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Methotrexate inhibits BMP4 and abrogates 
the hypertrophic chondrocyte phenotype 
of synovial fibroblasts in juvenile idiopathic 
arthritis
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Abstract 

Background  Juvenile Idiopathic Arthritis (JIA) induces growth disturbances in affected joints. Fibroblast-like synovio-
cytes (FLS) play a crucial role in JIA pathogenesis. FLS overexpress bone morphogenetic protein 4 (BMP4) and have 
a chondrocyte-like phenotype. FLS contribute directly to joint growth disturbances through endochondral bone 
formation. We investigated the ability of methotrexate to inhibit BMP4 expression and alter the hypertrophic chon-
drocyte-like phenotype of JIA FLS.

Methods  We selected primary cells from three subjects with persistent oligoarticular JIA, three subjects who even-
tually extended to a polyarticular disease course, which we termed extended-to-be (ETB), and three subjects who 
had polyarticular arthritis at time of diagnosis. We treated cells with methotrexate and two BMP4 inhibitors: noggin 
and chordin. We measured protein concentration from three chondrocyte cell markers: collagen II, aggrecan, and col-
lagen X as well as BMP4.

Results  ColX, marker of chondrocyte hypertrophy, was significantly increased in polyarticular FLS when compared 
to both persistent FLS and ETB FLS, making polyarticular FLS the most like hypertrophic chondrocytes. Methotrexate 
caused significant decreases in BMP4 and ColX expression in persistent, ETB, and polyarticular FLS when compared 
to respective untreated cells. Ligand-binding BMP4 antagonists, noggin and chordin, caused significant decreases 
in ColX expression in FLS from all three disease courses and significant increases in collagen II protein, an early chon-
drocyte marker, when compared to respective untreated cells.

Conclusions  Methotrexate, the first-line therapy in the treatment of JIA, mimics BMP4 antagonists by effectively 
lowering BMP4 and ColX expression in FLS. Inhibiting FLS from undergoing hypertrophy could prevent these cells 
from contributing to joint growth disturbances via endochondral bone formation.
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Background
Juvenile idiopathic arthritis (JIA) is the most common 
rheumatic disease of childhood and carries a risk of per-
manent joint damage and disability. The current classifi-
cation scheme for JIA includes seven subtypes of disease 
based on onset [1, 2]. Although there can be ocular com-
plications, the oligoarticular subtype has the most benign 
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course of joint involvement, yet musculoskeletal disabil-
ity results when joint involvement evolves from an oli-
goarticular to a polyarticular course, termed extended 
oligoarticular disease. Persistent oligoarthritis (persis-
tent) affects up to 4 joints throughout the disease course, 
whereas extended oligoarthritis affects a cumulative total 
of 5 joints, or more after the first 6 months of disease [1] 
(Fig. 1). Between 21 and 50% of patients with oligoarticu-
lar onset show extension to a polyarticular course (pol-
yarticular), of whom only 13–23% achieve disease-free 
remission [3–8]. Compared to patients with persistent 
oligoarticular course or polyarticular onset, patients with 
extended oligoarthritis have the lowest physical and men-
tal scores in health-related quality-of-life assessments [9], 
with 38% ultimately requiring joint replacement, com-
pared with only 13% of those with a persistent oligoar-
ticular course [10].

In JIA, one factor of disease pathology is joint growth 
disturbances that can lead to leg-length discrepancies 
and disability [11, 12]. To date, targeted intraarticular 
corticosteroid injections have been effective at reduc-
ing inflammation in affected joints and may prevent leg 
length discrepancies [13]; however, while infrequent, the 
side effects to long-term steroid use can include systemic 
effects of steroids, infectious arthritis and cartilage dam-
age [14].

In this study, we investigated the chondrocyte-like phe-
notype of fibroblast-like synoviocytes (FLS) and suggest 
that these cells may contribute directly to the bony over-
growth that occurs during disease progression. We have 

previously shown that FLS overexpress bone morphoge-
netic protein 4 (BMP4) and differentiate as hypertrophic 
chondrocytes, creating an environment favorable for 
endochondral bone formation (EBF) [15, 16]. We exam-
ined changes to the chondrocyte-like phenotype of FLS 
from three JIA subtypes: persistent, FLS isolated from 
synovial fluid of patients prior to extension to a polyar-
ticular course or what we termed extended-to-be (ETB), 
and polyarticular in response to BMP4 inhibitors and 
methotrexate, the mainstay of JIA treatment. During EBF, 
BMP4 causes chondrocytes to hypertrophy [17]. These 
hypertrophic cells undergo apoptosis and leave behind 
scaffolding for new bone cells to invade, resulting in bony 
overgrowth.

Specifically, we studied the effects of noggin and chor-
din, two ligand-binding antagonists of BMP4. Chordin 
has been shown to effectively inhibit EBF by preventing 
chondrocytes from maturing and hypertrophying [18]. 
As BMP4 levels increase, noggin is produced in response 
to elevated BMP4 and is a highly regulated inhibitor that 
can delay EBF [19].

Methotrexate is the first-line therapy for the treat-
ment of JIA. Early studies showed that methotrexate, a 
folic acid antagonist, which was originally developed as 
a chemotherapy, at lower doses can reduce inflammation 
and pain in arthritic joints [20, 21]. Despite this medica-
tion being the mainstay of treatment for disease, little is 
known about the mechanisms through which methotrex-
ate delays disease progression. This prompted us to inves-
tigate the effects of methotrexate on the chondrocyte-like 

Fig. 1  Schematic of evolution of JIA subtypes after 6 months of disease. It is unknown which patients will extend to polyarticular course prior 
to extension
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phenotype of JIA FLS. We aimed to establish that inhi-
bition of BMP4 delays differentiation of FLS from per-
sistent, ETB, and polyarticular JIA to a hypertrophic 
chondrocyte-like phenotype and that methotrexate can 
reduce BMP4 levels and prevent FLS from becoming 
hypertrophic chondrocyte-like cells. This is a novel role 
for methotrexate, as it can possibly inhibit FLS from 
undergoing EBF and contributing directly to joint growth 
disturbances seen in affected joints.

Materials and methods
Selection of samples
Synovial fluid samples were obtained from our Insti-
tutional Review Board-approved repository. Patients 
who underwent clinically indicated arthrocentesis were 
offered inclusion into the repository, and informed con-
sent was obtained. We selected primary cells from three 
subjects with persistent oligoarticular JIA, three subjects 
who eventually extended to a polyarticular disease course 
(termed extended-to-be), and three subjects who had 
polyarticular arthritis at time of diagnosis. All samples 
had no prior steroid injections and were on nonsteroidal 
anti-inflammatory drugs (NSAIDs) or no medications at 
time synovial fluid was obtained.

Cell culture
Synovial fluid was spun at 500 rpm for 5 minutes and cell 
pellets were plated in T-25 culture flasks with 15% fetal 
bovine serum/Dulbecco’s modified Eagle’s medium. Ini-
tial primary cultures were passaged into T-75 flasks and, 
at confluence, passaged 3 more times, to ensure FLS are 
the predominant cell type in culture [22]. FLS from per-
sistent oligoarticular, extended-to-be oligoarticular, and 
polyarticular JIA were grown in medium containing 15% 
FBS. At sub-confluence, media was removed, and cells 
were incubated overnight in growth medium containing 
0.2% serum. The serum-starved cells were then seeded 
on 6-well plates for experiments. Cells were stimulated 
with either 100 μM methotrexate, 1000 ng/ml of recom-
binant human noggin protein (R&D Systems 6057-NG), 
1000 ng/ml of recombinant human chordin protein (R&D 
Systems 1808-NR), or normal media for 24 hours. After 
24 hours, cell media supernatants were obtained from 
each condition. Concentrations of methotrexate were 
determined based on previously published work in which 
FLS isolated from RA patients were treated with metho-
trexate [23, 24]. Concentrations of noggin and chordin 
were determined by our previously published work [16, 
25].

Enzyme‑linked immunosorbent assay (ELISA)
Protein concentrations from cell culture supernatants 
were measured using Bradford assay. All ELISAs were 

performed according to manufacturer’s protocols for 
sample dilution and procedures. ELISA kits: collagen 
II (LifeSpan Biosciences, Inc. LS-F26824), collagen X 
(LifeSpan Biosciences, Inc. LS-F13131), aggrecan (Ray-
Biotech, Inc. ELH-ACAN), BMP4 (R&D Systems, Inc. 
DBP-400). A power analysis was performed, and the 
results are included as supplemental material (Supple-
mental Table  1). Three biological FLS replicates were 
used for each JIA subtype for a total of nine samples in 
each condition. Briefly, cell culture supernatant sam-
ples from persistent, ETB, and polyarticular we plated 
in triplicate. Optical density readings were converted 
to ng/ml using standard curves. Averages and stand-
ard deviations were calculated for each sample using 
Excel. Averages and standard deviations for each JIA 
subtypes were calculated using Excel. Protein con-
centration measurements were plotted after 24 h in 
culture, and t-tests were used to determine statistical 
differences between two groups. Specifically, stasticial 
comparisons were only performed between either two 
subtypes of JIA or two conditions for each JIA subtype. 
For detailed methods please refer to our previously 
published work [16, 25].

Results
FLS from JIA subtypes express chondrocyte markers 
and polyarticular FLS are most like hypertrophic 
chondrocytes as evidenced by increased collagen X 
expression
We have previously shown that FLS from the persistent 
oligoarthritis subtype have a chondrocyte-like pheno-
type when compared to normal FLS and these chon-
drocyte-like characteristics could contribute directly to 
bony overgrowth seen in affected joint [15, 16]. Given 
these findings, we examined expression of proteins that 
signify the stages of chondrocyte differentiation. Spe-
cifically, we measured expression of collagen II (Col2), 
a marker of early chondrocytes, aggrecan (Acan), a 
marker of mature chondrocytes, and collagen X (ColX), 
a marker of hypertrophic chondrocytes. Using ELISA, 
we determined protein expression secreted by FLS from 
the persistent, ETB, and polyarticular JIA FLS. Col2 
was significantly increased in polyarticular JIA FLS 
when compared to ETB JIA FLS (FC = 1.02; p = 0.032) 
(Fig.  2A). ColX was significantly increased in polyar-
ticular JIA FLS when compared to both persistent JIA 
FLS (FC = 1.50; p = 0.031) and ETB JIA FLS (FC = 1.37; 
p = 0.042) (Fig. 2A). Polyarticular JIA FLS are most like 
hypertrophic chondrocytes compared to persistent and 
ETB JIA FLS suggesting that cells from the most severe 
disease course are highly transformed phenotypically.
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DMARD methotrexate is effective at lowering BMP4 
protein levels in FLS across JIA subtypes
Given that BMP4 can drive EBF in hypertrophic chon-
drocytes [26] and that JIA FLS have a hypertrophic 
chondrocyte-like phenotype, we measured total BMP4 

protein, using ELISA, in persistent, ETB, and polyar-
ticular JIA FLS treated with methotrexate. Methotrexate 
treated cells had significantly less BMP4 protein com-
pared to untreated cells (Fig. 2B). Specifically, in persis-
tent JIA FLS, BMP4 protein expression decreased by 

Fig. 2  Chondrocyte marker expression in persistent, ETB, and polyarticular samples and methotrexate treatment on FLS from persistent, 
ETB, and polyarticular. Col2 was significantly increased in polyarticular JIA FLS when compared to ETB JIA FLS (FC = 1.02; p = 0.032) (A). ColX 
was significantly increased in polyarticular JIA FLS when compared to both persistent JIA FLS (FC = 1.50; p = 0.031) and ETB JIA FLS (FC = 1.37; 
p = 0.042) (A). In persistent JIA FLS, BMP4 protein expression decreased by − 1.20-fold in treated cells compared to untreated cells (p = 0.018) (B). 
BMP4 decreased by − 1.20-fold in ETB JIA FLS treated cells compared to untreated cells (p = 0.020) (B). Lastly, in the polyarticular JIA FLS, cells treated 
with methotrexate had a − 1.24-fold decrease in total BMP4 protein compared to untreated cells (p = 0.010) (B)
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− 1.20-fold in treated cells compared to untreated cells 
(p = 0.018). BMP4 decreased by − 1.20-fold in ETB JIA 
FLS treated cells compared to untreated cells (p = 0.020). 
Lastly, in the polyarticular JIA FLS, cells treated with 
methotrexate had a − 1.24-fold decrease in total BMP4 
protein compared to untreated cells (p = 0.010). Metho-
trexate inhibits BMP4 expression in JIA FLS.

DMARD methotrexate is effective at abrogating 
the hypertrophic chondrocyte‑like phenotype observed 
in FLS across JIA subtypes
Since methotrexate significantly reduced BMP4 expres-
sion in FLS from all three JIA subtypes, we examined 
its effect on chondrocyte markers using ELISA. Spe-
cifically, we measured the concentration of Col2, Acan, 
and ColX in FLS from each subtype. While there were 
no significant differences in Col2 or Acan expression 
in methotrexate treated cells from any of the subtypes, 
methotrexate did significantly lower expression of ColX, 
the hypertrophic chondrocyte marker, in FLS from per-
sistent, ETB, and polyarticular samples when compared 
to respective untreated cells (Fig.  3A). In persistent JIA 
FLS, there was a − 1.97-fold decrease in ColX expression 
in cells treated with methotrexate compared to untreated 
(p = 0.002). Methotrexate reduced ColX expression in 
ETB JIA FLS by − 2.03-fold when compared to untreated 
cells (p = 0.020). Lastly, in polyarticular JIA FLS, cells 
treated with methotrexate had decreased expression 
of ColX by − 3.63-fold compared to untreated cells 
(p = 0.001).

BMP4 ligand inhibitors noggin and chordin effectively 
reverse the hypertrophic chondrocyte‑like phenotype 
in FLS from each JIA subtype
To demonstrate that the inhibition of BMP4 is necessary 
to cause JIA FLS to dedifferentiate away from a hyper-
trophic chondrocyte-like phenotype, using ELISA, we 
measured chondrocyte marker expression in JIA FLS 
treated with either noggin or chordin, two prominent 
BMP4 inhibitors that act by binding directly to BMP4 
ligand. In persistent JIA FLS, Col2 (FC = 1.34; p < 0.000) 
and Acan (FC = 1.09; p = 0.036) protein concentration 
was significantly increased in cells treated with noggin 
compared to untreated cells (Fig.  3B). ColX (FC = -1.58; 
p = 0.006) protein expression was significantly decreased 
in cells treated with noggin compared to untreated 
cells (Fig.  3B). Similarly, in persistent JIA FLS, Col2 
(FC = 1.32; p < 0.000) was significantly elevated in cells 
treated with chordin compared to untreated cells while 
ColX (FC = -1.45; p = 0.006) protein levels significantly 
decreased in cells treated with chordin compared to 
untreated cells (Fig. 3C).

In ETB JIA FLS, Col2 (FC = 1.30; p < 0.000) and Acan 
(FC = 1.18; p = 0.009) protein concentration signifi-
cantly increased in cells treated with noggin compared 
to untreated cells (Fig.  3B). ColX (FC = -1.56; p < 0.000) 
protein expression was significantly decreased in cells 
treated with noggin compared to untreated cells. Simi-
larly, in ETB JIA FLS, Col2 (FC = 1.34; p = 0.004) was 
significantly elevated in cells treated with chordin com-
pared to untreated cells while ColX (FC = -1.38 p = 0.013) 
protein levels significantly decreased in cells treated with 
chordin compared to untreated cells (Fig. 3C).

In polyarticular JIA FLS, Col2 (FC = 1.27; p < 0.000) 
protein concentration significantly increased in cells 
treated with noggin compared to untreated cells (Fig. 3B). 
ColX (FC = -2.16; p = 0.005) protein expression was sig-
nificantly decreased in cells treated with noggin com-
pared to untreated cells. Similarly, in polyarticular FLS, 
Col2 (FC = 1.30; p = 0.000) was significantly elevated in 
cells treated with chordin compared to untreated cells 
while ColX (FC = -2.14 p = 0.006) protein levels signifi-
cantly decreased in cells treated with chordin compared 
to untreated cells (Fig. 3C). Regardless of subtype, BMP4 
ligand inhibitors, noggin and chordin, effectively cause 
JIA FLS to dedifferentiate away from a hypertrophic 
chondrocyte-like phenotype as noted by decreased 
expression of ColX and increased expression of Col2.

Discussion
In this study, we show that methotrexate simulates the 
processes of well-characterized BMP4 inhibitors and 
that inhibition of BMP4 by methotrexate can reverse the 
hypertrophic chondrocyte-like phenotype of JIA FLS. 
Previously, we have shown that FLS from the persistent 
oligoarthritis disease course overexpress BMP4 and have 
a chondrocyte-like phenotype [15, 16, 25] when com-
pared to normal FLS; therefore, we investigated the chon-
drocyte-like phenotype in three different JIA subtypes: 
persistent, ETB, and polyarticular. As disease course 
progresses, FLS express more collagen X. We hypoth-
esize that JIA FLS are capable of contributing directly to 
bony overgrowth seen in affected joints of patients with 
JIA and that this occurs through endochondral bone for-
mation, a process in which hypertrophic chondrocytes 
undergo apoptosis and provide the scaffolding for new 
bone to invade [27]. To our knowledge, this is the first 
study to isolate FLS from different JIA subtypes and pro-
pose a possible mechanism through which methotrexate 
can inhibit BMP4 protein expression.

While methotrexate has been used as a first-line ther-
apy in the treatment of both Rheumatoid Arthritis (RA) 
and JIA since the late 1980s, little is known about the 
mechanisms through which this medication works in 
the treatment of these diseases. Recently, studies have 
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shown that methotrexate suppresses JAK/STAT signal-
ing, and prevents phosphorylation of STAT proteins, 
proposing a possible mechanism for how methotrexate 
reduces inflammation in RA and JIA [28]. Furthermore, 
STAT3, a member of the JAK/STAT pathway has been 
well characterized as having a critical role in bone home-
ostasis [29, 30]. In this study, we show that methotrexate 
can effectively decrease BMP4, a member of the TGFβ 
superfamily, protein expression in FLS from persistent, 
ETB, and polyarticular JIA. Elliot et al. measured BMP4 
gene expression levels on human bone cells treated 

with methotrexate using RT-PCR. Human bone cells 
treated with methotrexate after mechanical stimulation 
had significantly reduced mRNA expression of BMP4 
after 24 hours [31]. This is the first study to examine the 
effect of methotrexate on FLS from patients with JIA. We 
showed that hypertrophic chondrocyte marker, ColX was 
also significantly reduced in FLS from persistent, ETB, 
and polyarticular JIA when treated with methotrexate.

To strengthen the evidence that methotrexate acts 
as a BMP4 inhibitor, we demonstrated the tradi-
tional mechanisms of BMP4 antagonists and their 

Fig. 3  Chondrocyte marker expression after treatment with methotrexate and BMP4 inhibitors. In persistent JIA FLS, there was a − 1.97-fold 
decrease in ColX expression in cells treated with methotrexate compared to untreated (p = 0.002) (A). Methotrexate reduced ColX expression in ETB 
JIA FLS by − 2.03-fold when compared to untreated cells (p = 0.020) (A). In polyarticular JIA FLS, cells treated with methotrexate had decreased 
expression of ColX by − 3.63-fold compared to untreated cells (A). In persistent JIA FLS, Col2 (FC = 1.34; p < 0.000) and Acan (FC = 1.09; p = 0.036) 
protein concentration significantly increased in cells treated with noggin compared to untreated cells (B). ColX (FC = -1.58; p = 0.006) protein 
expression was significantly decreased in cells treated with noggin compared to untreated cells (B). In ETB JIA FLS, Col2 (FC = 1.30; p < 0.000) 
and Acan (FC = 1.18; p = 0.009) protein expression was significantly increased in cells treated with noggin compared to untreated cells (B). ColX 
(FC = -1.56; p < 0.000) protein concentration significantly decreased in cells treated with noggin compared to untreated cells (B). In polyarticular 
JIA FLS, Col2 (FC = 1.27; p < 0.000) protein concentration significantly increased in cells treated with noggin compared to untreated cells. ColX 
(FC = -2.16; p = 0.005) protein expression was significantly decreased in cells treated with noggin compared to untreated cells (B). In persistent JIA 
FLS, Col2 (FC = 1.32; p < 0.000) was significantly elevated in cells treated with chordin compared to untreated cells while ColX (FC = -1.45; p = 0.006) 
protein levels significantly decreased in cells treated with chordin compared to untreated cells (C). In ETB JIA FLS, Col2 (FC = 1.34; p = 0.004) 
was significantly elevated in cells treated with chordin compared to untreated cells while ColX (FC = -1.38 p = 0.013) protein levels significantly 
decreased in cells treated with chordin compared to untreated cells (C). In ETB JIA FLS, Col2 (FC = 1.30; p = 0.004) was significantly elevated in cells 
treated with chordin compared to untreated cells while ColX (FC = -2.14 p = 0.006) protein levels significantly decreased in cells treated with chordin 
compared to untreated cells (C)
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effectiveness at lowering BMP4 expression in JIA FLS 
and reverting JIA FLS away from a hypertrophic chon-
drocyte-like phenotype. BMP4 is effectively inhibited 
by either noggin or chordin and lower BMP4 levels pre-
vent JIA FLS from expressing ColX.

Conclusion
Data from this study suggests that methotrexate, when 
administered to JIA FLS in culture, can mimic the 
behavior of a BMP4 inhibitor and consequently pre-
clude these cells from contributing to joint growth dis-
turbances associated with JIA. Our data also suggests 
that targeting BMP4 inhibition can cause FLS from 
persistent, ETB, and polyarticular JIA to dedifferenti-
ate away from a hypertrophic chondrocyte-like phe-
notype. While we established a relationship between 
methotrexate and BMP4, we recognize that this study 
has limitations. The FLS were isolated from synovial 
fluid from patients with JIA and were subject to culture 
conditions; however, we tried to limit this by serum 
starving cells prior to administration of inhibitors or 
methotrexate. Although we examined cells isolated in a 
cell culture environment, we believe this data reveals a 
possible novel mechanism through which methotrexate 
can inhibit BMP4, a key signaling protein that is needed 
for endochondral bone formation.

Abbreviations
JIA	� Juvenile idiopathic arthritis
FLS	� Fibroblast-like synoviocytes
BMP4	� Bone morphogenetic protein 4
EBF	� Endochondral bone formation
ETB	� Extended-to-be
Col2	� Collagen II
ColX	� Collagen X
Acan	� Aggrecan

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12969-​023-​00940-6.

Additional file 1: Table S1. Power analysis on ELISA data to determine 
sample number. Power of 0.80 with a 0.05% error rate is reached based 
on sample number presented under each column for each JIA subtype 
where n = number of samples needed to reach power for a particular 
treatment.

Acknowledgements
Not applicable.

Authors’ contributions
MS conducted cell culture experiments and ELISAs, performed data analysis 
for all presented data, and contributed to writing of manuscript. SF conducted 
cell culture experiments and performed data analysis for presented data. AB is 
senior author and is principal investigator of this laboratory. She contributed 
to data analysis, experimental discussions and writing of this manuscript.

Funding
This work was supported by the Nancy Taylor Foundation for Chronic Diseases 
[3205042008]. There was no financial support from commercial sources and 
no financial interests that may cause a conflict of interest with the authors.

Availability of data and materials
All data pertaining to the manuscript is discussed within manuscript; however, 
we can make data available upon request.

Declarations

Ethics approval and consent to participate
Synovial fluid and synovial tissue samples were obtained from our Institutional 
Review Board-approved repository (IRB#84709–32). Patients who underwent 
clinically indicated arthrocentesis were offered inclusion into the repository 
and informed consent was obtained.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Received: 31 July 2023   Accepted: 8 December 2023

References
	1.	 Petty RE, Southwood TR, Baum J, Bhettay E, Glass DN, Manners P, et al. 

Revision of the proposed classification criteria for juvenile idiopathic 
arthritis: Durban, 1997. J Rheumatol. 1998;25(10):1991–4.

	2.	 Petty RE, Southwood TR, Manners P, Baum J, Glass DN, Goldenberg J, et al. 
International league of associations for rheumatology classification of 
juvenile idiopathic arthritis: second revision, Edmonton, 2001. J Rheuma-
tol. 2004;31(2):390–2.

	3.	 Al-Matar MJ, Petty RE, Tucker LB, Malleson PN, Schroeder ML, Cabral DA. 
The early pattern of joint involvement predicts disease progression in 
children with oligoarticular (pauciarticular) juvenile rheumatoid arthritis. 
Arthritis Rheum. 2002;46(10):2708–15.

	4.	 Calabro JJ, Katz RM, Maltz BA. A critical reappraisal of juvenile rheumatoid 
arthritis. Clin Orthop Relat Res. 1971;74:101–19.

	5.	 Fantini F, Gerloni V, Gattinara M, Cimaz R, Arnoldi C, Lupi E. Remission in 
juvenile chronic arthritis: a cohort study of 683 consecutive cases with a 
mean 10 year followup. J Rheumatol. 2003;30(3):579–84.

	6.	 Fink CW. The clinical features, course, prognosis and treatment of juvenile 
arthritis. Recenti Prog Med. 1991;82(10):552–60.

	7.	 Flato B, Lien G, Smerdel A, Vinje O, Dale K, Johnston V, et al. Prog-
nostic factors in juvenile rheumatoid arthritis: a case-control study 
revealing early predictors and outcome after 14.9 years. J Rheumatol. 
2003;30(2):386–93.

	8.	 Guillaume S, Prieur AM, Coste J, Job-Deslandre C. Long-term outcome 
and prognosis in oligoarticular-onset juvenile idiopathic arthritis. Arthritis 
Rheum. 2000;43(8):1858–65.

	9.	 Arkela-Kautiainen M, Haapasaari J, Kautiainen H, Vilkkumaa I, Malkia 
E, Leirisalo-Repo M. Favourable social functioning and health related 
quality of life of patients with JIA in early adulthood. Ann Rheum Dis. 
2005;64(6):875–80.

	10.	 Packham JC, Hall MA. Long-term follow-up of 246 adults with juve-
nile idiopathic arthritis: functional outcome. Rheumatology (Oxford). 
2002;41(12):1428–35.

	11.	 Vostrejs M, Hollister JR. Muscle atrophy and leg length discrepan-
cies in pauciarticular juvenile rheumatoid arthritis. Am J Dis Child. 
1988;142(3):343–5.

	12.	 Simon S, Whiffen J, Shapiro F. Leg-length discrepancies in monoarticular 
and pauciarticular juvenile rheumatoid arthritis. J Bone Joint Surg Am. 
1981;63(2):209–15.

https://doi.org/10.1186/s12969-023-00940-6
https://doi.org/10.1186/s12969-023-00940-6


Page 8 of 8Simonds et al. Pediatric Rheumatology            (2024) 22:6 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	13.	 Sherry DD, Stein LD, Reed AM, Schanberg LE, Kredich DW. Prevention 
of leg length discrepancy in young children with pauciarticular juvenile 
rheumatoid arthritis by treatment with intraarticular steroids. Arthritis 
Rheum. 1999;42(11):2330–4.

	14.	 Grillet B, Dequeker J. Intra-articular steroid injection a risk-benefit assess-
ment. Drug Saf. 1990;5(3):205–11.

	15.	 Brescia AC, Simonds MM, McCahan SM, Fawcett PT, Rose CD. The role 
of transforming growth factor β signaling in fibroblast-like synoviocytes 
from patients with oligoarticular juvenile idiopathic arthritis: dysregula-
tion of transforming growth factor β signaling, including overexpression 
of bone morphogenetic protein 4, may lead to a chondrocyte phenotype 
and may contribute to bony hypertrophy. Arthritis Rheumatol (Hoboken, 
NJ). 2014;66(5):1352–62.

	16.	 Simonds MM, Schlefman AR, McCahan SM, Sullivan KE, Rose CD, Brescia 
AC. The culture microenvironment of juvenile idiopathic arthritis synovial 
fibroblasts is favorable for endochondral bone formation through BMP4 
and repressed by chondrocytes. Pediatr Rheumatol. 2021;19(1):72.

	17.	 Tsumaki N, Yoshikawa H. The role of bone morphogenetic proteins 
in endochondral bone formation. Cytokine Growth Factor Rev. 
2005;16(3):279–85.

	18.	 Zhang D, Ferguson CM, O’Keefe RJ, Puzas JE, Rosier RN, Reynolds PR. A 
role for the BMP antagonist chordin in endochondral ossification. J Bone 
Miner Res. 2002;17(2):293–300.

	19.	 Zehentner BK, Haussmann A, Burtscher H. The bone morphogenetic 
protein antagonist noggin is regulated by Sox9 during endochondral 
differentiation. Develop Growth Differ. 2002;44(1):1–9.

	20.	 Halle F, Prieur AM. Evaluation of methotrexate in the treatment of 
juvenile chronic arthritis according to the subtype. Clin Exp Rheumatol. 
1991;9(3):297–302.

	21.	 Klippel JH, Decker JL. Methotrexate in rheumatoid arthritis. N Engl J Med. 
1985;312(13):853–4.

	22.	 Stebulis JA, Rossetti RG, Atez FJ, Zurier RB. Fibroblast-like synovial cells 
derived from synovial fluid. J Rheumatol. 2005;32(2):301–6.

	23.	 Revu S, Neregård P, af Klint E, Korotkova M, Catrina AI. Synovial membrane 
immunohistology in early-untreated rheumatoid arthritis reveals high 
expression of catabolic bone markers that is modulated by methotrexate. 
Arthritis Res Ther. 2013;15(6):R205.

	24.	 Bergström B, Carlsten H, Ekwall AH. Methotrexate inhibits effects of 
platelet-derived growth factor and interleukin-1β on rheumatoid arthritis 
fibroblast-like synoviocytes. Arthritis Res Ther. 2018;20(1):49.

	25.	 Simonds MM, Schlefman AR, McCahan SM, Sullivan KE, Rose CD, Brescia 
AC. Juvenile idiopathic arthritis fibroblast-like synoviocytes influence 
chondrocytes to alter BMP antagonist expression demonstrating an inter-
action between the two prominent cell types involved in endochondral 
bone formation. Pediatr Rheumatol Online J. 2020;18(1):89.

	26.	 Retting KN, Song B, Yoon BS, Lyons KM. BMP canonical Smad signaling 
through Smad1 and Smad5 is required for endochondral bone formation. 
Development. 2009;136(7):1093–104.

	27.	 Mackie EJ, Ahmed YA, Tatarczuch L, Chen KS, Mirams M. Endochondral 
ossification: how cartilage is converted into bone in the developing 
skeleton. Int J Biochem Cell Biol. 2008;40(1):46–62.

	28.	 Thomas S, Fisher KH, Snowden JA, Danson SJ, Brown S, Zeidler MP. Meth-
otrexate is a JAK/STAT pathway inhibitor. PLoS One. 2015;10(7):e0130078.

	29.	 Yang Y, Chung MR, Zhou S, Gong X, Xu H, Hong Y, et al. STAT3 controls 
osteoclast differentiation and bone homeostasis by regulating NFATc1 
transcription. J Biol Chem. 2019;294(42):15395–407.

	30.	 Zhou S, Dai Q, Huang X, Jin A, Yang Y, Gong X, et al. STAT3 is critical for 
skeletal development and bone homeostasis by regulating osteogenesis. 
Nat Commun. 2021;12(1):6891.

	31.	 Elliot KJ, Millward-Sadler SJ, Wright MO, Robb JE, Wallace WH, Salter DM. 
Effects of methotrexate on human bone cell responses to mechanical 
stimulation. Rheumatology (Oxford). 2004;43(10):1226–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Methotrexate inhibits BMP4 and abrogates the hypertrophic chondrocyte phenotype of synovial fibroblasts in juvenile idiopathic arthritis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Selection of samples
	Cell culture
	Enzyme-linked immunosorbent assay (ELISA)

	Results
	FLS from JIA subtypes express chondrocyte markers and polyarticular FLS are most like hypertrophic chondrocytes as evidenced by increased collagen X expression
	DMARD methotrexate is effective at lowering BMP4 protein levels in FLS across JIA subtypes
	DMARD methotrexate is effective at abrogating the hypertrophic chondrocyte-like phenotype observed in FLS across JIA subtypes
	BMP4 ligand inhibitors noggin and chordin effectively reverse the hypertrophic chondrocyte-like phenotype in FLS from each JIA subtype

	Discussion
	Conclusion
	Anchor 19
	Acknowledgements
	References


