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Abstract

Methotrexate (MTX) remains a cornerstone in the management of rheumatoid arthritis (RA). Extensive
basic pharmacological research has consistently demonstrated the efficacy of MTX in treating RA,
while there is still insufficient understanding about the potential mechanisms. In this review, current
knowledge on the mechanisms by which MTX acts in bone erosion and synovitis is summarized, and
MTX-based combination therapies are discussed. Additionally, the bone-protective and anti-inflam-
matory roles of adenosine receptors are described, and biomarkers associated with MTX responders
in RA are explored. This review sheds new light on future research directions for RA, as well as offers
evidence-based recommendations to enhance the clinical utilization of MTX in RA treatment.
Keywords: Adenosine receptors; methotrexate; osteoporosis; rheumatoid arthritis; rheumatoid
synovitis

Introduction
Rheumatoid arthritis (RA) is an autoimmune disease characterized by synovitis and bone erosion, which
may lead to irreversible disability and impose a significant financial burden on patients.

The treatment goal for RA is to achieve disease remission or, at least, low disease activity for patients
as quickly as possible, preventing disability, joint damage, and improving quality of life.* The treatment
approaches for RA generally include disease-modifying anti-rheumatic drugs (DMARDs), non-steroidal anti-
inflammatory drugs, and glucocorticoids.® Notably, methotrexate (MTX) as the first conventional DMARD
holds a prominent position as a widely employed therapeutic agent in RA treatment due to its remarkable
efficacy and cost-effectiveness.* Methotrexate therapy is correlated with a lower incidence of large joint
replacement compared to treatment solely with biologic agents, suggesting its bone-protective charac-
teristics in the management of RA® Although MTX monotherapy serves as an effective initial treatment
strategy, only approximately 30% of patients with RA manage to achieve remission or low disease activity
through this monotherapy approach.® Notably, 1 study demonstrated that MTX achieved an evident clini-
cal response by 12 weeks in RA treatment.” Thus, a significant number of patients necessitate MTX-based
combination therapy in order to achieve this objective.

Mechanistically, MTX acts as a folate antagonist with anti-proliferative effects by reducing immune cell
infiltration within the inflamed synovium in RA# In addition, MTX exerts an anti-inflammatory role by pro-
moting the release of adenosine, subsequently facilitating its binding to adenosine receptors (ARs) named
ATR, A2aR, A2bR, and A3R, which have potential therapeutic implications of RA°

Consequently, comprehensive exploration of the underlying mechanisms responsible for the therapeutic
efficacy of MTX in RA is warranted. This review offers a summary of the anti-inflammatory and bone-protec-
tive roles of MTX in the treatment of RA and describes MTX-based therapies of RA.

Pathogenesis of Rheumatoid Arthritis

Mechanism of Methotrexate Reducing Synovitis in Rheumatoid Arthritis

RA is characterized by synovitis and bone erosion.! Extensive previous studies have substantiated the
involvement of various immune cells in the pathogenesis of RA, including T cells, B cells, and monocytes/
macrophages.’® Methotrexate functions as a folate antagonist and may modulate the infiltration of these
immune cells in the synovium of RA."
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Effects of Methotrexate on T Cells

RA is characterized by the abnormal activa-
tion of T helper (Th) cells, specifically imbal-
ance between Th1 and Th2 cells, or Th17 and
regulatory T (Treg) cell subsets.” Previous
investigations have demonstrated that MTX
can downregulate the ratio of Th1/Th2 cells
by reducing the expression of the IL-12R and
CXCR3 receptors.”> Additionally, MTX has been
shown to increase the population of Treg cells
and induce a transition from Th1 to Th2 cells
in RA rat models. Clinical studies have further
supported that MTX ameliorates RA activity by
normalizing the ratio of Th17 and Treg cells.'
This piece of evidence demonstrates that MTX
may suppress RA activity through restoring the
balance between pro-inflammatory and anti-
inflammatory T cell subsets.

Effects of Methotrexate on B Cells

Rheumatoid factor (RF) and anti-cyclic citrul-
linated peptide antibody (ACPA) are auto-
antibodies characteristically found in RA."
Methotrexate has been reported to effectively
suppress memory B cell function and augment
the numbers of regulatory B cells in treatment
of RA."1® Methotrexate decreased ACPA titers
in early RA'7 In the CIA model, MTX treat-
ment significantly reduced the severity of CIA
by decreasing frequency of B cells.”® These
findings underscore that MTX exerts its anti-
inflammatory effects through the suppression
of B cell proliferation and differentiation, as well
as the inhibition of pro-inflammatory cytokine
secretion.

Methotrexate (MTX) achieves a notable
clinical response after 3 months in treat-
ing rheumatoid arthritis (RA), and it
holds a fundamental and central role in
the management of RA.

» The objective of RA treatment is to
achieve disease remission as soon as pos-
sible, indicating that MTX-based combi-
nation therapy is an essential approach
for RA patients. However, the mecha-
nism of MTX in the treatment of initial RA
remains incompletely understood.

Numerous RA patients may discontinue
MTX treatment due to intolerance or
the occurrence of unavoidable adverse
effects. Research exploring potential bio-
markers for MTX response assists doctors
in more accurately assessing patients’
treatment responses and tolerability, so
that treatment plans can be adjusted
promptly.

Effects of Methotrexate on Monocytes/
Macrophages

Monocytes/macrophages have been shown
to play an important role in the pathogenesis
of RA” Methotrexate can induce apoptosis
of monocytic cell line in a time-dependent
manner and upregulation of Il-1 and IL-6 in a
dose-dependent manner.?’ In the CIA model,
MTX drives macrophage polarization toward
an anti-inflammatory M2 phenotype through
epigenetic and metabolic reprogramming.?!
Clinical studies reported that MTX treatment
decreased TNF-a levels in newly diagnosed
untreated RA patients.”? These findings sug-
gest that MTX suppresses pro-inflammatory
cytokine production and promotes a shift from
pro-inflammatory M1 to anti-inflammatory M2
macrophages in the treatment of RA.

Mechanism of Methotrexate Ameliorating Bone
Erosion in Rheumatoid Arthritis

Bone erosion is a characteristic feature of
patients with RA, driven by inflammatory cells
infiltrating the synovium. Macrophages stimu-
lated by receptor activator of nuclear factor kB
ligand (RANKL) can differentiate into mature
osteoclasts, which are responsible for bone
resorption.?® Conversely, decoy receptor osteo-
protegerin can reduce bone resorption.*

The mechanisms underlying how MTX pre-
vents bone erosion in RA remain incompletely
understood. Haynes et al* demonstrated that
patients who received MTX for 6 months exhib-
ited a higher OPG/RANKL ratio, which indicated
a reduction in the risk of bone destruction.
Moreover, clinical studies reported that MTX
treatment was associated with reduced
RANKL levels and inhibited bone injury in RA
patients.”® Mechanically, MTX significantly
suppresses osteoclast formation by reducing
RANKL-induced calcium influx, as well as the
expression of NFATc1 and DC-STAMP, which are
crucial for osteoclast differentiation.?’
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Mechanism of Methotrexate Via Adenosine
Receptor Signaling in Rheumatoid Arthritis

MTX leads to an increased release of adenos-
ine into the extracellular space, which sub-
sequently regulates the function of immune
cells by interacting with ARs expressed on
neutrophils, macrophages, and T cells.® A pre-
vious study confirmed that MTX exerted its
anti-inflammatory role by inducing adenosine
release? Subsequently, it was demonstrated
that AR antagonists, theophylline and caffeine
significantly reversed the anti-inflammatory
effects of MTX in rat adjuvant arthritis model
of RA*® which suggests adenosine extracellu-
lar accumulation of MTX played a key role in
treating RA.

As shown in Figure 1, accumulating evidence
indicates that adenosine is a potent regulator
interacting with 4 AR subtypes, including AR,
A2aR, A2bR, and A3R>" ATR and A2aR are classi-
fied as high-affinity receptors, and are activated
by physiological concentrations of extracellu-
lar adenosine, while A2bR and A3R activation
generally require higher levels of adenosine.®

A1 receptor signaling mechanisms in cells of
the immune system are not well-known. A1R
can enhance chemotactic ability*? On the
other side, A1R stimulation promoted multi-
nucleated giant cell formation by decreasing
ubiquitination and degradation of TRAF6.3

In a in vivo model of inflammation, MTX sig-
nificantly increases adenosine release, result-
ing in a marked reduction in inflammation,
which can be completely reversed by A2aR
antagonists** A2aR signaling can switch
macrophages from an M1 phenotype to an
M2-like phenotype, leading to an increase in
the expression of the anti-inflammatory cyto-
kine IL-10 and a decrease in the expression of
IL-12 and TNF* Blockade of A2aR significantly
reduces Treg cells and enhances the response

a. Switch M1
macrophages to M2

a. Enhance
neutrophil migration
b. Promote macrophages
multinucleated giant b. inhibits osteoclast
cells differentiation

c. Increase Treg cells

CD8+ T cells

d. Reduce response of

a. Promote a. Enhance

bone resorption
b. Stimulate Th17
cell differentiation

navigation of
macrophages
b. Reduce

y
cytokines(TNF-a, IL-6)

Figure 1. Schematic representation of the effects caused by 4 adenosine receptors activated by

adenosine.
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of CD8" T cells.®* In A2a-deficient mice, MTX
failed to inhibit inflammation.*” In addition,
inflammatory cytokines such as TNFa can
induce matrix metalloproteinase 3 (MMP3)
production, which contributes to joint destruc-
tion in RA. Methotrexate treatment reduces
TNFa-induced MMP-3  production in fibro-
blast-like synoviocytes via the A2aR signaling
pathway.*® Moreover, A2aR activation inhibits
osteoclast differentiation. Adenosine released
by MTX activates A2aR signaling, which also
inhibit osteoclast formation in a mouse model
of osteolysis caused by wear particles,* and it
can suppress RANKL-driven osteoclastogen-
esis®® In the hypoxic microenvironments of
RA, inhibition of A2bR prevents pathological
bone resorption.* A2bR activation can stimu-
late T cells to differentiate into Th17 cells to
enhance pro-inflammatory effects** A3R is
over-expressed in inflammatory cells and RA
patients.* Moreover, targeting A3aR was iden-
tified as a novel anti-inflammatory strategy to
inhibit inflammation in RA.*

Methotrexate exerts its anti-inflammatory and
bone-protective roles by promoting adenosine
release into the extracellular space in patients
with RA; this process may be influenced by
interactions with ARs (shown in Figure 2). The
adenosine pathway, particularly through A2aR
activation, serves as the central mechanism
underlying MTX's therapeutic efficacy in RA,
mediating both immunomodulation and joint
protection. These findings not only explain
MTX's clinical benefits but also reveal mul-
tiple opportunities for treatment optimization
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through receptor-targeted strategies. Future
research should focus on translating these
mechanistic insights into personalized thera-
peutic approaches, potentially revolutioniz-
ing RA management by combining MTX with
selective AR modulators.

Methotrexate Monotherapy and
Methotrexate-Based Combinations in
the Treatment of Rheumatoid Arthritis

Methotrexate Monotherapy

Given its established efficacy and favorable
safety profile, MTX should be considered an
anchor drug in the initial treatment regimen for
RA? According to the 2021 American College
of Rheumatology Guidelines, MTX monother-
apy is recommended as first-line treatment
over monotherapy with biologic or targeted
synthetic DMARDs for DMARD-naive patients
with moderate-to-high disease activity.* Low-
certainty evidence indicates the potential
superiority of tocilizumab monotherapy over
methotrexate monotherapy, while moderate-
certainty evidence supports the superior
efficacy of Janus Kinase (JAK) inhibitor mono-
therapy compared to MTX monotherapy.*
Additionally, the recommendations specify
that patients should maintain remission for at
least 6 months before tapering MTX#

A study conducted by Hetland et al*’ has dem-
onstrated that the therapeutic efficacy of MTX
monotherapy is comparable to MTX-based
combination therapy (administered concur-
rently with certolizumab pegol, abatacept,

Inhibit
bone erosion

Treat RA

Inhibit
inflammation

IL-12, TNF-a,
IL-104

Figure 2. The adenosine signaling pathway of methotrexate (MTX) in treating rheumatoid
arthritis (RA). Methotrexate is absorbed into cells via reduced folate carrier 1. Methotrexate inhibits
the key enzyme 5-aminoimidazole-4-carboxamide ribonucleotide transformylase to increase the
accumulation of 5-aminoimidazole-4-carboxamide ribonucleotide, which transports adenosine
out of the cell by equilibrative nucleoside transporter. The generated adenosine could activate
the adenosine receptor. Consequently, M1 macrophages switch to M2 macrophages, and
inflammatory cytokine expression is reduced. Moreover, A2aR activation inhibits osteoclast
formation. Thereby, MTX plays a role in bone protection and anti-inflammatory effects in treating

RA.

or tocilizumab). On the contrary, Taylor et al*
discovered that the use of MTX combined
with baricitinib in the treatment of moder-
ate to severe active RA has been shown to be
superior to MTX monotherapy in terms of pain
relief, duration of pain-free periods, and overall
improvements in physical health. The 2 stud-
ies address distinct clinical scenarios: Hetland
informs initial therapy in early RA, while Taylor
guides treatment escalation in moderate to
severe active RA. Methotrexate monotherapy
is considered superior to combination therapy
in mild-moderate RA*

Methotrexate-Based Combinations

Given that the intricate pathophysiology of
RA, clinical therapy involving first-line drug
MTX does not always fulfill the therapeutic
demands; thus, the use of MTX in combination
with other drugs is recommended.

For patients with active RA who have had no
or limited prior treatment with DMARDs, the
study verified that administration of barici-
tinib in combination with MTX showed greater
cumulative pain relief, reduced overall pain,
and mild pain compared to monotherapy with
MTX.#8 Furthermore, 30%-39% of these patients
had received concomitant corticosteroids,
which reflects the significance of corticoste-
roids in the treatment of early RA. For patients
with active RA who are biologic-naive and
ACPA-positive, treatment with abatacept and
MTX has demonstrated remarkable efficacy
in improving clinical symptoms and inhibiting
the progression of structural damage com-
pared with treating MTX alone** In addition,
Verschueren et al*® conducted an investigator-
initiated, randomized, open-label, superior-
ity trial in RA patients. The pragmatic clinical
trial had a 2-year intervention period with a
1-year follow-up, enrolling over 300 diagnosed
RA patients. The study found that combining
MTX with either leflunomide or sulfasalazine
showed no clinical advantage over MTX plus
glucocorticoids, regardless of patients’ risk
stratification. Until now, the short-term use
of MTX combined with glucocorticoids is the
preferable strategy for early RA patients in the
real word,”" while glucocorticoids may cause
osteoclast activation.*? Notably, the previous
study and other studies both demonstrate that
the MTX-glucocorticoid combination therapy
exerts protective effects against bone erosion
in RA by functionally downregulating osteo-
clast activity.”**

Collectively, MTX monotherapy remains the
cornerstone for mild-moderate RA due to
its balance of efficacy and safety, whereas
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MTX-based combinations emerge as critical
therapeutic strategies for managing high-risk
populations or refractory cases. Treatment
selection requires a multidimensional assess-
ment of disease characteristics and patient
factors, emphasizing the necessity for per-
sonalized approaches. Future research should
clarify biomarker-guided strategies.

Adverse Effects of Methotrexate

Side effects accompanied by the clinical use of
MTX in treating RA may hinder patients from
continuing their treatment® Long-term use
of MTX frequently results in gastrointestinal,
liver, lung, and renal toxicity complications.
Besides, MTX can inhibit hematopoietic stem
cell proliferation and differentiation, leading
to bone marrow suppression manifested as
anemia, leukopenia, and thrombocytopenia.*®
Approximately 30% of RA patients discontinue
MTX therapy due to adverse effects.>” To pre-
vent toxicity, clinicians advise RA patients on
MTX therapy to maintain plasma levels under
0.01 pmol/L through frequent monitoring.*® In
addition, MTX exhibits well-documented tera-
togenicity, necessitating a minimum 3-month
pre-conception discontinuation period for
both male and female patients. Its use is
strictly contraindicated during pregnancy and
lactation.

These toxic effects can be attributed to MTX's
antifolate properties and anti-proliferative
effects. Current guidelines recommend an ini-
tial oral methotrexate dose of 7.5-20 mg weekly
for RA, requiring subsequent dose adjustment
according to clinical efficacy and tolerability.
Folic acid supplementation (avoided on MTX
dosing days) prevents most toxicities by com-
peting with MTX for cellular uptake transport-
ers. Thus, healthcare providers should closely
monitor and manage any side effects from
MTX treatment in patients.

Biomarkers for Assessing Methotrexate
Therapeutic Response of Rheumatoid
Arthritis

Although MTX is an effective and economi-
cal treatment option in clinical practice, many
patients may discontinue MTX treatment due
to intolerance or unavoidable side effects.
Thus, it is necessary to identify biomarkers that
predict MTX response to avoid delays in non-
responsive patients.

Metabolomics, the study of small-molecule
metabolites in biological systems, has emerged
as a valuable approach for identifying biomark-
ers predictive of MTX therapeutic response
in RA*® By analyzing metabolic profiles in

urine and serum, researchers have identi-
fied specific metabolites, such as nornicotine
and N-methylisoleucine, that differ between
MTX responders and non-responders.®® These
metabolic signatures offer a non-invasive
method to monitor treatment efficacy and
predict response early in the course of therapy.
Otherwise, compelling evidence indicates that
MTX treatment significantly reduces serum lev-
els of soluble CD14 (sCD14) in RA patients who
respond to the drug. This reduction correlates
with clinical improvements, such as decreased
disease activity scores.®'

Despite the potential of metabolomics and
sCD14, neither biomarker has undergone rig-
orous validation in large, multicenter trials.
Most studies to date are small-scale or explor-
atory, limiting the generalizability of findings.
Additionally, the specificity of these biomarkers
may be confounded by comorbidities, neces-
sitating testing in diverse patient populations.
Future research should prioritize: Multimodal
biomarker studies integrating metabolomics,
proteomics, and genomics to enhance predic-
tive accuracy. Real-world evidence generation
through pragmatic trials in underrepresented
populations. Mechanistic investigations to clar-
ify causal pathways and therapeutic targets.
Otherwise, future research should also focus
on elucidating the mechanisms of patients
who are intolerant to MTX.

Conclusion

This review comprehensively outlines the
diverse mechanisms of methotrexate treat-
ment in managing RA and the adverse effects
associated with its clinical use. Despite signifi-
cant progress in the understanding, the role of
MTX in RA warrants further investigation, and
only a few biomarkers for predicting metho-
trexate response have been reported. Thus,
future investigations should focus on elucidat-
ing the mechanisms underlying MTX-based
therapy, which may facilitate the discovery of
novel and more efficacious therapeutic agents.
Furthermore, identifying additional molecular
targets within this pathway could provide new
opportunities for RA management.
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