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Rheumatoid arthritis (RA) involves synovial tissue proliferation, inflammation, and angiogenesis, and
contributes to joint destruction. Angiogenesis is a key therapeutic target for the treatment of RA,

and Janus kinase (JAK) inhibitors have emerged as a promising therapy. In this study, we compared
the inhibitory effects of five JAK inhibitors, including tofacitinib (TOF), baricitinib, peficitinib,
upadacitinib, and filgotinib, on interleukin (IL)-6-induced inflammation in RA synovial tissues. All five
inhibitors effectively suppressed IL-6-induced inflammatory and angiogenic factors, including vascular
endothelial growth factor, intercellular adhesion molecule-1, and vascular cell adhesion molecule-1, by
inhibiting the phosphorylation of signal transducer and activator of transcription (STAT)1 and STAT3.
Overall, the results suggest that while all five JAK inhibitors are effective in reducing IL-6-induced
inflammatory and angiogenic factors, their efficacy may differ owing to specific molecular mechanisms
and pharmacological properties.
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Rheumatoid arthritis (RA) is characterized by synovial tissue proliferation, inflammation, vasodilation, and
angiogenesis, which results in joint destruction!~3. This has a negative impact on activities of daily living and
quality of life*.

Angiogenesis is an important therapeutic target in the treatment of RA®. Angiogenic mediators such as
growth factors, pro-inflammatory cytokines, chemokines, extracellular matrix, and cell adhesion molecules play
important roles in RA, including tumor necrosis factor alpha (TNFa), interleukin-6 (IL-6), intercellular adhesion
molecule-1 (ICAM1), matrix metallopeptidase-1 (MMP1), vascular endothelial growth factor (VEGF), vascular
cell adhesion molecule-1 (VCAM1), and monocyte chemoattractant protein-1 (MCP1)®. TNFa and IL-6 play
important roles in synovial inflammation and angiogenesis’, and VEGF acts specifically on vascular endothelial
cells and strongly promotes angiogenesis®. VEGE, ICAM1, and VCAM1 expression is increased in patients with
RA and has been implicated in disease activity”!°. MCP1 and MMP1 contribute to RA progression by promoting
inflammatory cell infiltration'!!2,

Inflammatory cytokine activation of the Janus kinase (JAK)/signal transducer and activator of transcription
(STAT) pathway is a key event in the etiology and progression of RA, and JAK inhibitors have recently received
attention as a new oral therapy for RA!3. Compared with conventional therapies, JAK inhibitors, such as
tofacitinib (TOF), baricitinib (BAR), peficitinib (PEF), upadacitinib (UPA), and filgotinib (FIL), significantly
reduce pain and inflammatory responses, such as those induced by C-reactive protein'-13. The JAK family
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includes four members, JAK-1, JAK-2, JAK-3, and tyrosine kinase 2, which bind to various cytokine receptors
and transduce cellular signals'®. Inflammatory cytokines such as IL-6 induce the phosphorylation of STAT1
and STAT?3 via JAK; phosphorylation of STAT1 and STAT3 increases the expression of inflammatory cytokines
and exacerbate arthritis?>?!. JAK inhibitors inhibit the nuclear transcription induced by activated STAT dimers
and selectively inhibit pain processing by directly regulating the effects of multiple cytokines*>**. However, the
mechanism of the JAK/STAT pathway is complex, and there are various combinations of JAK and STAT, and
research is ongoing to elucidate its detailed mechanism?*?°. Five JAK inhibitors have been approved in Japan.
TOF inhibits JAK1 and JAK3%, whereas BAR selectively inhibits JAK1 and JAK2?’. PEF is a pan-JAK inhibitor
that, like other JAK inhibitors, has been shown to be safe!®. In addition, UPA and FIL are JAK inhibitors with
relatively high JAK1 selectivity'*1°. Thus, the five JAK inhibitors differ in their selectivity and may have different
inhibitory effects on JAK/STAT signaling; however, there are no reports on the differences in the inhibitory
effects in synovial tissue. This study aimed to compare the inhibitory effects of TOE, BAR, PEF, UPA, and FIL on
IL-6-induced inflammation-related factors.

Materials and methods

Preparation of human RA synovium

Preparation of human RA synovium was performed as previously described?®. Synovial tissues were obtained
from six patients with RA undergoing total knee joint replacement surgery. Demographic characteristics of RA
patients who provided synovial tissue were summarized in Table 1. All the patients met the criteria outlined in
the 1987 Revised Guidelines of the American College of Rheumatology for RA%. All samples were acquired in
accordance with the ethical principles outlined in the World Medical Association Declaration of Helsinki for
Medical Research Involving Human Subjects. The study protocol was approved by the Ethics Committee of Kobe
University Graduate School of Medicine (B230035) and all participants provided written informed consent. The
medication history, including the use of JAK inhibitors and biological agents, was carefully examined.

Histological analysis

Synovial tissues were snap-frozen, soaked in hexane on dry ice, and embedded in mounting medium.
Samples were sectioned at 8 um using a cryostat (Leica, Wetzlar, Germany). The sections were fixed with 4%
paraformaldehyde for 15 min, washed, and stained. The sections were placed on silane-coated glass slides (Dako
Japan, Tokyo, Japan) and stained with hematoxylin (Muto Pure Chemicals, Tokyo, Japan) and eosin (Fujifilm,
Tokyo, Japan). Images of the sections were obtained using an all-in-one fluorescence microscope (BZ-X700;
Keyence, Osaka, Japan) and the histopathological parameters of each sample were evaluated by two separate
examiners (YS and KI) in a blinded fashion (n=6). The observed lumen formation was quantified according to
the Rooney’s score subscale (proliferating blood vessels)***!. A comparison was made between the two groups: a
group using JAK inhibitors (JAKi group) and a group not using JAK inhibitors (non-JAKi group).

Immunohistochemistry

Immunohistochemical analyses were conducted in two groups (JAKi and non-JAKi) (n=6).
Immunohistochemistry was performed using fluorescence-labeled primary antibodies against a-smooth muscle
actin (aSMA) (1:200; Sigma-Aldrich, St. Louis, MO, US) and VEGF (1:200; Bioss, Boston, MA, US). Images
of the sections in vivo were obtained using an all-in-one fluorescence microscope (BZ-X700; Keyence), and
positive areas were automatically calculated using a hybrid cell count application (BZ-H4C, Keyence) in the
BZ-X Analyzer software (BZ-H4A, Keyence).

Preparation of fibroblast-like synoviocytes derived from patients with RA (RA-FLS) cultures

Preparation of RA-FLS was performed as previously described?. Primary synoviocytes were derived from
the synovial tissues of patients with RA and cultured. The tissue specimens underwent a process involving
mincing and subsequent incubation with trypsin (0.5 mg/mL; Sigma-Aldrich, St. Louis, MO, US) for 15 min
at 37 °C. Subsequently, the synovium was treated with Dulbecco’s modified Eagle’s medium (DMEM; Gibco/

Age at
onset VAS
Patient Age of RA | Disease DAS28 SJC | general
identifier | Sex (years) | (years) | duration | RF | CCP | CRP | ESR | ESR TJC(28) | (28) | health | Current disease modifying therapy
1 Female | 27 23 4 pos | pos |2.04 | 52 |664 |10 9 |90 gpzd"?dtli“ib’ Methotorexate,
]AKl reanisolone
group Peficitinib, Methotrexate,
(n=3) 2 Male 59 55 4 neg | pos | 0.24 14 291 1 1 16 Prednisolone
3 Male 80 77 3 pos | NA 329 [112 |6.26 5 4 82 Peficitinib, Prednisolone
Non- 4 Female | 70 44 26 pos | pos |3.40 | 87 |5.62 2 2 93 Methotrexate, Prednisolone
JAKi Female | 82 66 16 neg | pos | 0.90 | 26 |4.84 3 2 |85 Methotrexate, Sulfasalazine,
group Prednisolone
(=3 6 Female | 85 74 11 pos |NA |1.52 |107 |6.63 6 6 93 Glimumab, Prednisolone, Tacrolimus
Table 1. Demographic characteristics of RA patients who provided synovial tissue. RF, rheumatoid factor;
CCP, cyclic citrullinated peptide; CRP, C reactive protein; ESR, erythrocyte sedimentation rate; DAS28, disease
activity score 28; TJC, tender joint count; SJC, swollen joint count; VAS, visual analog score; NA, not available.
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Life Technologies, Grand Island, NY, USA) containing 0.2% collagenase (Sigma-Aldrich, St. Louis, MO, US) at
37 °C for 15 h. Dissociated cells were cultured overnight in DMEM supplemented with 10% fetal bovine serum
(Lonza, Walkersville, MD, US) and 100 U/mL penicillin-streptomycin. All experiments were performed using
cells from passages 3 to 5.

RA-FLS stimulation assay with JAK inhibitors and conventional disease modifying anti-
rheumatic drugs (DMARDs)

RA-FLS (1 x 10 cells/well) were seeded in 6-well culture dishes and pre-cultured in DMEM at 37 °C for 24 h.
The JAK inhibitors TOFE, BAR, PEF, UPA, FIL (Cayman Chemical, Michigan, USA) or Bucillamine (BUC) (Tront
Research Chemicals, Toronto, Canada), as a representative of conventional DMARDs, dissolved in dimethyl
sulfoxide (DMSO) (Nacalai tesque, Kyoto, Japan) were added to the medium, followed by stimulation with
TNFa (10 ng/mL) (R&D Systems) or IL-6 (100 ng/mL) and soluble IL-6 receptor (sIL-6R) (100 ng/mL) (R&D
Systems, Minneapolis, MN, US) 2 h after the addition of the JAK inhibitors or BUC. The concentration of each
JAK inhibitor and BUC was determined based on estimated blood concentrations in the clinical dosage when
stimulating with TNFa: TOF (0.3 uM), BAR (0.3 uM), PEF (1.0 uM), UPA (0.3 uM), FIL (2.0 uM), and BUC (2.0
uM). Lower and higher doses of JAK inhibitors than those used clinically were also studied when stimulating
with IL-6 and sIL-6R: TOF (0.1, 0.3, 1.0 uM), BAR (0.1, 0.3, 1.0 uM), PEF (0.1, 1.0, 5.0 uM), UPA (0.1, 0.3, 1.0
uM), or FIL (0.1, 2.0, 10.0 pM). DMSO was administered as a control instead of a stimulant.

Quantitative reverse transcriptase—polymerase chain reaction (RT-PCR)

After stimulation for 24 h, RNA were extracted from the cells using a QIA shredder and RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol as previously described. Briefly, 1 pg of
total RNA was reverse-transcribed to first-strand cDNA using 1.25 uM oligo-dT primer in 40 uL PCR buffer II
containing 2.5 mM MgC1,, 0.5 mM dNTP mix, 0.5 U of RNase inhibitor, and 1.25 U of murine leukemia virus
reverse transcriptase (PerkinElmer/Applied Biosystems, Foster City, CA, USA), at 42 °C for 1 h. The relative
mRNA expression levels of inflammatory (ICAM1 and MMP1) and angiogenic (VEGE VCAM]1, and MCP1)
factors were analyzed using SYBR Green RT-PCR on an ABI Prism 7500 sequence detection system (Applied
Biosystems, Foster City, CA, USA). Relative gene expression was normalized to that of the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the comparative cycle threshold (Ct) method. The
difference between the mean Ct values of the gene of interest and those of the housekeeping gene is denoted
as ACt, whereas the difference between the ACt and the Ct value of the calibrator sample is denoted as AACt.
The log, (AACt) value gives the relative level of gene expression. The primer sequences used to detect human
ICAM1, MMP1, VEGE, VCAM1, MCP1 and GAPDH are listed in Table 2.

Western blot analysis

After stimulation with IL-6 and sIL-6R for 24 h, Western blot analysis was performed as previously described3?.
Briefly, the cells were washed with Tris-buffered saline with Tween-20 (TBST) and lysed in a buffer containing
25-mM Tris, 1% Nonidet P-40, 150 mM NaCl, 1.5 mM ethylene glycol tetraacetic acid, and protease/phosphatase
inhibitor mix (Roche Diagnostics, Basel, Switzerland). The lysates were centrifuged at 15,000xg for 10 min at 4 °C
to remove cellular debris. Next, the cellular debris-free lysates were collected and mixed with 4x electrophoresis
sample buffer; 15 pL of cell lysates (1.0x 107 cells/mL) were electrophoresed on a 7.5-15% sodium dodecyl
sulphate-polyacrylamide gradient gel (Biocraft, Tokyo, Japan) and electrically transferred onto a polyvinylidene
difluoride blotting membrane (GE Healthcare Life Sciences, Little Chalfont, UK). The membrane was blocked
with 5% skimmed milk in TBST at 25 °C for 30 min, incubated with antibodies against anti-STAT1, anti-
phosphorylated STAT1 (pSTAT1), anti-STAT3, and anti-pSTAT3 (Cell Signaling Technology, Danvers, MA, US)
at 4 °C for 12 h, and further incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary
antibody at 25 °C for 1 h. The proteins were subsequently visualized using ECL Plus reagent (GE Healthcare
Life Sciences, Little Chalfont, UK) on a chemiluminescence analyzer (LAS-3000 mini; Fujifilm, Tokyo, Japan).
The expression of the beta-actin protein was detected using a mouse anti-f-actin polyclonal antibody (Sigma-
Aldrich, St. Louis, MO, US) as the primary antibody. Protein expression was determined semi-quantitatively
using National Institutes of Health ImageJ software and digitally captured images. Four different samples were
analyzed in this experiment.

Statistical analysis
Statistical analyses were conducted using the EZR software (Saitama Medical Center, Jichi Medical University,
Saitama, Japan)*’. The results are expressed as the mean * standard deviation. Statistical comparisons between

Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3')
ICAM1 | AACCAGAGCCAGGAGACACTG | GCGCCGGAAAGCTGTAGATG
MMP1 CATGCCATTGAGAAAGCCTTCC | AGAGTTGTCCCGATGATCTCC
VEGF TTCATGGATGTCTATCAGCG GCTCATCTCTCCTATGTGCT
VCAM1 | GGCGCCTATACCATCCGAAA TATGACCCCTTCATGTTGGC
MCP1 TTCCCCTAGCTTTCCCCAGA TCCCAGGGGTAGAACTGTGG
GAPDH | ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA

Table 2. Primer sequences.
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groups were performed using the Kruskal-Wallis test. Post-hoc analysis was performed using the Steel Dwass
test. A probability value <0.05 was considered statistically significant.

Results

JAK inhibitors inhibited angiogenesis and VEGF expression in RA synovial tissues

Hematoxylin and eosin (HE) staining showed that the JAKi group exhibited marked degeneration in the sub-
lining and deep lining layers, with decreased lymphocyte infiltration and angiogenesis compared to the non-
JAKi group (Fig. 1a). Rooney’s subscale (proliferating blood vessels) was significantly lower in the JAKi group
than in the non-JAKi group (2.3+ 1.2 and 7.3 £ 1.2, respectively, p <0.05) (Fig. 1b). Fluorescent and HE staining
of aSMA showed inhibition of angiogenesis in the JAKi group (Fig. 2a). Positive areas and signaling intensities
of aSMA were significantly lower in the JAKi group than in the non-JAKi group (115138.0+47226.7 and
355301.0+59326.8 pm?, respectively, p<0.001) (Fig. 2b). Additionally, fluorescent staining showed that VEGF
expression was suppressed and positive areas and signaling intensities were significantly lower in the JAKi group
than in the non-JAKi group (29299.8 + 19048.6 and 521010.0 + 107511.9 pm?, respectively, p<0.001) (Fig. 2a, b).

JAK inhibitors suppressed the IL-6 +sIL-6R-induced mRNA expression of ICAM1, VCAM1,
VEGF, MCP1, and MMP1

The expression of inflammatory and angiogenic factors in response to each JAK inhibitor and BUC is
summarized in Table 3. Administration of any JAK inhibitor at estimated blood concentrations suppressed
all the inflammatory and angiogenic factors when stimulated with IL-6 and sIL-6R, but no inflammatory and
angiogenic factors when stimulated with TNFa. Furthermore, the expression levels of all inflammatory and
angiogenic factors decreased with increasing doses of IL-6 and sIL-6R (Fig. 3). No significant difference was
observed in the mRNA expression of anti-inflammatory or anti-angiogenic factors between each JAK inhibitors
and BUC when stimulated with TNFa. At estimated blood concentrations, administration of TOF did not
suppress all the inflammatory and angiogenic factors compared to BUC when stimulated with IL-6 and sIL-6R.
In contrast, BAR significantly reduced the mRNA expression of ICAM1 and VEGE Similarly, PEE, UPA and
FIL significantly reduced the mRNA expression of ICAM1, VEGE, VCAM1 and MCP1 (Supplemental Fig. 1).

JAK inhibitors suppressed the IL-6 +sIL-6R-induced expression of pSTAT1 and pSTAT3
AllJAK inhibitors significantly suppressed pSTAT1 and pSTAT3 levels compared to those in the control (Fig. 4).
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Fig. 1. (a) Histological analysis of the synovium. Hematoxylin and eosin staining of a typical specimen after
JAKi or non-JAKi treatment. (b) Comparison of Rooney’s proliferating blood vessel scores of the two groups.
n=3 in each group. Scale bars, 200 pm (a).
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Fig. 2. (a) Representative of aSMA (red) and VEGF (green) in the synovium tissue. (b, ¢) Quantitative
assessment of expression of aSMA and VEGF between the groups. A significant suppression in the expression
of aSMA and VEGF was observed in the JAKi group than in the non-JAKi group. Scale bars, 200 um (a).
aSMA, a-smooth muscle actin; VEGE, vascular endothelial growth factor.

Discussions
In the present study, we confirmed that JAK inhibitors inhibit angiogenesis and VEGF expression in RA synovial
tissue as well as suppress IL-6-induced inflammatory and angiogenic factors in vitro.

A comparison of the anti-inflammatory effects of the five JAK inhibitors (TOF, BAR, PEF, UPA, and FIL)
revealed that all of these drugs were more effective than the placebo in treating RA**-3”. However, the specific
differences in efficacy were not statistically significant®*. These JAK inhibitors vary in their selectivity for different
JAK isoforms, with TOF exhibiting the most extensive cytokine suppression via the JAK/STAT pathway.
Further studies are required to compare the anti-inflammatory effects of these JAK inhibitors.

In the present study with TNFa stimulation, no significant differences were observed in the suppression of
inflammation-related factors between each drug. This may be due to the fact that JAK inhibitors inhibit the JAK/
STAT pathway but not inflammation via other pathways induced by TNFa such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and activator protein 1°°. In contrast to the TNFa stimulation, all
five JAK inhibitors suppressed IL-6-induced inflammatory and angiogenic factors, and their inhibitory effect
increased in a dose-dependent manner. All five JAK inhibitors suppressed pSTAT1 and pSTAT3 expression.
This indicated that at the estimated blood concentrations, all five drugs effectively inhibited IL-6-induced
inflammatory and angiogenic factors by inhibiting the phosphorylation of STAT1 and STAT3.

We also compared the anti-inflammatory and anti-angiogenic effects of JAK inhibitors with BUC as a
representative of conventional DMARD:s. In this study, there was no significant difference in the mRNA expression

Scientific Reports |

(2025) 15:9736 | https://doi.org/10.1038/s41598-025-94894-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

JAK inhibitor dose | Tofacitinib | Baricitinib | Peficitinib | Upadacitinib | Filgotinib | Bucillamine
ICAM1 | - 0.82+0.17 |0.78+0.21 |0.81+£0.12 | 0.87+0.10 0.86+0.08 | 0.80+0.19
MMP1 - 0.91+£0.10 |0.85+0.14 |0.84+0.11 | 0.87+0.12 0.83+0.12 | 0.82+0.17
TNFa VEGF - 1.01£0.19 |0.93£0.20 |0.92£0.18 |0.93+0.14 0.86+0.14 | 0.89+0.16
VCAM1 | - 0.97+0.15 |0.96+0.10 | 1.04+0.10 | 1.08+0.07 0.97+0.12 | 0.99+0.10
MCP1 - 0.89+0.20 |0.86+£0.23 |0.98+£0.21 | 0.91+0.17 0.80+0.16 | 0.86+0.21
Low 0.80+0.24 |0.70£0.21 |0.64£0.15 | 0.55+0.20 0.95+0.07 | -
ICAM1 | Medium 0.72+£0.12 | 0.58+0.21 |0.44+0.16 | 0.41+0.15 0.47+0.13 | 0.93+0.29
High 0.48+0.17 |0.32+0.13 |0.25+£0.11 | 0.29+0.13 0.36+0.09 | -
Low 0.98+0.11 |0.95£0.20 |0.95+£0.16 | 0.88+0.30 0.95+0.09 | -
MMP1 | Medium 0.82+0.15 | 0.75+0.14 | 0.67+0.14 | 0.68+0.22 0.72+£0.23 | 0.86+0.15
High 0.71£0.15 | 0.65+£0.13 | 0.57+0.14 | 0.57+0.17 0.50+£0.24 | -
Low 0.98+0.21 |0.83+£0.07 |0.99£0.19 | 0.81+£0.28 0.94£0.04 | -
IL6 and sIL6-R | VEGF Medium 0.83+0.08 | 0.66+0.14 |0.58+0.10 | 0.61+0.15 0.66+0.16 | 0.90+0.11
High 0.65+0.15 | 0.54+0.14 |0.44+0.08 | 0.48+0.06 0.43+£0.13 | -
Low 1.02+£0.27 |0.91+£0.21 |0.83£0.24 | 0.67+0.17 0.90£0.05 | -
VCAM1 | Medium 0.86+0.16 |0.77+0.15 |0.60£0.16 | 0.58+0.18 0.60£0.25 | 0.91+0.12
High 0.72+0.14 | 0.72+£0.20 | 0.36+£0.06 | 0.52+0.15 0.27+0.19 | -
Low 091+0.44 |0.75+£0.28 |0.83£0.39 | 0.67+0.15 0.78+0.09 | -
MCP1 Medium 0.63£0.23 | 0.53+£0.27 |0.41£0.18 | 0.40£0.13 0.48+0.13 | 0.83+0.19
High 0.49+0.24 |0.24+0.13 |0.17£0.05 | 0.21£0.05 0.24£0.10 | -

Table 3. Relative expression of each target induced with TNFa or IL-6 and sIL-6R. Values are expressed as
the mean + standard deviation. The concentrations of each JAK inhibitors and bucillamine are as follows;
Tofacitinib: 0.1, 0.3, 1.0, Baricitinib: 0.1, 0.3, 1.0, Peficitinib: 0.1, 1.0, 5.0, Upadacitinib: 0.1, 0.3, 1.0, Filgotinib:
0.1, 2.0, 10.0, Bucillamine 2.0 (uM). The concentration medium was determined by reference to estimated
blood concentrations in clinical practice.
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Fig. 3. Expression of the inflammatory and angiogenic factors in estimated blood concentrations in the
clinical dosage of each JAK inhibitor. Administration of any JAK inhibitor at estimated blood concentrations
suppressed all the inflammatory and angiogenic factors when stimulated with IL-6 and sIL-6R. JAK,

Janus kinase; IL-6, interleukin-6; sIL-6R, soluble IL-6 receptor; TOF, tofacitinib; BAR, baricitinib; PEF,
peficitinib; UPA, upadacitinib; FIL, filgotinib; ICAM], intercellular adhesion molecule-1; MMP1, matrix
metallopeptidase-1;VEGE, vascular endothelial growth factor; VCAMI, vascular cell adhesion molecule-1;
MCP1, monocyte chemoattractant protein-1.

of anti-inflammatory or anti-angiogenic factors between JAK inhibitors and BUC when stimulated with TNFa.
Whereas, the inhibitory effects of JAK inhibitors, with the exception of TOF, suppressed the mRNA expression
of almost all categories of inflammatory and angiogenic factors significantly more than BUC when stimulated
with IL-6 and sIL-6R. Conventional DMARDs such as BUC exert their anti-inflammatory effects mainly by
suppressing the production of a wide range of cytokines via the NF-kB pathway, including IL-6 and TNFa*. JAK
inhibitors, on the other hand, exert their anti-inflammatory effects mainly by suppressing IL-6 via the JAK/STAT
pathway and therefore have a different mechanism of action compared to conventional DMARDs. Although
there is no previous literature comparing the direct anti-inflammatory effects of JAK inhibitors and conventional
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Fig. 4. (a) Western blotting was performed to analyze STAT1, pSTAT1, STAT3, pSTAT3, and B-actin. (b, c)
Comparison of the ratios of pSTAT1 to STAT1 and pSTAT3 to STATI. Protein expression was determined by
semi-quantitative analysis of digitally captured images. All JAK inhibitors significantly suppressed pSTAT1
and pSTAT?3 levels compared to those in the control. Compared to TOF, BAR, PEE, UPA, and FIL suppressed
PSTAT1 and pSTAT3 levels. STAT, signal transducer and activator of transcription; JAK, Janus kinase; TOF,
tofacitinib; BAR, baricitinib; PEF, peficitinib; UPA, upadacitinib; FIL, filgotinib.

DMARD:s in human synovial tissue, there are reports of better remission rates with JAK inhibitors compared to
conventional DMARD: in clinical practice?!. Although not significantly different in all categories, these results
suggest that JAK inhibitors could have a better anti-inflammatory effect than conventional DMARDs.

The present study had some limitations. First, a small population of human synovial tissues was evaluated,
and it was difficult to completely standardize aspects such as drug history and years of illness, which may have
affected the results and should be considered in future studies. Second, there are insufficient reports on the long-
term effects of JAK inhibitors, particularly their side effects. Further data collection and extensive investigations
are necessary to draw comprehensive clinical conclusions.

In conclusion, our results suggest that all five JAK inhibitors were effective in reducing IL-6-induced
inflammatory and angiogenic factors. This may be due to the specific molecular mechanisms and pharmacological
profiles of each drug contribute to the nuanced differences in their efficacy. Further studies focusing on the
detailed pharmacodynamics and long-term clinical outcomes of these inhibitors are warranted to fully elucidate
their comparative benefits in the treatment of RA.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available but are available from
the corresponding author upon reasonable request.

Received: 7 August 2024; Accepted: 17 March 2025
Published online: 21 March 2025

References
1. Carmeliet, P. & Jain, R. K. Molecular mechanisms and clinical applications of angiogenesis. Nature 473, 298-307 (2011).
2. Elshabrawy, H. A. et al. The pathogenic role of angiogenesis in rheumatoid arthritis. Angiogenesis 18, 433-448 (2015).
3. Losordo, D. W. & Dimmeler, S. Therapeutic angiogenesis and vasculogenesis for ischemic disease. Part I: Angiogenic cytokines.
Circulation 109, 2487-2491 (2004).
4. Smolen, J. S., Aletaha, D. & McInnes, I. B. Rheumatoid arthritis. Lancet 388, 2023-2038 (2016).
5. Kennedy, A. et al. Angiogenesis and blood vessel stability in inflammatory arthritis. Arthritis Rheum. 62, 711-721 (2010).
6. Szekanecz, Z. & Koch, A. E. Angiogenesis and its targeting in rheumatoid arthritis. Vascul. Pharmacol. 51, 1-7 (2009).
7. Brennan, F. M. & McInnes, I. B. Evidence that cytokines play a role in rheumatoid arthritis. J. Clin. Invest. 118, 3537-3545 (2008).
8. Yancopoulos, G. D. et al. Vascular-specific growth factors and blood vessel formation. Nature 407, 242-248 (2000).
9. Koch, A. E. Review: Angiogenesis—Implications for rheumatoid arthritis. Arthritis Rheum. 41, 951-962 (1998).
0. Koch, A. E. et al. Vascular endothelial growth factor. A cytokine modulating endothelial function in rheumatoid arthritis. J.
Immunol. 152, 4149-4156 (1994).
11. Moadab, E, Khorramdelazad, H. & Abbasifard, M. Role of CCL2/CCR2 axis in the immunopathogenesis of rheumatoid arthritis:
Latest evidence and therapeutic approaches. Life Sci. 269, 119034 (2021).
12. Vincenti, M. P. & Brinckerhoff, C. E. Transcriptional regulation of collagenase (MMP-1, MMP-13) genes in arthritis: Integration
of complex signaling pathways for the recruitment of gene-specific transcription factors. Arthritis Res. 4, 157-164 (2002).
13. Malemud, C. J. The role of the JAK/STAT signal pathway in rheumatoid arthritis. Ther. Adv. Musculoskelet. Dis. 10, 117-127 (2018).

Scientific Reports |

(2025) 15:9736 | https://doi.org/10.1038/s41598-025-94894-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

14. Cohen, S. B. et al. Safety profile of Upadacitinib in rheumatoid arthritis: Integrated analysis from the SELECT phase III clinical
programme. Ann. Rheum. Dis. 80, 304-311 (2021).

15. Fleischmann, R. et al. Baricitinib, methotrexate, or combination in patients with rheumatoid arthritis and no or limited prior
disease-modifying antirheumatic drug treatment. Arthritis Rheumatol. 69, 506-517 (2017).

16. Genovese, M. C. et al. Effect of filgotinib versus placebo on clinical response in patients with moderate to severe rheumatoid
arthritis refractory to disease-modifying antirheumatic drug therapy: The FINCH 2 randomized clinical trial. Jama 322, 315-325
(2019).

17. Lee, E. B. et al. Tofacitinib versus methotrexate in rheumatoid arthritis. N. Engl. . Med. 370, 2377-2386 (2014).

18. Takeuchi, T. et al. Efficacy and safety of Peficitinib (ASP015K) in patients with rheumatoid arthritis and an inadequate response
to methotrexate: Results of a phase III randomised, double-blind, placebo-controlled trial (RAJ4) in Japan. Ann. Rheum. Dis. 78,
1305-1319 (2019).

19. Barreiros, L. A. et al. Corrigendum: A novel homozygous JAK3 mutation leading to T-B+NK- SCID in two Brazilian patients.
Front. Pediatr. 6, 358 (2018).

20. Huber, L. C. et al. Synovial fibroblasts: Key players in rheumatoid arthritis. Rheumatology 45, 669-675 (2006).

21. Valin, A. et al. IL6/sIL6R regulates TNFa-inflammatory response in synovial fibroblasts through modulation of transcriptional and
post-transcriptional mechanisms. BMC Mol. Cell. Biol. 21, 74 (2020).

22. Hu, X,, Li, J., Fu, M., Zhao, X. & Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal. Transduct. Target Ther.
6, 402 (2021).

23. Simon, L. S. et al. The Jak/STAT pathway: A focus on pain in rheumatoid arthritis. Semin. Arthritis Rheum. 51, 278-284 (2021).

24. Gillinder, K. R. et al. Direct targets of pSTATS5 signalling in erythropoiesis. PloS One 12, €0180922 (2017).

25. Smolen, J. S. et al. Rheumatoid arthritis. Nat. Rev. Dis. Prim. 4, 18001 (2018).

26. Dhillon, S. Tofacitinib: A review in rheumatoid arthritis. Drugs 77, 1987-2001 (2017).

27. Al-Salama, Z. T. & Scott, L. J. Baricitinib: A review in rheumatoid arthritis. Drugs 78, 761-772 (2018).

28. Anjiki, K. et al. JAK inhibitors inhibit angiogenesis by reducing VEGF production from rheumatoid arthritis-derived fibroblast-
like synoviocytes. Clin. Rheumatol. 43, 3525-3536 (2024).

29. Arnett, E. C. et al. The American rheumatism association 1987 revised criteria for the classification of rheumatoid arthritis.
Arthritis Rheum. 31, 315-324 (1988).

30. Rooney, M. et al. Analysis of the histologic variation of synovitis in rheumatoid arthritis. Arthritis Rheum. 31, 956-963 (1988).

31. Yamanaka, H., Goto, K. & Miyamoto, K. Scoring evaluation for histopathological features of synovium in patients with rheumatoid
arthritis during anti-tumor necrosis factor therapy. Rheumatol. Int. 30, 409-413 (2010).

32. Takashima, Y. et al. Susceptibility of cyclin-dependent kinase inhibitor 1-deficient mice to rheumatoid arthritis arising from
interleukin-1p-induced inflammation. Sci. Rep. 11, 12516 (2021).

33. Kanda, Y. Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics. Bone Marrow Transpl. 48, 452-458
(2013).

34. Cai, W, Tong, R., Sun, Y., Yao, Y. & Zhang, ]. Comparative efficacy of five approved Janus kinase inhibitors as monotherapy and
combination therapy in patients with moderate-to-severe active rheumatoid arthritis: A systematic review and network meta-
analysis of randomized controlled trials. Front. Pharmacol. 15, 1387585 (2024).

35. Jegatheeswaran, J., Turk, M. & Pope, J. E. Comparison of Janus kinase inhibitors in the treatment of rheumatoid arthritis: A
systemic literature review. Immunotherapy 11, 737-754 (2019).

36. Pope, J. et al. Comparative efficacy of JAK inhibitors for moderate-to-severe rheumatoid arthritis: A network meta-analysis. Adv.
Ther. 37, 23562372 (2020).

37. Kubo, S., Nakayamada, S. & Tanaka, Y. JAK inhibitors for rheumatoid arthritis. Expert Opin. Investig. Drugs 32, 333-344 (2023).

38. Yarilina, A., Xu, K., Chan, C. & Ivashkiv, L. B. Regulation of inflammatory responses in tumor necrosis factor-activated and
rheumatoid arthritis synovial macrophages by JAK inhibitors. Arthritis Rheum. 64, 3856-3866 (2012).

39. Kong, D. H,, Kim, Y. K,, Kim, M. R, Jang, J. H. & Lee, S. Emerging roles of vascular cell adhesion molecule-1 (VCAM-1) in
immunological disorders and cancer. Int. . Mol. Sci. 19 (2018).

40. Distler, J. H. et al. Bucillamine induces the synthesis of vascular endothelial growth factor dose-dependently in systemic sclerosis
fibroblasts via nuclear factor-kappaB and simian virus 40 promoter factor 1 pathways. Mol. Pharmacol. 65, 389-399 (2004).

41. Harrington, R., Al Nokhatha, S. A. & Conway, R. JAK inhibitors in rheumatoid arthritis: An evidence-based review on the
emerging clinical data. J. Inflamm. Res. 13, 519-531 (2020).

Acknowledgements

We would like to thank Minako Nagata, Maya Yasuda, and Kyoko Tanaka for their technical assistance. We
would also like to thank Editage (www.editage.jp) for English language editing.

Author contributions

Y.S

. Data curation, formal analysis, validation, visualization, writing—original draft. K.I.: Formal analysis, in-

vestigation, methodology, software, writing—review & editing.S.H.: Conceptualization, project administration,
resources, writing—review & editing. KW., K.A., TK., M.T,, Y.K., N.N.: Data curation.T. Maeda, K.T.: Formal
analysis.T. Matsumoto, R.K.: Supervision.T. Matsubara: Supervision, writing—review & editing.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-94894-2.

Correspondence and requests for materials should be addressed to S.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2025) 15:9736

| https://doi.org/10.1038/s41598-025-94894-2 nature portfolio


https://doi.org/10.1038/s41598-025-94894-2
https://doi.org/10.1038/s41598-025-94894-2
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports | (2025) 15:9736 | https://doi.org/10.1038/s41598-025-94894-2 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Comparison of anti-inflammatory and anti-angiogenic effects of JAK inhibitors in IL-6 and TNFα-stimulated fibroblast-like synoviocytes derived from patients with RA
	﻿Materials and methods
	﻿Preparation of human RA synovium
	﻿Histological analysis
	﻿Immunohistochemistry
	﻿Preparation of fibroblast-like synoviocytes derived from patients with RA (RA-FLS) cultures
	﻿RA-FLS stimulation assay with JAK inhibitors and conventional disease modifying anti-rheumatic drugs (DMARDs)
	﻿Quantitative reverse transcriptase–polymerase chain reaction (RT–PCR)
	﻿Western blot analysis
	﻿Statistical analysis

	﻿Results
	﻿JAK inhibitors inhibited angiogenesis and VEGF expression in RA synovial tissues
	﻿JAK inhibitors suppressed the IL-6 + sIL-6R-induced mRNA expression of ICAM1, VCAM1, VEGF, MCP1, and MMP1
	﻿JAK inhibitors suppressed the IL-6 + sIL-6R-induced expression of pSTAT1 and pSTAT3

	﻿Discussions
	﻿References


