supplementary Tables 5–7). The results 
showed that simulated glycated TTR showed interaction 
and formed H-bonds with RAGE with a binding energy 
of (−815.3 Kcal/mol) (Supplementary Tables 8 and 9), 
but un-simulated TTR formed no H-bonds, indicating 
that only glycated TTR interacts with RAGE 
(Supplementary Figure 3A–C). The TTR-RAGE interac-
tion was verified further by Co-IP in RA-FLS 
(Supplementary Figure 3D). Both in-silico and in-vitro 
findings suggested a mechanism in which TTR is 
encountered by a series of non-enzymatic modifications 
in blood, modified as a ligand of RAGE, similar to 
glycation of molecules that ultimately activates RAGE 
cellular inflammatory signaling pathway.41–43 However, 
a regulator or stimuli for TTR and RAGE increased 
expression, which may further influence the inflamma-
tory response in PBMCs, remains to be shown. Future 
in-vivo and larger cohort studies would be critical 
because they may provide a basis for assessing the 
potential target to improve the therapeutic or diagnostic 
value of TTR and RAGE in RA aetiology.

Conclusion
The proteomics of RA patients showed a marked differences 
in plasma proteins, and the elevated levels of TTR, RAGE, as 
well as glycation, are key events linked with RA. The posi-
tive correlation between TTR and RAGE in RA plasma may 
have pathological significance, and increased gene expres-
sion, particularly in RA PBMCs, indicating a key role in 
inflammation, and TTR-RAGE interaction may imply the 
potential to exert inflammatory signaling cascade activation 
via RAGE in RA-FLS. Furthermore, TNF-α stimulation is 
crucial in promoting TTR and RAGE expression dysregula-
tion. Overall, the findings of this study further reinforce the 
idea of variable protein abundance in RA pathogenesis, 
which might further present a possible therapeutic target.

Highlights
● Differential protein (DP) identification in RA patients 

holds potential to aid in disease assessment and 
development.

● A variable rate of protein glycation, an undesired PTM 
has pathogenic significance in RA.

Figure 10 Fold induction of TTR and RAGE mRNA expression analysis in synovial cells by qRT-PCR. The mRNA expression in SW982 cells induced with TNF-α (10ng/mL) 
for 1hr, compared to control un-induced (A) Fold induction of TTR gene expression significantly (p<0.028) increased upon TNF-α induction compare to control. (B). 
Similarly, fold induction of RAGE gene expression indicates a significant (p<0.0011) increased level in TNF-α induced synoviocytes. The data normalized with GAPDH as an 
internal loading control and the values presented the mean ± SEM (n = 3). The significance level indicates *p < 0.05; **< 0.01 versus normal control and TNF-α treatment 
analysed by Student’s t-test. 
Abbreviations: C, control; CT, TNF-α induced.
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● TTR and RAGE levels in plasma and peripheral blood 
mononuclear cells (PBMCs) are consistently high, 
linked to inflammation and may serve as risk indica-
tors/pathologic predictors of RA.
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