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Abstract

Methotrexate has been used in treatment of rheumatoid arthritis (RA) since the 1980s and to this 

day is often the first line medication for RA treatment. In this review, we examine multiple 

hypotheses to explain the mechanism of methotrexate efficacy in RA. These include folate 

antagonism, adenosine signaling, generation of reactive oxygen species (ROS), decrease in 

adhesion molecules, alteration of cytokine profiles, and polyamine inhibition amongst some 

others. Currently, adenosine signaling is probably the most widely accepted explanation for the 

methotrexate mechanism in RA given that methotrexate increases adenosine levels and on 

engagement of adenosine with its extracellular receptors an intracellular cascade is activated 

promoting an overall anti-inflammatory state. In addition to these hypotheses, we examine the 

mechanism of methotrexate in RA from the perspective of its adverse effects and consider some of 

the newer genetic markers of methotrexate efficacy and toxicity in RA. Lastly, we briefly discuss 

the mechanism of additive methotrexate in the setting of TNF-a inhibitor treatment of RA. 

Ultimately, finding a clear explanation for the pathway and mechanism leading to methotrexate 

efficacy in RA, there may be a way to formulate more potent therapies with fewer side effects.
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Introduction

Although there has been development of numerous new targeted therapies for rheumatoid 

arthritis (RA) in recent years, methotrexate has remained the “anchor drug” for most patients 

since the late 1980s (1). However, despite its long term and widespread use for RA, the 

precise mechanism of this drug remains elusive.

Methotrexate was originally designed as a folate pathway antagonist by inhibiting 

dihydrofolate reductase (DHFR) when given at very high doses for leukemia (as high as 1 

Correspondence: Bruce Cronstein, Division of Translational Medicine, Department of Medicine, New York University School of 
Medicine, 227 East 30th Street, New York, NY 10016, USA., bruce.cronstein@med.nyu.edu. 

Disclosure of interest: None of the authors has any conflicts of interest to declare.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Joint Bone Spine. Author manuscript; available in PMC 2020 May 01.

Published in final edited form as:
Joint Bone Spine. 2019 May ; 86(3): 301–307. doi:10.1016/j.jbspin.2018.07.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gram in a single dose), but it was found that at much lower doses (15–25mg weekly) the 

drug was effective in RA patients (2). The oncologic mechanism of action involves 

inhibition of purine synthesis and thus arrest in the S phase of the cell cycle eventually 

leading to apoptosis of cells (3). The clinical effects of high dose methotrexate used in 

cancer including the adverse effects can be reversed with high doses of calcium or folinic 

acid (3). On the other hand, the efficacy of low doses of methotrexate used in RA patients is 

unaffected by the administration of folic acid and it is in fact almost invariably part of the 

RA medication regimen to minimize the unwanted methotrexate side effects (4). This 

indicates that inhibition of purine metabolism is unlikely to be the major mechanism of 

methotrexate in RA and that another element must be accounting for efficacy of 

methotrexate in RA patients.

Pharmacokinetics

Methotrexate in RA is usually effective at doses ranging from 15–25mg and it is often 

initiated as monotherapy. It can also be used with other disease modifying anti-rheumatic 

drugs (DMARDs) such as hydroxychloroquine and sulfasalazine. Oftentimes when this is 

ineffective, a biologic DMARD may be used often in conjunction with methotrexate for 

improved efficacy. Of note, oral methotrexate has highly variable bioavailability and 

splitting the weekly dose or switching to a subcutaneous mode of delivery can improve this 

(5). Absorption of oral methotrexate is generally via the protein-coupled folate transporter in 

the small intestine (6) and it is mainly renally excreted through glomerular filtration and 

active tubular secretion (7). Some of the drug is also metabolized in the liver and about 10% 

of excretion is biliary with some enterohepatic recycling (8). Peak plasma concentrations 

occur at 1–2 hours after ingestion of low dose methotrexate and most of the drug disappears 

from circulation at 24 hours (9).

Even though methotrexate disappears from circulation fairly quickly, its cellular uptake in 

inflamed joints via the folate transporter 1 (FOLT) allows the drug to be polyglutamated 

intracellularly and leads to a steady state of intracellular methotrexate (10). Export of 

methotrexate is via ATP-binding cassette proteins (ABCC1-ABCC5 and ABCG1) (6). There 

is usually a time lag in efficacy of low dose methotrexate in clinical practice as accumulation 

of intracellular polyglutamated methotrexate is slow process (11). It is thought that the 

polyglutamated form of methotrexate is responsible for its DMARD activity and the 

following sections will highlight some of the different hypotheses regarding the 

methotrexate mechanism with variable amounts of evidence.

Folate antagonism

Methotrexate was originally designed in the 1940s as a folate antagonist for treatment of 

various cancers, and thus there has long been consideration that this mechanism is also 

related to treatment of RA. In addition to blocking the enzyme 5-aminoimidazole-4- 

carboxamide ribonucleotide (AICAR) transformylase (ATIC) which converts AICAR to 

formyl AICAR (FAICAR), methotrexate also inhibits dihydrofolate reductase (DHFR) 

which catalyzes reduction of dihydrofolate (DHF) to tetrahyrofolate (THF) and it inhibits 

thymidylate synthetase (TYMS) which catalyzes the formation of thymidine residues.

Friedman and Cronstein Page 2

Joint Bone Spine. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It has been demonstrated that methotrexate reduces the level of both purine and pyridine 

pools in primary human T cells (12). Furthermore, low-dose methotrexate reduced the levels 

of ATP and GTP while increasing levels of UTP inducing reduction in T cell proliferation 

and increase in apoptosis (13).

While the antagonism of the folate pathway by methotrexate in RA makes sense 

theoretically, there is not much proof clinically that it is a central mechanism by which 

methotrexate. Patients on methotrexate are always given daily folate to reduce adverse 

effects of methotrexate and this has been shown to reduce adverse events and liver function 

abnormalities (4). However, one might expect that administration of folate with methotrexate 

would reduce the clinical benefits of methotrexate if it works through this pathway and it has 

not been demonstrated that this is the case.

Adenosine signaling

The adenosine signaling pathway is currently the leading hypothesis to explain the efficacy 

of methotrexate in RA patients. Adenosine can be formed intracellularly from ATP and 

exported from the cell, but the majority of adenosine is formed extracellularly by sequential 

dephosphorylation of ATP to adenosine in the extracellular space (14). Intracellularly, 

adenosine was found to inhibit ATIC, leading to increase in intracellular AICAR and 

extracellular adenosine levels (15) (Fig. 1). AICAR is known to inhibit both adenosine 

deaminase and hence prevent breakdown of adenosine to inosine. When AICAR level 

increase, the adenosine level is also increased in the cell and transported extracellularly by 

extracellular nucleoside transporter (Ent1) (14). The majority of the extracellular adenosine 

is in fact formed by extracellular transport of ATP from the cell via the ATP transporter and 

cleavage by the ectoenzyme nucleoside triphosphate phosphohydrolase (NTPP or CD39), 

which dephosphorylates ATP and subsequently ADP to produce AMP (14). The 

ecto-5’nucelotidase (CD73) then cleaves AMP to adenosine, which can then activate 

intracellular signaling via the adenosine receptors or be converted to inosine by adenosine 

deaminase.

Adenosine is a paracrine signaling molecule and can bind to 4 different G-protein coupled 

receptors known as adenosine receptor A1 (A2AR1 or ADORA1), adenosine receptor A2a 

(A2AR2a or ADORA2a), adenosine receptor A2b (A2AR2b or ADORA2b), and adenosine 

receptor A3 (A2AR3 or ADORA3) (16). The A1 and A2A receptors have high affinity for 

adenosine while the A2B and A3 receptors have low affinity. The A2A and A2B receptors 

both signal via Gs protein (and A2B also signals through a Gq protein), the A1 receptor is 

associated with a Gi and Gα proteins and the A3 receptor is linked to Gi and Gq proteins 

(14) (Fig. 2).

It has been noted that in patients with RA there is an overexpression of adenosine receptors 

on immune cells (17–19). Therefore, it is possible that RA patients with overexpression of 

adenosine receptors will be more responsive to a drug like methotrexate. An in vitro study 

with methotrexate showed that the treated cells had reduced adherence of neutrophils to 

fibroblasts and increased release of adenosine from fibroblasts and this effect was blocked 

with the addition of adenosine deaminase showing adenosine specificity (20). Additionally, 

using mouse air-pouch models, methotrexate was shown to reduce accrual of leukocytes in 
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the pouch and this effect was reversed by an A2A receptor antagonist but not by an A1 

receptor antagonist suggesting importance of the A2A receptor in adenosine signaling (21). 

A2A knockout mice were shown to have increased adenosine levels in inflammatory 

exudates after methotrexate treatment in a mouse peritonitis model, however these effects 

were not observed in the A3 receptor knockouts or wildtype (22). Additionally, CD73 

knockout mice, which have impaired ability to convert AMP to adenosine, showed less of a 

response to methotrexate compared to wildtype indicating the relative importance of 

extracellular generation of adenosine compared to intracellular release of adenosine (23). In 

humans, a case series of 17 patients with RA showed that the level of synovial cyclic AMP 

(cAMP) was inversely correlated with disease activity as well as peripheral markers of 

inflammation including erythrocyte sedimentation rate (ESR) and IL-18 levels (24). It is 

known that signaling through the A2A receptor will increase cAMP levels possibly 

indicating an activation of this receptor by methotrexate within the joint.

As previously mentioned there are four known adenosine G-protein coupled receptors that 

result in different responses the adenosine (Fig. 2). Based on aforementioned studies, it is 

currently thought that the majority of the clinical effect observed by adenosine signaling is 

through the A2A receptor (although the other receptors do play a role). Adenosine signaling 

through the A2A receptor has numerous effects on different types of inflammatory cells. In 

neutrophils, it inhibits superoxide anion generation, inhibits adhesion and recruitment, 

increases engulfment-mediated neutrophil function (14). In macrophages, it promotes 

transition from M1 to M2 macrophages (M1 macrophages are pro-inflammatory and M2 

macrophages have an anti-inflammatory effect), inhibits cytokine expression, and inhibits 

osteoclast formation and thus bone degradation (14). Adenosine is thought to downregulate 

T cell activation and proliferation by inhibiting T cell receptor (TCR) triggered activation, 

inhibiting T cell activation induced cell death and inhibiting Fas and Fas ligand mediated 

cell death in CD4 cells (25, 26). Additionally, A2A signaling may lead to development of T 

regulatory cells (Tregs) known to express both CD39 and CD73 that may decrease T cell 

activation (11). Notably patients that were unresponsive to methotrexate were found to have 

a lower pre-treatment level of CD39 on Treg cells (27). A2A receptor signaling in 

endothelial cells increases angiogenesis but also increases barrier integrity to prevent edema 

formation (28). A2AB receptors similarly increase angiogenesis but they lead to increased 

edema in arthritis (29). Thus, adenosine signaling effect on angiogenesis and development of 

joint effusions is complex. Methotrexate may have variable effects on this process in RA 

patients given it may lead to activation of multiple adenosine receptors that lead to variable 

effects on prevention or increase of edema in arthritis. Fibroblasts increase production of 

type I and III collagen through A2A receptor signaling and can also promotes skin, lung, and 

liver fibrosis (14). Given these effects on inflammatory cells, it is evident that A2A receptor 

signaling is generally beneficial in reducing inflammation and this may be the major 

signaling mechanism by which methotrexate works. Briefly, the A1 receptor has been shown 

to increase neutrophil adhesion to the matrix and macrophage giant cell formation. The A2B 

receptor leads to inhibition of osteoclast formation, stimulates differentiation of T cells into 

pro-inflammatory Th17 cells, causes increased angiogenesis and edema formation (except 

decrease in pulmonary edema) in endothelial cells, and stimulates collagen production in 

fibroblasts. Lastly in the A3 receptor, neutrophil chemotaxis is increased to the sites of 
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inflammation and macrophages can inhibit certain cytokine expression via A3 signaling 

(14).

Generation of reactive oxygen species

Increase in reactive oxygen species (ROS) after methotrexate treatment may be a result of 

the increase in apoptosis of transformed T cells (30). Tetrahydrobiopterin is a cofactor and 

ligand of endothelial nitric oxide synthease (eNOS) that can be recycled by conversion of 

oxidized dihydrobiopterin back to tetrahydrobiopterin. Tetrahydrobiopterin leads to nitric 

oxide production while dihydrobiopterin uncouples eNOS and induces superoxide 

generation (11). Treatment with methotrexate in mice with constitutively low 

tetrahydrobiopterin reduces tetrahydrobiopterin levels and thus increase in superoxide 

generation compared to placebo and this difference is not seen in wildtype mice (11). 

Furthermore, the increase in ROS by methotrexate leads to apoptosis in T cells is associated 

with increase in c-Jun N-terminal kinase signaling and this was reversed by addition of 

tetrahydrobiopterin (31).

Adhesion molecules

Methotrexate may also function by decreasing chemotaxis and adhesion of Inflammatory 

cells. Synovial biopsies in patients treated with methotrexate for 16 weeks demonstrated 

reduction compared to pre-treatment levels in both E-selectin and vascular cell adhesion 

protein 1 (VCAM1) as were levels of IL-1, TNF, and total inflammatory cells in the joint 

(32). Moreover, methotrexate treatment of peripheral blood mononuclear cells (PBMCs) led 

to an adenosine and folate dependent decrease in intercellular adhesion molecule 1 (ICAM1) 

which is involved in the migration of leukocytes (33). Levels of serum soluble adhesion 

molecules including sICAM1, sVCAM1, and sE-selectin were found to be elevated in RA 

patients and reduced upon treatment with methotrexate (34). Activation of ADORA2A 

expression or adenosine administration in vitro has been shown to reduce levels of E-

selectin, VCAM1, and ICAM1 (35).

Alteration of the cytokine profile

It has been shown that methotrexate can inhibit the production of proinflammatory 

cytokines. For example, T cells isolated and activated ex vivo from RA patients treated with 

methotrexate have diminished capability to produce IFNγ, IL-4, IL-3, TNF, and granulocyte 

macrophage colony-stimulating factor (36). Given decrease in some of these cytokines it is 

thought that T cell differentiation into Th1 or Th2 helper cells is decreased compared to RA 

patients not on methotrexate. Methotrexate treatment has also been noted to reduce the 

number of TNF positive CD4 T cells and increase the number of IL-10 CD4 T cells (37). 

Culture of fibroblasts and T cells from RA patients shows less of an increase in IFNγ, IL-6, 

and IL-17 likely by disrupting cell adhesion (38).

Polyamine inhibition

RA patients accumulate the polyamines spermine and spermidine in synovial tissue, 

synovial fluid, PBMCs, and urine. The polyamines can be converted by monocytes into 

lymphotoxins including hydrogen peroxidase and ammonia. By inhibiting DHFR, 
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methotrexate depletes levels of tetrahydrofolate and methyltetrahydrofolate (5-CH3-THF) 

(Fig. 3). These two compounds normally act as methyl donors to form methionine and S-

adenosylmethionine (SAM). These two molecules are also methyl group donors and they 

lead to the formation of polyamines (39). This particular mechanism suggests that 

methotrexate, by inhibiting DHFR, decreases downstream mediators including methionine 

and SAM, thus reducing methylation and subsequent formation of polyamines and therefore 

lymphotoxins. However, there are some studies that show polyamine inhibition is less likely 

to explain the efficacy of methotrexate in RA. 3-deazaadenosine, a transmethylation 

inhibitor, demonstrated no clinical efficacy in RA. Moreover, it is known that methotrexate 

inhibits chemotaxis and superoxide production in monocytes and this is actually enhanced 

by methionine but reversed by folinic acid plus SAM (40). Hence, polyamine inhibition 

could possibly contribute to methotrexate efficacy in some way, but does not appear to be the 

major mechanism.

Mechanism of methotrexate toxicity

While methotrexate remains first line treatment and is effective in mainly RA patient it has 

certain side effects that can actually be helpful to further explain its mechanistic effects. 

Methotrexate can lead to hepatic fibrosis in some cases and this may be secondary to 

reduction in hepatic folate stores and accumulation of polyglutamated methotrexate (41). 

Additionally ethanol ingestion (known as a fairly common cause of cirrhosis) has been 

shown to induce release of plasma levels of adenosine (42). In ex vivo hepatic slices, 

methotrexate lead to increased adenosine levels; adenosine can stimulate matrix protein 

production by stellate cells and notably mice deficient for the A2A receptor but not wildtype 

or A3 knockouts are more resistant to developing fibrosis in a carbon tetrachloride challenge 

(43). One positive side effect of increased matrix protein formation is that adenosine can 

promote excisional wound healing by increasing interstitial matrix (44). Methotrexate 

induced nodules in RA patients are formed from monocyte differentiation into 

multinucleated giant cells. In vitro monocytes can be induced to form giant cells by phorbol 

myristate acetate stimulating both differentiation and fusion of the giant cells. It was shown 

that adenosine acting via the A1 receptor does lead to formation of multinucleated giant 

cells (45).

There have been numerous studies over the years regarding the use of folic acid or folinic 

acid supplementation to reduce methotrexate toxicity and its effect on methotrexate efficacy 

in RA. A meta-analysis in 2013 demonstrated that supplementation with either daily folic 

acid or weekly folinic acid significantly reduced the incidence of gastrointestinal side 

effects, elevation in serum transaminase levels, and reduction in discontinuation of 

methotrexate for any reason (46). Many physicians who use methotrexate as a treatment will 

begin with folic acid and potentially attempt to switch to folinic acid to reduce adverse 

effects, however there is no clear evidence indicating that folinic acid is superior to folic acid 

in this regard (46). Folic acid, unlike weekly folinic acid, is given daily and does not 

compete with methotrexate cellular uptake via the reduced folate carrier. Folinic acid is 

generally dosed weekly on the same day as weekly methotrexate and is given approximately 

10–12 hours after methotrexate to allow for unopposed uptake of methotrexate. A number of 

studies have shown that supplementation with folic acid decreases toxicity yet does not alter 
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the efficacy of methotrexate based on RA disease activity parameters including tender or 

swollen joint count or physician’s global assessment score (47). This continued efficacy of 

methotrexate for RA in the presence of folic or folinic acid is one reason that alternate 

mechanisms for RA efficacy such as increased adenosine signaling are favored by many over 

the inhibition of folate metabolism.

Genetic markers of methotrexate efficacy and toxicity

There have recently been a number of studies evaluating efficacy and also toxicity in RA 

patients on methotrexate using genetics SNPs and peripheral or synovial biomarkers. One 

study found that a particular missense SNP in ATIC was a significant predictor of 

methotrexate response whereas there were no significant differences in SNPs found in 

DHFR and folylpolyglutamate synthase (FPGS) genes (48). A meta-analysis examining 

polymorphisms in the ATIC gene also found that certain SNPs in this enzyme were 

associated with both response to methotrexate as well as toxicity of methotrexate 

particularly in Caucasian RA patients (49). There is also a SNP found in the reduced folate 

carrier 1 (RFC1), which results in variable intracellular levels of methotrexate-

polyglutamate, was found to be associated with methotrexate efficacy in Asian RA patients 

but not Caucasians and no association with methotrexate toxicity (50). In a cohort of 223 RA 

patients, methotrexate nonresponse was associated with eight genotypes of 3 haplotypes in 

gene encoding MS (methionine synthase), MTRR (methionine synthase reductase), and 

ATIC. In the same cohort, methotrexate non-response was associated with five genotypes 

and two haplotypes in the ATIC and adenosine 2A receptor genes (51). In the current 

literature, there are no clearly apparent human SNPs identified in the A2A receptor gene 

itself that are associated with methotrexate efficacy or inefficacy, although one study did 

demonstrate five SNPs in the gene that may be predictive of predominantly gastrointestinal 

adverse events in RA patients treated with methotrexate leading to treatment discontinuation 

(52). Potentially with more research, genetic markers may become helpful in stratification of 

patients who will respond and/or have toxic effects from methotrexate. Furthermore, the 

understanding of the functions of these markers may help to further elucidate the 

methotrexate mechanism in RA.

Methotrexate mechanism of efficacy in conjunction with TNF-α inhibitors

While methotrexate is frequently the first line treatment of RA, many patients with erosive 

disease on presentation or with inadequate response to methotrexate or other DMARDs 

require treatment with biologic therapies - most notably TNF-α inhibitors (anti-TNFs). 

However, an issue that may occur with anti-TNF therapy in treatment of RA and other types 

of inflammatory conditions is the development of anti-drug antibodies that has been 

observed especially with infliximab and adalimumab among others potentially leading to 

reduced efficacy of the medication and discontinuation of treatment secondary to treatment 

failure (53, 54). In studies of adalimumab plus methotrexate treatment (with methotrexate 

often given as a lower dose than when used as monotherapy), authors have found that 

development of anti-drug antibodies against the anti-TNFs were significantly reduced with 

addition of methotrexate along with improved efficacy of therapy (53, 55, 56). Similar 

results were obtained in studies of methotrexate plus infliximab, whereas this effect was not 

observed with other DMARDs such as sulfasalazine, azathioprine, cyclosporine, 
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hydroxychloroquine as well as with corticosteroids (57, 58). While the mechanism by which 

methotrexate decreases these antibodies is not fully apparent, the ability of methotrexate to 

suppress early T and B cell expansion may explain its role as an effective immunomodulator 

when given concomitantly with anti-TNF or biologic therapy (59). It is also possible that 

methotrexate may work synergistically with anti-TNFs independent of the reduction of anti-

drug antibodies by preventing synovial inflammation by affecting an alternate pathway than 

the anti-TNF (60). The ability for methotrexate to prevent anti-drug antibodies and/or 

synergy of methotrexate and biologics reducing inflammation via two pathways are both 

viable hypotheses for efficacy in RA and it is very possible that both work in tandem to 

produce better patient responses.

Conclusion

As one can see from this review there are a number of theories behind the mechanism of 

methotrexate in RA, each potentially playing some sort of role in its efficacy. Further 

elucidation of the mechanism of methotrexate to treat RA in these patients may lead to more 

targeted therapies down the road. An example of this in the adenosine signaling pathway 

would be stimulation of individual receptors such as the A2A receptor as opposed to the 

general increase in adenosine that methotrexate induces. Methotrexate remains the mainstay 

of RA treatment and it will be important to identify the patients in whom the drug is 

effective and those in which toxicity may be an issue. Genetic and biomarkers may help to 

stratify patients and possibly shed light on the mechanism for efficacy and for toxicity of 

methotrexate for RA.
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Figure 1. Methotrexate’s effect on adenosine formation.
Methotrexate blocks AICAR leading to accumulation of AICAR, which blocks adenosine 

deaminase. Adenosine formed intracellularly is transported out of the cell by ENT1. ATP 

and ADP in the extracellular space are dephosphorylated sequentially by transmembrane 

CD39 to form AMP and AMP is converted to adenosine by transmembrane CD73 and 

adenosine can be converted to inosine or act via the adenosine receptors to activate various 

downstream pathways. Adapted from Cronstein and Sitkovsky (2017) (14). Abbreviations: 

AICAR, amidoimidazolecarboxamidoribonucleotide; ENT1, extracellular nucleoside 

transporter; ATP, adenosine triphosphate; ADP, adenosine diphosphate; CD39, nucleoside 

triphosphate phophohydrolase; AMP, adenosine monophosphate; CD73, ecto-5’nucleotidase 

(CD73).
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Figure 2. Adenosine receptors and signaling pathways.
The A1 and A2A receptors are the high affinity adenosine receptors while the A2AB and A3 

receptors are lower affinity receptors. Demonstrated in the figure are the different coupled 

G-proteins with each adenosine receptor and some of the effects this signaling has on certain 

immune cells. Adapted from Cronstein andSitkovsky (2017) (14).
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Figure 3. Methotrexate inhibition of polyamine and lymphotoxin formation.
As demonstrated in the figure methotrexate is polyglutamated and then works upstream in 

the folate reduction pathway to block dihydrofolate reductase. This in effect decreases the 

levels of 5-CH3-THF and therefore there is less conversion of homocysteine to methionine. 

Lower levels of methionine decreases formation of SAM and hence methotrexate may be 

able to decrease polyaminelevels. Adapted from Chan and Cronstein (2010) (39).
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