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REVIEW

Toward a Better Understanding of Methotrexate

Joel M. Kremer

More is known about the metabolism, toxicity,
pharmacokinetics, and clinical profile of methotrexate
(MTX) than any other drug currently in use in either
rheumatology or oncology. In the 56 years since Farber
et al first described clinical remissions in children with
acute leukemia after treatment with the folate antago-
nist aminopterin (1), antifolate drugs, dominated by
MTX, have been used to treat millions of patients with
malignant and autoimmune diseases. It is estimated that
MTX is now prescribed to at least 500,000 patients with
rheumatoid arthritis (RA) worldwide, making it by far
the most commonly used disease-modifying antirheu-
matic drug (DMARD). Indeed, MTX is prescribed for
more patients with RA than are all of the biologic drugs
in current use combined. It is the most commonly
studied and prescribed agent used in combination with
other DMARDs, where clear additive therapeutic value
is demonstrated (2–8).

In spite of our collective experience and success
with MTX in the last 20� years, the overall level of
sophistication regarding the many issues and complexi-
ties associated with its use is surprisingly thin. Dogma
about maximum weekly dosages, use in the elderly,
monitoring with blood tests, and when to “give up” and
add other agents to an MTX regimen is often invoked
without rigorous scientific support. A sound understand-
ing of the drug’s many cellular effects is sometimes
viewed as irrelevant to its use for rheumatic disease.

These behaviors and philosophies are under-
standable, since very busy clinicians often do not have
the time or resources to research every nuanced publi-
cation describing the best way to conceptualize clinical
decisions regarding the use of an agent such as MTX,
which is supported by an enormous and often complex

literature. It is the goal of this contribution to review the
major and significant concepts regarding MTX metabo-
lism which may be relevant to the treatment of rheu-
matic disease, not to summarize publications about its
clinical effects. It will become apparent in the course of
the discussion that most of what we know about the
metabolism of MTX is derived from the oncology liter-
ature. Clinicians who have become familiar with the
concepts presented should be better equipped to pre-
scribe the drug in a more effective and rational manner.
In addition, emerging insights into the role of naturally
occurring genetic variations in cellular pathways of MTX
metabolism hold promise for predicting both efficacy
and toxicity of the drug. In spite of the real and
perceived gaps in our understanding of the effects of
MTX, at the time of this writing it remains a cornerstone
for the treatment of RA and other rheumatic conditions,
now and for the foreseeable future.

Cellular effects

As described by Chu and Allegra in their excel-
lent review of the metabolic actions of MTX (9), there
are only 3 specific tetrahydrofolates that play essential
roles as 1-carbon carriers involved in the synthesis of
DNA precursors. The first, 10-formyltetrahydrofolate
(10-formyl-THF), provides its 1-carbon group for the
synthesis of purines in reactions mediated by glyci-
namideribonucleotide(GAR)transformylaseandamino-
imidazolecarboxamide ribonucleotide (AICAR) trans-
formylase (Figure 1). A second cofactor, 5,10-
methylenetetrahydrofolate (CH2-THF), donates its
1-carbon group to the reductive methylation reaction
converting dUMP to thymidylate dTMP (Figure 2). A
third, 5-methyltetrahydrofolate (5-CH3-THF), donates a
methyl group in the conversion of homocysteine to
methionine and will be discussed below. These effects of
MTX on purine metabolism and the de novo synthesis of
DNA via inhibition of thymidylate production are essen-
tial to the understanding of the effects of MTX.
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Besides yielding a 1-carbon group, CH2-THF is
oxidized to dihydrofolate (DHF), which can in turn be
reduced back to THF by dihydrofolate reductase
(DHFR) (Figure 2).

A variety of the effects of MTX on other path-
ways have potential relevance as we attempt to associate
specific cellular events with resultant efficacy and toxi-
city.

Transmembrane transport

It has been previously accepted that MTX enters
cells solely via the reduced folate carrier (RFC), which
has a ubiquitous distribution (10) (Figure 3). MTX and
leucovorin (5-CHO-THF) compete for uptake using the
same active transport mechanism, a process of anion
exchange involving the RFC. Members of another mem-
brane transport group of proteins, termed folate recep-
tors (FRs), are variably expressed and typically are

responsible for the transport of folic acid and 5-CH3-
THF, the form of folate found in foods (11). RFCs and
FRs can be expressed either separately or simulta-
neously in the same cell.

The membrane fluid bilayer comprises specific
lipid associations involving sphingolipids and choles-
terol, termed “rafts,” that mediate interorganelle trans-
port of membrane proteins (12). FRs exist within these
lipid rafts as a family of 3 glycosyl-phosphatidylinositol–
anchored glycoproteins. Interestingly, normal tissues
express low or undetectable levels of the 3 FRs (13).
However, FRs may be up-regulated in cells with in-
creased metabolic activity, including malignant tissue
(14) and synovial macrophages (15,16).

Synovial tissue from patients with RA express
FRs (15). In this setting, FRs may also serve as a
significant conduit for MTX influx. Scintigraphy of FRs
has actually been reported as a useful imaging modality
for identification of activated synovial macrophages

Figure 1. Effects of methotrexate (MTX) on purine metabolic pathways (top), and binding of adenosine to receptors and subsequent effects

(bottom). A, MTX inhibits both conversion of glycinamide ribonucleotide (GAR) to 10-formyl GAR (FGAR) and conversion of aminoimidazole

carboxamide ribonucleotide (AICAR) to 10-formyl AICAR (FAICAR). However, inhibition of the second step is stronger, which results in

accumulation of AICAR. B and C, Accumulated AICAR inhibits AMP deaminase and ADA, which increases adenosine-5�-P and adenosine. D,

Intracellular accumulation of adenosine-5�-P and adenosine results in an increase of these compounds in the extracellular space, where E,

adenosine-5�-P is converted to adenosine, which binds to the specific receptor subtypes A1, A2a, and A2b. F, Probably, there will be a preponderance

of the A2 receptor pathway, yielding an increase of cAMP in the cell. G, Increased cAMP leads to immunosuppression. 10-formyl-THF �

10-formyltetrahydrofolate. Reproduced, with permission, from ref. 95.
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(16). There thus appears to be some blurring of the
previously accepted clear delineation of the function of
RFCs and FRs, with the latter capable of transporting
MTX in cells in the physiologically and metabolically
up-regulated state found in the rheumatoid synovium.
As has been suggested (16), this phenomenon of up-
regulation of the expression of FRs on synovial macro-
phages could be used to design a more selective folate

antagonist utilizing only FRs for intracellular transport,
with the resultant possibility of decreased systemic toxi-
city.

Interestingly, the membrane folate-binding pro-
tein has been shown to be markedly up-regulated by
folate depletion and conversely, down-regulated in
folate-replete medium (17). In conditions of high, non-
physiologic extracellular folate concentrations, the
lower-affinity RFC appears responsible for the majority
of folate transport (18,19). The precise role of either of
these binding proteins and their relative contribution in
binding MTX and supplemental folates in patients re-
ceiving regular treatment with weekly MTX is presently
unclear. It is nevertheless apparent that significant in-
terindividual variations in the activity of these binding
proteins, perhaps even variations at different sites within
the same individual, could contribute greatly to the
relative efficacy and potential toxicity of MTX (20). It is
worth noting that leucovorin and folic acid utilize differ-
ent active transport systems and that both leucovorin
and MTX share, and compete for, the same system
(Figure 3). Recently, genetic variations in the function of
the RFC have been associated with varying response to
MTX when studied ex vivo in human leukemia cells
(21,22), as would be expected if lesser or greater
amounts of MTX entered the cell. The potential role of
these single-nucleotide polymorphisms (SNPs) in certain
key metabolic steps associated with MTX metabolism
will be discussed in greater detail below.

Corticosteroids have been demonstrated to in-
hibit MTX influx via the RFC in a murine model (23),
but it is unclear if this effect occurs in patients receiving
low-dose corticosteroids since this has not been studied.
The proliferative, or kinetic, state of cells also affects

Figure 2. Methotrexate (MTX) polyglutamation affects thymidine

nucleotide production and inhibits dihydrofolate reductase (DHFR).

Effects of 5,10-methylenetetrahydrofolate (5,10-CH2-THF) as a cofac-

tor for the regeneration of DHF via the intermediary

5-methyltetrahydrofolate (5-CH3-THF) (also found in food) are also

depicted. MTX is retained within the cell in its polyglutamated form

(MTX-PG). The enzyme folylpolyglutamate synthetase (FPGS) adds

glutamic acid moieties, while folylpolyglutamate hydrolase (FPGH)

removes them. MTHFR � methylene tetrahydrofolate reductase;

TYMS � thymidylate synthase. See text for details. Reproduced, with

permission, from ref. 27.

Figure 3. Transport of MTX into the cell. Both MTX and 5-formyltetrahydrofolate (leucovorin) enter the cell via the

reduced folate carrier (RFC). Folic acid enters the cell preferentially via the human folate receptor (FR). The FR has

a significantly higher affinity for transport of folate than does the RFC. Genetic variability in the RFC has been described.

See text for details. Reproduced, with permission, from ref. 9; adapted originally, with permission, from ref. 11.
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MTX transport, with rapidly dividing cells taking up
MTX more readily with a decreased rate of drug efflux,
compared with cells that are either in a stationary phase
or are slow growing (24). As described above, activated
synovial macrophages from RA synovial tissue exhibit
up-regulated FRs, which actually function to enhance
MTX transport (15). The resultant inevitable decrease
of cellular activity associated with the increased intra-
cellular presence of MTX would therefore lead eventu-
ally to decreased uptake of the drug at the FR. That is,
long-term, clinically effective administration of MTX
could lead to a diminution of its own cellular uptake.
This ironic theoretical effect could contribute to the
previously described plateau of clinical response to
MTX (25).

Efflux of MTX occurs through mechanisms that
are somewhat different from uptake and are energy
dependent. Recently, multidrug resistance–associated
proteins (MRPs), which transport MTX, folic acid, and
leucovorin out of cells, have been identified (26). Al-
though the affinity of the MRPs for transport of MTX
and folates out of the cell is many times less than that of
the RFCs, their high activity in certain cells makes them
metabolically relevant. Inhibition of MRPs results in
significant accumulation of intracellular MTX.
P-glycoprotein is a pump molecule of the MRP class. A
recent study demonstrated increased expression of
P-glycoprotein in peripheral blood mononuclear cells
(PBMCs) of patients with RA who have been judged to
have a poor response to MTX, compared with a group
with a good response to the drug (27). A breast cancer
resistance protein, which results in increased efflux of
MTX from tumor cells with resultant resistance to
chemotherapy with MTX, has been described (28).

Drugs such as probenecid and prostaglandin A
have been reported to decrease MTX efflux (29). Stud-
ies on the effects of either agent with the simultaneous
use of MTX in patients with rheumatic diseases have not
been reported. While probenecid is not used commonly
with MTX in RA, it could be used more frequently in
patients with other rheumatic diseases in which MTX is
also prescribed, including vasculitis. The effect, if any, of
the prostaglandin E1 analog misoprostol on the effec-
tiveness or toxicity of MTX has not been examined in
rheumatic disease patients receiving the drug.

The potential contribution of altered uptake of
MTX to the emergence of resistance, which could
explain the plateau in clinical response to the drug
previously noted, has been creatively studied in several
cancer cell lines, in investigations using antifolate com-
pounds that do not enter the cell via the active transport

system, as well as drugs that competitively displace
labeled MTX from the cell membrane (30). It is appar-
ent that resistance to MTX does occur in acute leukemia
through the mechanism of altered transport. The poten-
tial for altered transport to contribute to MTX resis-
tance has been studied in PBMCs from RA patients who
are receiving MTX and was found not to be a factor in
diminished response (31). However, RA patients who
are homozygous for a mutant SNP of the RFC had a
higher probability of improvement in total joint counts,
physician assessment of disease activity, and modified
Health Assessment Questionnaire scores (32), extending
recent observations of the effects of genetic variations in
the RFC in patients with leukemia (21,22).

Intracellular transformation

Naturally occurring folates exist within cells as
polyglutamates through the action of the enzyme folyl-
polyglutamyl synthetase (FPGS), which may add up to 6
glutamyl groups in a gamma peptide linkage to the folate
substrate (33) (Figure 2). Polyglutamation serves 3 main
purposes, as summarized by Chu and Allegra (9): 1) it
facilitates the accumulation of intracellular folates in
vast excess of the monoglutamate pool, which is freely
transportable into and out of cells; 2) it allows selective
intracellular retention of these relatively large anionic
molecules; and 3) it greatly enhances folate cofactor
affinity for several folate-dependent enzymes, including
thymidylate synthase and AICAR transformylase
(34,35) (Figures 1 and 2).

MTX is also polyglutamated and retained for a
long period in the liver of patients with RA (36), as well
as in bone marrow myeloid precursors (37) and human
fibroblasts (38). The polyglutamation of MTX occurs
over 12–24 hours of exposure, at which time most
intracellular drug exists in only the polyglutamated form
(9). Thus, both physiologic folates and MTX are re-
tained intracellularly by polyglutamation, and MTX will
rapidly efflux from the cell in its monoglutamated form.

Of interest, the most avid substrate for FPGS is
DHF, followed in descending order by THF, 5-CH3-
THF (found in foods and the major folate species in the
circulation), 5-CHO-THF (leucovorin), and then MTX.
Reductions of FPGS activity would therefore affect the
polyglutamation and retention of MTX to a much
greater extent than other naturally occurring folates and
could have critical effects on the cellular activity of MTX
(9).

It is possible that the inefficient metabolism of
5-CH3-THF to its polyglutamate form may be responsi-
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ble for the folate depletion that occurs with vitamin B12

deficiency. Decreased levels of B12 would inhibit methi-
onine synthase, the enzyme responsible for the demeth-
ylation of 5-CH3-THF to THF (itself an excellent sub-
strate for FPGS) (9). In the normal state, 5-CH3-THF
contributes a methyl group to homocysteine to form
methionine, a reaction which also leads to repletion of
THF intracellular pools (Figure 4). In the presence of
low B12 levels, not only is less methionine generated with
resultant accumulation of homocysteine, but less THF is
regenerated. Thus, B12 deficiency can lead indirectly to
intracellular folate depletion as well (Figure 4).

MTX has also been associated with hyperhomo-
cysteinemia because of the diminished activity of methi-
onine synthase. MTX-associated decreases in intracell-
ular stores of the 5-CH3-THF cofactor, which is
required, along with B12, for the conversion of homocys-
teine to methionine, would also lead to accumulation of
homocysteine (39,40) (Figure 4). Since the reduced
folates necessary to contribute a methyl group (5-CH3-
THF) in this reaction can be repleted by the activity of
5,10-methylenetetrahydrofolate reductase (MTHFR),
the previously noted genetic variations in the efficiency

of this enzyme (41) could also contribute to hyperhomo-
cysteinemia (Figure 4). In addition, the inhibition of
conversion of homocysteine to methionine caused by
MTX-induced reductions in THF would be expected to
have an exaggerated effect in individuals with the
MTHFR SNP, which results in less efficient repletion of
this cofactor (42,43). The subsequent result of decreased
levels of methionine (Figure 4) would include potential
limiting effects on a myriad of metabolic 1-carbon
transfer pathways including polyamine production (44),
necessary for cellular growth and replication (45).

As noted above, polyglutamation of MTX ap-
pears to be essential for its intracellular activity. The
intracellular content of polyglutamates represents a bal-
ance between FPGS and �-glutamyl hydrolase (FPGH)
(46) (Figure 2). FPGH removes terminal glutamyl resi-
dues and thus returns MTX polyglutamates to their
parent monoglutamate form. The monoglutamate form
of MTX can easily efflux from the cell, which is not
possible for polyglutamated drug. It is thus apparent that
the balance between the relative activities of these
enzymes is important for deriving the net therapeutic
effect of MTX. Levels of intracellular MTX polygluta-
mates have been measured in circulating red blood cells
from patients with RA and were found to correlate with
the therapeutic effect of the drug (47,48). It is of interest
that MTX exposure can also induce up-regulation of
FPGH, which has been implicated as a possible mecha-
nism of folate depletion. FPGH induction would result
in the loss of other reduced folate species as well, since
they are also retained within intracellular pools in their
polyglutamated state, as noted above. Thus MTX-
induced up-regulation of FPGH can lead to intracellular
folate depletion with resultant toxicities, including
neurotoxicity (49).

Several parameters influence a cell’s ability to
polyglutamate MTX, as summarized by Chu and Allegra
(9). Growth factors that enhance cell proliferation, such
as insulin, dexamethasone, and estrogen (50), will lead
to increased polyglutamation, while deprivation of es-
sential amino acids results in inhibition of polyglutama-
tion (51). Insulin-induced enhanced polyglutamation
may provide an explanation as to why patients with
insulin-dependent diabetes may be at increased risk for
MTX toxicity (52,53). In addition, increasing intracell-
ular folate pools, through exposure of cells to high
concentrations of folic acid, leucovorin, or dietary
5-CH3-THF, will result in a decrease in MTX polyglu-
tamation, because of competition of these folate species
for the same enzyme system (9). It is therefore useful to
ascertain a dietary history prior to initiation of MTX

Figure 4. Metabolism of homocysteine to methionine, with MTHFR

activity. Methyltetrahydrofolate (methyl-THF), the predominant fo-

late species in the circulation and the form found in food, donates a

methyl group to homocysteine to produce methionine in the presence

of vitamin B12 cofactor. Methionine is then metabolized to S-adenosyl

methionine (SAM), which serves as a ubiquitous donator of methyl

groups, also contributing to polyamine production, as well as DNA

methylation. 5,10-methylene-THF is converted to 5-methyl-THF by

the action of the enzyme MTHFR. As discussed in the text, phenotypic

differences in the activity of MTHFR have been associated with

different responses to MTX, which would be expected if the efficiency

of regeneration of 5-methyl-THF varies while patients are receiving

MTX. SAH � S-adenosyl homocysteine (see Figure 2 for other

definitions).
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treatment. Individuals who consume foods high in folate
or who routinely ingest multivitamins may be at less risk
for MTX toxicity and may also need a higher dosage of
MTX for achievement of the desired therapeutic effect.

When MTX is used for treatment of malignancy,
decreased polyglutamation is observed in normal versus
malignant cells (54). In a similar manner, the selective
salvage of normal versus malignant cells with the use of
leucovorin rescue after high-dose MTX treatment is
possible because of the differential effects of MTX on
normal cells, with a lower metabolic rate of activity, than
on the more metabolically active malignant tissue.

The differential effects of MTX in inflammatory
versus normal tissue have not been studied. It is possible,
however, that the relative preservation of the therapeu-
tic effects of MTX usually observed after addition of
either folic acid or leucovorin to the regimen in MTX-
treated patients with RA is due to naturally occurring
differential rates of polyglutamation in normal (resting)
versus inflammatory (activated) cell populations, with
the former needing less reduced folate to “rescue” than
the latter.

The observation that the therapeutic effect of
MTX is retained in spite of folate supplementation is
often invoked in support of the theory that the mecha-
nism of action of MTX is independent of folate inhibi-
tion. However, as noted, this line of reasoning fails to
consider the differential effects of both MTX and folate
repletion on normal versus more metabolically active
cell populations, which could be responsible for sustain-
ing disease. Differential effects of MTX on cells with
varying metabolic activity within the same individual
could provide an explanation as to why folate supple-
mentation does not remove most of the therapeutic
value of the drug. Normal resting cell populations would
simply require less additional folate to block MTX
activity.

In addition to increasing cellular retention, poly-
glutamates of MTX enhance its direct inhibitory effect
on other target enzymes, including DHFR, as well as

AICAR transformylase and GAR transformylase (Fig-
ure 1), two key enzymes in the purine metabolic pathway
inhibited by MTX (9).

Does MTX resistance occur in patients with RA?

Resistance to MTX is well described for cancer
patients and may involve several possible mechanisms
(28,55–57). An increase in the level of DHFR protein is
frequently found, with no change in the affinity of the
enzyme for MTX (31,58). In murine and human leuke-
mic cells, the MTX-induced increased DHFR activity
may be associated with reduplication of the DHFR gene
(59,60) (Table 1), also demonstrated in a Jurkat T cell
line (61). These MTX-induced increases in gene number
may persist for generations in tumor lines (62). Gene
reduplication may take the form of homogeneously
staining regions on chromosomes or nonintegrated
pieces of DNA known as double-minute chromosomes,
which are unevenly distributed during cell division
(63,64). There is evidence that gene amplification is the
initial stage in low-level drug-resistant cells (9), while
homogeneously staining regions contain multiple gene
copies (65). A third mechanism of gene amplification
occurs with the formation of submicroscopic extrachro-
mosomal elements, termed amplisomes, containing ex-
trachromosomal DHFR genes (9). It should be noted
that gene amplification in RA patients receiving long-
term weekly MTX treatment has been sought and was
not found (31). Increased DHFR protein from PBMCs
was, however, observed in that investigation (31). It is
possible that gene amplification occurred through am-
plisomes; this mechanism was not investigated.

Other mechanisms for MTX resistance include
acute increases in cellular DHFR content due to
changes in the level of messenger RNA (mRNA) trans-
lation, with no change in the level of DHFR mRNA or
DHFR gene copy number following MTX exposure
(66,67) (Table 1). It is fascinating that recombinant
human DHFR specifically binds to its corresponding

Table 1. Possible mechanisms of resistance to MTX in patients with rheumatoid arthritis*

Metabolic event Effect Inciting event References

DHFR gene duplication Increased DHFR MTX treatment 59–65
Increased translation of DHFR mRNA Increased DHFR MTX binding to DHFR 31, 66, 67
Increased DHFR gene expression Increased DHFR Cellular stress, hypoxia, UV radiation,

environmental carcinogen
9, 69, 70, 71

Genetic variation in MTX metabolism Altered intracellular MTX
concentration

MTX exposure 21, 22, 27, 30, 32, 42,
43, 48, 55, 73

* MTX � methotrexate; DHFR � dihydrofolate reductase; UV � ultraviolet.
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DHFR mRNA (68) (Figure 5). It therefore appears that
a translational regulatory system of direct binding of
DHFR mRNA to its protein provides an autoregulatory
mechanism underlying the control of DHFR expression
(9). It was this mechanism of binding of message to
DHFR mRNA that was hypothesized to explain the
observation of an increased level of DHFR in PBMCs
from RA patients receiving MTX (31). The relationship
between increased cellular levels of DHFR and clinical
response to MTX in RA patients has been examined in
only this one small study and warrants further investiga-
tion.

As noted by Chu and Allegra (9), the presence of
either excess MTX or excess dihydrofolate could prevent
DHFR protein from performing its normal autoregula-
tory (feedback) function (because of binding to DHFR,
as depicted in Figure 5), thereby allowing for increased
DHFR protein synthesis. It is the ability to regulate
DHFR synthesis at the translational level that allows
normal cellular function to be maintained in the setting
of an acute cellular stress and “represents a unique
mechanism whereby cells can react to and overcome the
inhibitory effects of MTX and antifolate analogues” (9).

There is also a body of evidence indicating that

cells respond to a variety of stressors, including hypoxia
(69), ultraviolet irradiation (70), and chemotherapeutic
agents (71), by amplifying DHFR gene expression, with
resultant increases in DHFR protein (Table 1). It has
been hypothesized that a variety of environmental car-
cinogens could actually contribute to the phenomenon
of MTX resistance by inducing gene amplification (9).
The plateau of clinical response to MTX that occurs
after 6 months of treatment in patients with RA (25)
may be related to some, all, or none of these phenomena
of resistance. Given the “cornerstone” placement of the
drug at this time, they warrant further study.

Metabolism and cytotoxicity

A more powerful factor than drug concentration
as a determinant of cellular toxicity is actual duration of
exposure to MTX in concentrations that exceed thresh-
old levels necessary for cellular cytotoxicity. It is gener-
ally accepted that serum concentrations of MTX that
exceed 0.05 �M for �24 hours result in these cytotoxic
effects. General peak values of �0.3–0.8 �M, or slightly
higher, are common after weekly dosing, with values
falling to �0.05 �M by 24 hours after a single dose of
MTX (for review of typical serum MTX concentrations
achieved in vivo in RA, see ref. 36). Because MTX is
excreted entirely via the kidneys, it follows that any
compromise in renal function that prolongs the reten-
tion of the drug at serum levels that exceed 0.05 �M 24
hours postadministration may be associated with clinical
toxicity in certain rapidly dividing cell populations. Ac-
tively dividing cells in the S-phase are the most vulner-
able. With longer duration of exposure to MTX, more
rapidly dividing cells will enter the S-phase, and more
cytotoxicity will occur (72). These first toxicities in
response to MTX are thus likely to be seen in the
epithelial lining layers of the oral mucosa and gastroin-
testinal (GI) tract, bone marrow cells, and testicular
tissue involved in spermatogenesis (9).

Another determinant of MTX-induced cellular
toxicity is the level of 5-CH3-THF in the circulation,
which can readily reverse MTX toxicity (9). Both dietary
sources and the activity of MTHFR determine the levels
of 5-CH3-THF (9) (Figures 2 and 4). As noted above,
well-described genetic variations in an individual’s abil-
ity to regenerate 5-CH3-THF may independently con-
tribute to both the efficacy and the toxicity of MTX
(42,43). MTHFR genotypes in RA patients receiving
MTX have been examined, and the results correlated
with response to MTX (73). Other genetically deter-

Figure 5. Binding of folate protein to dihydrofolate reductase

(DHFR) mRNA. Binding of DHFR protein to DHFR mRNA pro-

vides a feedback loop for inhibition of further production. The forward

reaction is inhibited by binding of DHFR to both folate and metho-

trexate (MTX), and is also inhibited in the presence of NADPH. Thus,

increased production of DHFR protein would be expected to occur in

the presence of both supplemental folate and MTX because of a

diminished feedback of unbound DHFR on mRNA. See text for

details of possible association with resistance to MTX. Reproduced,

with permission, from ref. 9.
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mined variations in the ability to absorb and metabolize

MTX within a cell, including the activity of the RFC and

the AICAR transformylase enzyme, may also likely

account for some commonly seen differences in thera-

peutic effects (32) (Table 1).

Absorption

MTX is absorbed from the GI tract by a saturable

active transport system (74). Absorption of MTX admin-

istered orally at 7.5 mg/week is roughly equivalent to

that of parenterally administered drug, but absorption of

oral MTX drops off by as much as 30% as the weekly

dose reaches 15 mg or greater (75). The decreased

absorption of oral MTX at dosage levels commonly used

in the treatment of RA explains the incremental im-

provement frequently seen when patients are switched

from the oral to parenteral route of administration.
Food does not affect MTX absorption, although milk
may inhibit absorption (76).

Orally administered MTX is absorbed via the GI
tract and passes through the portal vein to the liver.
While parenterally administered MTX would also enter
the liver via the hepatic artery, the relative potential for
diminished hepatotoxicity with the parenteral versus the
oral route of administration would seem to favor the
former route, although this has not been prospectively
studied in RA patients receiving long-term MTX treat-
ment. A recent retrospective study did demonstrate a
lesser frequency of elevations of transaminase levels into
the abnormal range when the drug was administered
parenterally, versus orally, in the same individuals (77).
Long-term administration of oral MTX to patients with
RA is associated with reduced hepatic folate stores,
which may be repleted with only a few days of orally
administered leucovorin (36). In spite of this observa-
tion, the relationship between hepatic cellular folate
depletion and MTX-induced liver toxicity is imperfectly
understood.

Distribution

MTX will accumulate in third space fluid, which
can serve as a reservoir for redistribution into the
circulation long after dosing (78). Therefore, MTX must
be used with extreme caution in patients with either
pleural effusions or ascites. Since pleural reactions,
including pleural effusions, can also be a manifestation
of MTX-induced pulmonary toxicity (79), this mecha-
nism of exaggerated MTX effect could be induced by the

drug itself. Unexpectedly high levels of MTX have also
been observed in patients with bladder cancer who have
undergone ileal conduit surgery (80), due to enhanced
absorption through the newly fashioned intestinal con-
duit.

Renal excretion

The majority of MTX is excreted in the urine in
the first 12 hours after administration, with renal excre-
tion approaching 100% in patients with normal kidney
function (81). MTX clearance may exceed renal clear-
ance (82,83), probably due to active secretion of MTX in
the proximal renal tubule with subsequent reabsorption
in the distal tubule, as observed in animal models (84).
MTX elimination cannot be predicted solely on the basis
of creatinine clearance; tubular excretion contributes a
variable effect in different patients.

MTX has been reported to cause slight decreases
in clearance of creatinine in RA patients during the first
6 months of treatment, but the precise mechanism of this
effect is unclear (85). In patients who have received
long-term MTX treatment, the effect of MTX itself on
renal function must be considered when other causes for
a reduced serum creatinine level have been ruled out.

Excretion of MTX is inhibited by weak organic
acids such as aspirin, nonsteroidal antiinflammatory
drugs (NSAIDs), piperacillin, penicillin G, and probeni-
cid (9). Cephalosporins may also inhibit renal excretion,
probably by competition for tubular secretion (86). A
single recent publication indicates that hydroxychloro-
quine appears to enhance the effects of MTX by increas-
ing the area under the curve for MTX concentration
time by an average of 65% (87). The mechanism of the
increase was thought to be either a reduction in MTX
clearance or an increase in the active tubular reabsorp-
tion of MTX in the presence of hydroxychloroquine. If
confirmed, it is possible that this effect accounts for
some of the success of the addition of hydroxychloro-
quine and sulfasalazine to an MTX regimen (3). Simul-
taneous folic acid administration will also block MTX
reabsorption at the distal tubule (9).

While conflicting reports of the possible inhibi-
tory effect of NSAIDs on MTX excretion have been
published, it appears that inhibitory effects on MTX
elimination could become clinically relevant at the typ-
ical higher weekly maintenance MTX dosage range used
in the treatment of RA (88), but not at the lower doses
commonly used to begin treatment. It is thus relevant to
reexamine serum creatinine levels, and to remain vigi-
lant for MTX toxicity, whenever NSAIDs are added to
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the regimen, or changed, in patients receiving a stable
maintenance dose of weekly MTX. Many NSAIDs with
an aromatic group and carboxylic acid side chain, in-
cluding ibuprofen, naproxen, sulindac, mefenamic acid,
aspirin, and indomethacin, may actually be able to
directly inhibit both DHFR and AICAR transformylase
(89). These NSAIDs would thus theoretically have dual
mechanisms for increasing the effects, and toxicity, of
MTX.

Although this is not generally well recognized,
detailed population studies performed after extensive
pharmacokinetic testing of MTX in patients with RA
show a decreased clearance of the drug in female
compared with male patients, which persists after cor-
rection for creatinine clearance and body weight (90).
The cause of the decreased clearance is unclear. It is
nevertheless apparent that women may be at increased
risk for MTX toxicity.

Toxicity

Specific MTX-associated toxicities have been ex-

tensively reported previously and will not again be

reviewed here. It is, however, appropriate to consider

the varying sensitivities of different cell populations to

the toxic effects of MTX, a subject that is rarely, if ever,

addressed in publications within the rheumatology liter-

ature describing the toxicities of the drug. It is known

that the oral and intestinal epithelium are more sensitive
to the effects of MTX, with the development of mucosi-
tis, than is the bone marrow (9). Concentrations of MTX
that produce mucositis are rarely associated with mar-
row suppression. The threshold plasma concentration of
MTX required to inhibit DNA synthesis in bone marrow
has been estimated to be 10 nM, whereas GI epithelium
is inhibited at a plasma concentration of 5 nM (91). The
greater sensitivity of GI epithelium to MTX toxicity may

Figure 6. Antiinflammatory effects of methotrexate (MTX) at the level of the synovium in rheumatoid arthritis. A, MTX reduces growth of

monocytes and increases their apoptosis. B, MTX decreases interleukin-1 (IL-1) and IL-6 secretion and increases IL-1 receptor antagonist (IL-1Ra)

production. Also, MTX increases IL-4 and IL-10 gene expression and decreases gene expression of proinflammatory Th1 cytokines (IL-2 and

interferon-� [IFN�]). C, MTX exerts indirect inhibitory effects on production of cyclooxygenase 2 (COX-2) synthesis and neutrophil chemotaxis. D

and E, MTX exerts indirect inhibitory effects, through cytokine modulation, on matrix metalloproteinase (MMP) production and stimulates tissue

inhibitor of metalloproteinases (TIMP). TNF� � tumor necrosis factor �; sTNFR � soluble TNF receptor; GM-CSF � granulocyte–macrophage

colony-stimulating factor; MCP-1 � monocyte chemotactic protein 1; TGF� � transforming growth factor �; MIF � macrophage migration

inhibitory factor. Reproduced, with permission, from ref. 95.
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also be due to greater accumulation and persistence of
MTX in intestinal epithelium as opposed to bone mar-
row (92).

Myelosuppression and mucositis are usually re-
versed within 2 weeks, unless drug excretion mechanisms
are severely impaired. In patients with compromised
renal function, even small doses may result in cytotoxic
blood levels for up to 3–5 days (9). The extent to which
mucositis and GI toxicity have been virtually eliminated
by the addition of folic acid to the treatment regimen in
patients who may still encounter occasional marrow
suppression (93,94) provides evidence of the distinctive
susceptibility of these specific tissues to MTX.

Mechanism of action

Methotrexate undoubtedly works in a variety of
ways in RA, as well as in other rheumatic and inflam-
matory conditions, as summarized by Cutolo et al (95)
and in Figure 6. As demonstrated by Cronstein (96),
MTX treatment results in increased release of adeno-
sine, which is associated with several antiinflammatory
and immunosuppressive effects (Figure 1). The potential
salutary effects of MTX in dampening the immune/
inflammatory process are extraordinarily diverse, per-
haps accounting for its utility in such a wide range of
inflammatory conditions and in combination with such a
variety of other interventions.

Summary

In spite of the fact that MTX has become the
most widely prescribed DMARD, clinical prescribing
behaviors are often habitual and frequently reflect pat-
terns learned at a time when less was understood about
the metabolism of the drug, reasons for toxicity, or
possible means of overcoming resistance. Since most of
the insights regarding the use of MTX and its effects on
cellular metabolism are derived from the oncology liter-
ature, it is apparent that rheumatologists are in the debt
of these researchers, and that similar observations
should be sought when the drug is used in the long-term
treatment of patients with rheumatic diseases. Rheuma-
tologists are usually well informed about the many
clinical issues associated with the use of MTX, but
clinical decisions may frequently be enhanced by a sound
understanding of the complexities of the drug’s cellular
metabolism. These insights can contribute to more ef-
fective, safer, and more satisfying practice patterns.
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