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Fibroblasts from 
methotrexate-sensitive mice 
accumulate methotrexate 
polyglutamates but those 
from methotrexate-resistant 
mice do not
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ABSTRACT
Objective. We and others have previ-
ously demonstrated that methotrexate 
(MTX) mediates its anti-inflammatory 
effects through an increase in cellular 
release of adenosine. Consistent with 
this observation, there is no increase 
in adenosine from exudates of mouse 
strains resistant to MTX. Because in-
tracellular MTX polyglutamates in-
hibit AICAR transformylase (ATIC) 
activity and thereby promote adenosine 
release we determined whether there is 
any difference in the capacity of cells 
from MTX-resistant mice to accumu-
late MTX polyglutamates. 
Methods. Dermal fibroblasts (DF) 
from BALBc, MTX-sensitive, and 
DBA/1J, MTX-resistant, mice were 
cultured in the presence or absence of 
MTX. Adenosine concentration in the 
supernatant and intracellular MTX 
polyglutamate (MTXPG1-5) con-
centrations were measured by liquid 
chromatography. ATIC activity in DF 
was monitored spectrophotometrically 
by the formation of formytetrahydro-
folate.
Results. MTX (1 µM) increased ad-
enosine production by DF from BAL-
Bc sensitive-mice from 269±40 nM to 
446±4 nM. No adenosine production 
was found in supernates of cultured DF 
from DBA/1J mice regardless of MTX 
treatment. Intracellular MTX poly-
glutamates (MTXPG2-4) were detected 
only in BALBc DFs, not in DBA/1J DF. 
Further investigation demonstrated 
that ATIC activity was inhibited follow-
ing MTX treatment in DF from BALBc 
mice.
Conclusions. These data suggest that 
resistance to the anti-inflammatory    
effects of MTX could be due to dimin-
ished MTX polyglutamate accumula-
tion resulting in diminished ATIC inhi-
bition and adenosine accumulation. 

Introduction
Methotrexate (MTX) is the base thera-
py for treatment of rheumatoid arthri-
tis (RA). Despite the introduction of a 
number of effective biological agents 
as powerful alternatives to traditional 
disease modifiers in the past decade, 
MTX remains one of the most effec-
tive and commonly used therapies for 

RA (1). Increasing evidence indicates 
that MTX promotes extracellular ad-
enosine accumulation (1) at sites of 
inflammation and adenosine mediates 
the anti-inflammatory effects of MTX 
(1). 
At low doses MTX is taken up by cells 
and then converted to MTX polygluta-
mates (MTXPG) by the catalytic ac-
tion of folylpolyglutamate synthetase 
(FPGS) (2). MTXPG are long-lasting 
metabolites which inhibit 5-aminoimi-
dazole-4-carboxamide ribonucleotide 
(AICAR) formyltransferase (ATIC), 
an enzyme in the de novo purine syn-
thetic pathway, and thus enhances the 
intracellular accumulation of AICAR 
(3). AICAR is a competitive inhibitor 
of AMP deaminase leading to accumu-
lation of AMP which is exported from 
cells leading to enhanced adenosine 
concentrations in the extracellular fluid 
(4). Adenosine binds to specific adeno-
sine receptors expressed on the surface 
of various types of cells; adenosine re-
ceptor occupancy modulates a large ar-
ray of physiological functions as well 
as mediating adenosine anti-inflamma-
tory actions (5).
We have previously demonstrated that 
MTX promoted extracellular adenos-
ine accumulation at sites of inflamma-
tion and adenosine subsequently sup-
pressed inflammation in the air pouch 
model of inflammation in C57BL/6 and 
BALBc, but not in DBA/1J mice (6). In 
this study, we explored the differences 
in MTX metabolism between inbred 
strains of mice that might lead to the 
differences in the anti-inflammatory 
response.

Materials and methods
Mouse dermal fibroblasts from BALBc 
and DBA/1J mice were isolated from 
adolescent abdominal skin. Briefly, 
the dermis was separated from the 
epidermis with forceps. The dermis 
sheet was then cut and seeded into 
75-cm2 tissue culture flasks in DMEM 
supplemented with penicillin G (100 
kU/L), streptomycin (100 mg/L), and 
foetal bovine serum (10%). The cells 
were cultured at 37º C in a humidi-
fied CO2 (5%) incubator and passaged 
with 1:3 dilutions. Homogenous DFs 
at passage 3 were used for the experi-
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ments that consisted of treatment with 
or without MTX at a final concentra-
tion of 10-6M. Adenosine concentra-
tion was determined by reverse-phase 
high-performance liquid chromatogra-
phy (HPLC) (2, 9) while intracellular 
MTXPG concentrations were meas-
ured (in a blinded fashion) using an 
HPLC-fluorometry procedure with a 
post-column photooxidation technique 
(7). MTXPG results were normalised 
to 5x106 cells with all samples ana-
lysed in duplicate. MTXPG with two 
to four glutamic residues (MTXPG2-4) 
constituted the MTXPG polygluta-
mates pool. Adenosine concentration 
was determined by HPLC, as previ-
ously described (8). ATIC activity in 
dermal fibroblasts was determined as 
described by Baggott and colleagues 
(4). For animal experiments, all proce-
dures were reviewed and approved by 
the Institutional Animal Care and Use 
Committee of NYU Medical Center 
and were performed under the super-
vision of the facility veterinary staff. 
Differences between the BALBc group 
and DBA1J group in terms of adeno-
sine levels, MTXPGn concentrations, 
and AICAR TF activity were tested us-
ing independent t-tests.

Results 
MTX treatment increases 
adenosine production by fibroblasts 
from BALBc (MTX-sensitive) mice, 
not DBA/1J (MTX-resistant) mice
We first measured the adenosine levels 
produced by MTX-treated DF from 
MTX-resistant and MTX-sensitive 
mice. Our results indicated that MTX 
treatment (10-6 M) increased adenosine 
production by fibroblasts from BALBc 
(MTX-sensitive) mice (1.66-fold in-
crease from 269±40 nM to 446±4 nM, 
Fig. 1A). In contrast, adenosine was 
undetectable in supernatant collected 
from cultured DF from MTX-resistant 
DBA/1J mice (p<0.01 vs. BALBc). 
This result is in accordance with pre-
vious in vivo studies in the air-pouch 
model of acute inflammation in which 
a marked MTX-induced decrease in 
leukocyte counts and increase in ad-
enosine concentrations was observed 
in the exudates from BALBc mice but 
not in those from DBA/1J mice.

MTXPG accumulated in fibroblasts 
from BALBc (MTX-sensitive) mice, 
not DBA/1J (MTX-resistant) mice
MTX polyglutamates (MTXPG2-4) fol-
lowing MTX treatment (10-6 M) for 
48 hours (Fig. 1B) were detectable in 
lysates of BALBc dermal fibroblasts 
following incubation with MTX but 
only MTXPG1 was found in DBA/1J 
fibroblast lysates. There was no differ-
ence in intracellular MTXPG1 concen-
tration at MTX 10-6M between BALBc 
and DBA/1J DF lysates (13±3 vs. 13±3 
pmol/5x106 cells, p>0.05) while sig-
nificant MTXPG2-4 was accumulated in 

BALBc fibroblasts compared to DBA/
1J fibroblasts (p<0.05). 

MTX suppressed ATIC activity in 
DF from BALBc (MTX-sensitive) mice, 
not DBA/1J (MTX-resistant) mice 
To test whether MTX treatment regu-
lates the activity of a key enzyme func-
tion for the production of adenosine 
we measured ATIC activity in DF of 
MTX-sensitive mice and MTX-resist-
ant mice (Fig. 1C). MTX treatment 
of DF for forty-eight hours inhibited 
ATIC activity in DF from BALBc mice 
in a dose-dependent manner from 18±5 

Fig. 1
A. Supernatant adenosine 
levels in DF from BALBc 
and DBA1J mice with or 
without treatment with 
MTX for 48 hours. Su-
pernates from DBA/1J 
mouse do not accumulate 
adenosine.

B. MTX polyglutamates 
in DF from BALBc and 
DBA/1J mice follow-
ing 48h incubation with 
MTX. DBA/1J mice do 
not accumulate metho-
trexate polyglutamates. 

C. ATIC activity in  DF 
from BALBc and DBA1J 
mouse following MTX. 
ATIC activity in DBA/1J 
was not inhibited by 
MTX.
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nmol/min to 8±4 nmol/min, p<0.05. In 
contrast, MTX treatment did not dimin-
ish ATIC activity in DF from DBA/1J 
mice but may even have enhanced the 
activity from 17±5 nmol/min, to 28±6 
nmol/min. 

Discussion
Prior studies have demonstrated that 
adenosine mediates many of the anti-
inflammatory effects of MTX (1). We 
have previously reported that adenos-
ine concentrations are higher in the in-
flammatory exudates of MTX-treated 
mice and that elimination of adenosine 
or antagonism or deletion of adenosine 
receptors reverses the anti-inflamma-
tory effects of MTX treatment. None-
theless, many patients do not respond 
to MTX treatment and we have previ-
ously reported that at least one strain 
of mice, DBA/1J (the strain which 
develops collagen-induced arthritis, 
a condition which does not respond 
to pharmacologically relevant metho-
trexate doses), is also resistant to the 
anti-inflammatory effects of MTX. The 
poor anti-inflammatory effects of MTX 
in this strain of mice results from the 
inability of MTX to induce adenosine 
release at inflamed sites (9). The exper-
iments reported here provide evidence 
that in these resistant mice MTX poly-
glutamates do not accumulate intrac-
ellularly resulting in less inhibition of 
ATIC and adenosine release. 
Numerous studies have demonstrated 
that in order for MTX to mediate its 
pharmacologic effects it must accumu-
late in cells and tissues. MTX is taken 
up by cells via the reduced folate carrier 
(RFC1) whereupon it is polyglutama-
ted and the MTX polyglutamates, long-
lived metabolites, mediate the anti-in-

flammatory effects of the drug (10, 11). 
The enzymatic step best inhibited by 
MTX polyglutamates is the formyla-
tion of AICAR by ATIC leading to in-
tracellular accumulation of AICAR (4). 
We observed that the absence of MTX 
polyglutamates in the cells from the 
DBA/1J mice was associated with un-
diminished ATIC activity in contrast to 
fibroblasts from the susceptible strain 
in which ATIC is inhibited by MTX 
treatment in a dose-dependent fash-
ion. AICAR, which accumulates when 
ATIC is inhibited, competitively inhib-
its AMP deaminase leading to adenine 
nucleotide release and extracellular 
adenosine formation (4). The results 
reported here, therefore, provide a bio-
logical explanation for the poor anti-in-
flammatory effects of MTX in DBA/1J 
mice and provide further indirect sup-
port for the hypothesis that adenosine 
mediates the anti-inflammatory effects 
of MTX therapy. 
In summary, we report the critical as-
sociation of intracellular MTX metabo-
lism with resistance to the anti-inflam-
matory effects of the drug. The correla-
tion between the absence of MTX poly-
glutamate accumulation, poor adenos-
ine release, diminished MTX-mediated 
suppression of AICAR tranformylase 
and diminished anti-inflammatory ef-
fects of MTX treatment provide further 
evidence that adenosine mediates the 
anti-inflammatory effects of MTX ther-
apy in rheumatoid arthritis and other 
inflammatory diseases.

References 
  1. CRONSTEIN B: How does methotrexate sup-

press inflammation? Clin Exp Rheumatol 
2010; 28 (Suppl. 61): S21-3. 

  2. CHABNER BA, ALLEGRA CJ, CURT GA et al.: 
Polyglutamation of methotrexate. Is metho-

trexate a prodrug? J Clin Invest 1985; 76: 
907-12.

  3. ALLEGRA CJ, DRAKE JC, JOLIVET J, CHAB-
NER BA: Inhibition of phosphoribosylami-
noimidazolecarboxamide transformylase by 
methotrexate and dihydrofolic acid poly-
glutamates. Proc Natl Acad Sci USA 1985; 
82: 4881-5. 

  4. BAGGOTT JE, VAUGHN WH, HUDSON BB: 
Inhibition of 5-aminoimidazole-4-carboxa-
mide ribotide transformylase, adenosine 
deaminase and 5’-adenylate deaminase by 
polyglutamates of methotrexate and oxidized 
folates and by 5-aminoimidazole-4-carboxa-
mide riboside and ribotide. Biochem J 1986; 
236: 193-200.

  5. HASKÓ G, LINDEN J, CRONSTEIN B, PACHER 
P: Adenosine receptors: therapeutic aspects 
for inflammatory and immune diseases. Nat 
Rev Drug Discov 2008; 7: 759-70.

  6. DELANO DL, MONTESINOS MC, DESAI A     
et al.: Genetically based resistance to the 
antiinflammatory effects of methotrexate in 
the air-pouch model of acute inflammation. 
Arthritis Rheum 2005; 52: 2567-75. 

  7. DERVIEUX T, ORENTAS LEIN D, MARCEL-
LETTI J et al.: HPLC determination of eryth-
rocyte methotrexate polyglutamates after 
low-dose methotrexate therapy in patients 
with rheumatoid arthritis. Clin Chem 2003; 
49: 1632-41.

  8. CRONSTEIN BN, NAIME D, OSTAD E: The  
antiinflammatory mechanism of methotrex-
ate: increased adenosine release at inflamed 
sites diminishes leukocyte accumulation in 
an in vivo model of inflammation. J Clin In-
vest 1993; 92: 2675-82.

  9. DELANO DL, MONTESINOS MC, D’EUS-
TACHIO P, WILTSHIRE T, CRONSTEIN BN: 
An interaction between genetic factors and 
gender determines the magnitude of the in-
flammatory response in the mouse air pouch 
model of acute inflammation. Inflammation 
2005; 29: 1-7.

10. CHAN ES, CRONSTEIN BN: Methotrexate – 
how does it really work? Nat Rev Rheumatol 
2010; 6: 175-8.

11. HOBL EL, JILMA B, ERLACHER L et al.:          
A short-chain methotrexate polyglutamate 
as outcome parameter in rheumatoid arthri-
tis patients receiving methotrexate. Clin Exp 
Rheumatol 2012; 30: 156-63.


